
ABSTRACT 
 

GRACE III, JOHNNY MCFERO.  Forest Operations Impact on Forest Soil and 

Water on Poorly Drained Organic Soil Watersheds in North Carolina.  (Under the 

direction of Dr. R. Wayne Skaggs). 

Forest operations are a necessary element in the management of forest 

resources for ecological, economic, and social viability.  However, forest 

management activities such as harvesting and thinning can affect the hydrologic 

behavior of watersheds.  There is a gap in our current understanding of the effect of 

forest management operations on forest outflow quantity and quality from 

watersheds comprised of poorly drained organic soils. 

A 3-year study was conducted to evaluate the effect of thinning a drained 

loblolly pine (Pinus taeda L.) plantation and harvesting a mature natural (primarily 

hardwood) watershed on the hydrology and soil hydraulic properties of poorly 

drained organic soils in the Tidewater region of eastern North Carolina.  Harvesting 

increased bulk density and decreased saturated hydraulic conductivity (ksat), 

drainable porosity, and saturated water content in the natural watershed.  Thinning 

also decreased ksat and drainable porosity; however, bulk density was not 

influenced.   

 Mean event outflow increased from 22.0 mm on the control to 47.3 mm on the 

harvested watershed.  Similarly, event peak flow and number of flow days from the 

harvested watershed were more than 100 percent greater than observed on the 

control.  Daily outflow and water table depths observed on the harvested watershed 

were similar to those from the control based on this paired watershed analysis.   



  

 Thinning increased daily outflow, peak flow rates, and had no significant 

impact on water table depths. Mean daily outflow doubled and peak flow rates 

increased 40 percent on the thinned watershed in relation to the control.  These 

differences in hydrologic behavior are primarily attributed to the thinning operation 

which resulted in reduced ET.  Variability of water table response to thinning was 

high and likely influenced conclusions of the water table analysis.   

 Total phosphorus increased from 0.044 kg/ha*yr during the calibration period 

to 0.247 kg/ha*yr during the period following harvesting.  Nitrate load increased from 

6.35 kg/ha*yr during the calibration period to 36.0 kg/ha*yr during the period 

following harvesting, an increase four times greater than observed on the control 

watershed.  Sediment load increased from 64.0 kg/ha*yr to 104.0 kg/ha*yr following 

harvesting on the treatment watershed, while a decrease from 67.3 kg/ha*yr to 12.4 

kg/ha*yr was observed on the control.   

 Nitrate load increased on the thinned watershed from the calibration to 

treatment period, while increasing on the control during the same period.  Nitrate 

loads were not significantly impacted by the thinning operation in this study.  

However, ammonium load during the calibration and treatment periods of 0.11 and 

0.069 kg/ha*yr on the control watershed, respectively, was similar to the thinned 

watershed loads of 0.15 and 0.13 kg/ha*yr for the periods.  Observed increases in 

nutrient load occurred following harvesting and thinning; however increased load 

was primarily associated with increases in outflow rather than elevated nutrient 

concentrations.   



  

 The DRAINMOD hydrologic water management model predicted total 

outflows were within 30 mm and 20 mm of measured flows for the 3-year period 

(2000-2002) for WS2 (control) and WS5 (thinned), respectively.  The difference in 

daily average outflows over the period was 0.04 mm for WS2 and -0.02 mm for 

WS5.  DRAINMOD accurately predicted daily water table depths over the 3-year 

period to within 10 cm for WS2 and 5 cm for WS5.  Predicted and observed daily 

outflows were less than 2 mm for both watersheds 90 percent of the time during the 

study period.  Long-term (50 years) average outflow was 21.8 cm for the unthinned 

condition and 34.7 cm for the thinned condition over the 50-year simulation (1951-

2000).  Differences in unthinned and thinned outflows were attributed to the 

decrease in ET following thinning which averaged 13 cm less for the thinned 

condition. 
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CHAPTER 1 

Impact of Forest Operations on a Belhaven Soil 
 

ABSTRACT 
 

Intensive forest management practices are commonly utilized in the South to 

increase productivity of established forestlands.  The impact of harvesting a natural 

watershed and thinning a plantation pine watershed on soil physical properties was 

evaluated in the Tidewater region.  Soils on the research sites, having greater than 

80 percent organic matter content to a depth of 60 cm below the soil surface, were 

classified as shallow organic soils.  Soil physical properties were examined by 

collecting soil cores from control and treatment watersheds.  Harvesting increased 

bulk density and decreased saturated hydraulic conductivity (ksat), drained porosity, 

and saturated water content in the natural watershed.  Thinning also decreased ksat 

and drainable porosity; however, bulk density was not influenced.  Drained water 

free pore space (expressed as a depth, cm) for a water table depth of 200 cm under 

drained to equilibrium conditions was reduced by 10 percent and 36 percent from 

that of control watersheds as a result of harvesting and thinning, respectively.  This 

reduction of drained volumes can result in wetter site conditions and increased 

drainage outflow from treated watersheds in comparison to control watersheds. 
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INTRODUCTION 

Increased demand for timber products in the past 25 years has resulted in 

management practices to increase productivity with the current forestland base.  The 

US supplies 25 percent of the world-wide demand of timber products.  Forests in the 

southern US are some of the most productive forests in the world supplying 60 

percent of all timber products in the nation.  Increased productivity of southern 

forests can largely be attributed to the increased utilization of intensive forest 

management practices over the past 25 years.  Site preparation, thinning, 

harvesting, and fertilization are forest operations typically associated with intensive 

management.   These forest operations commonly involve large mechanized 

equipment to perform management activities.   

Forest operations are essential to the ever-increasing demands for timber 

products.  The goal is to manage the nation's forestlands for multiple uses while 

maintaining or improving the resource quality.  However, forest operations, as with 

any human intervention to natural systems, can impact ecological processes and 

future conditions.  In the past 10 years, increased concern has arisen regarding the 

implications of forest operations on the environment (specifically soil and water 

quality). It is this increased sensitivity to environmental effects that has resulted in 

investigations to address impacts of forest operations.   

Investigations have focused on effects of operational procedures on site 

disturbance from forest lands (McDonald et al. 1995; Burger et al. 1989; Seixas et al. 

1996) or impacts of forest operations in upland systems (Stuart and Carr 1991; Miller 
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and Sirois 1986; Allen et al. 1999).  Past research on soil impacts of forest 

operations (King and Haines 1979; King 1979; Burger et al. 1995; Gent et al. 1984) 

has shown soil moisture content at the time of the operation influences the extent 

and magnitude of disturbance.  Forest operations in wetland or poorly drained sites 

have increased potential for negative impacts due to the wet nature of these areas.  

Poorly drained sites have been shown to be susceptible to degrading impacts on 

bulk density, saturated hydraulic conductivity (ksat), soil mechanical resistance, and 

porosity (Aust et al. 1991a, 1991b, 1993a, 1993b).   

Gent et al. (1983) investigated the effect of harvesting and site preparation on 

soil physical properties of the Lower Coastal Plain on a 25-year-old loblolly pine 

plantation.  Soils on the study site were characteristic of Lower Coastal Plain sites 

consisting of Onslow (Spodic Paleudult, fine loamy, siliceous, thermic) and Rains 

(Typic Paleaquult, fine loamy, siliceous, thermic) series.  Whole-tree and 

conventional tree-length harvesting treatments were evaluated to determine effects 

on bulk density, porosity, and ksat.  Harvesting and site preparation affected soil 

physical properties to depths of 8-cm below the soil surface and more drastically 

affected the first 15-cm of depth in skid trails.  Based on this work, a conclusion 

could be drawn that harvesting and site preparation, in general can inhibit plant 

growth as a result of increased compaction and decreased soil water movement. 

Similar impacts associated with timber harvesting were observed on poorly 

drained soils on the Francis Marion National Forest in coastal South Carolina (Aust 

et al. 1991a).  Post-harvest bulk density and mechanical resistance were 

significantly higher on the harvest areas than baseline samples.  The research also 
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showed that total porosity and ksat decreased following harvesting.  In another study 

by Blanton and others (1998), reductions in drainable porosity of nearly 50 percent 

resulted from harvesting operations on poorly drained soils in Carteret County, North 

Carolina.  Soil water contents were significantly higher for the undisturbed areas 

than for the harvested areas for soil water pressure heads greater than –100-cm.  

No conclusions were made on the effect of harvesting on ksat because of widely 

variable values obtained with the constant-head and auger-hole methods. 

The majority of the investigations cited above quantify the impact of forest 

operations on mineral soils.  Clearly, forest operations can alter soil hydraulic 

properties which in turn alter site hydrology of these soils.  Investigations focusing on 

soil property changes resulting from agricultural development on organic soils have 

shown increased water yield, peak flows, and shallower water tables (Skaggs et al. 

1980).  Organic soils are characterized by high saturated water contents which, in 

the surface horizon, drain at relatively low negative soil water pressures.  

Disturbance from mechanized equipment potentially can alter the drainage 

characteristics by decreasing porosity on these soils.  Similar impacts to those 

reported for agricultural development on organic soils, and perhaps to a greater 

extent and degree, are expected in organic soils.  However, the impact of forest 

operations on physical and hydraulic properties of organic soils has been given little 

consideration in previous research.  Knowledge of the impacts of forest operations 

on these sensitive soils is required to bridge the gap in understanding for further 

development of models to predict impacts as planning tools.  This study was initiated 

to (i) define the soil physical properties on drained forested organic soils in the 
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Tidewater region for use in model development, and (ii) assess the impact of 

harvesting and thinning on soil physical properties from natural and plantation 

watersheds. 

METHODOLOGY 

Site Description 

 This paper reports the initial phase of a three phase study to investigate the 

impact of selected harvesting and thinning operations on forest soil and water. The 

study sites are part of a large watershed project (~10,000 ha) located at 

approximately 35o latitude and 76o longitude in Washington County near Plymouth, 

North Carolina (Figure 1).  The study area includes the artificially drained Parker 

Tract, owned and managed by Weyerhaeuser Company.  The watershed is divided 

into small forest blocks by a network of roads and drainage ditches (Figure 1).  The 

first research site is a 44-ha old-growth natural hardwood stand, hereafter referred to 

at the natural watershed.  The second site is a 15-year-old 56-ha loblolly pine (Pinus 

taeda L.) plantation, hereafter referred to as the plantation watershed.  Lateral 

ditches of 1.0 – 1.2-m depth with approximately 100-m spacing, drain the natural 

watershed (Figure 2).  Parallel lateral ditches of 0.9 – 1.3-m depth with 100-m 

spacing, drain the plantation watershed (Figure 3).  



 

 
 

Figure 1.  Location of the two original study watersheds within the 10, 000 ha large 
watershed project near Plymouth, NC.  D2 is the site of the thinning study 
and D3 is the site for the harvesting study. 
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Figure 2. Natural paired-watershed design with locations of water table wells, 
watershed outlets, and soil pits. 
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Figure 3. Plantation paired-watershed design with locations of water table wells, 
watershed outlets, and soil pits. 
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 Characteristic of the area, the sites are poorly drained and nearly flat, with 

shallow water table in their natural condition, and the soils are hydric.  The soil 

series is primarily Belhaven muck (loamy, mixed, dysic, thermic Terric Medisaprists) 

which is characterized by extremely acid shallow organic horizons with thickness of 

41 to 130 cm (SCS 1981).  The organic matter content of study sites was 80 percent 

or greater and total porosity was greater than 0.75 cm3/cm3 in the upper 60-cm of 

the soil profile (Table 1).  Average ground surface elevation for sites is about 4.1 – 

4.5 m above sea level with an average slope of less than 0.02 percent.   

 In 1995, a 120o V-notch weir was installed in a riser barrel structure on the 

outlet of the natural and plantation watersheds.  In 1999, each of the original study 

watersheds were bisected into two sub-watersheds using an earthen plug in the 

collector ditches and an additional 120o V-notch weir. A total of four sub-watersheds 

were defined for this experiment, hereafter referred to as watersheds WS2, WS3, 

WS5, and WS6 (Table 2). 

    

Table 1.  Organic matter content and total porosity of top soil layer (0-60 cm depth) 
for the natural and plantation paired watersheds. 

Watershed Depth 
(cm) 

Organic Matter 
(%) 

Total Porosity* 
(cm3/cm3) 

Natural    
D3 0-60 85 0.84 
D6 0-60 80 0.79 
Plantation    
D2 0-60 93 0.77 
D5 0-60 92 0.80 
* Total porosity taken as equal to the measured saturated volumetric water content. 
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Table 2.  Description and composition of the natural and plantation paired 
watersheds used in the investigation. 

 
 Natural Watershed Plantation Watershed
  WS3 WS6 WS5 WS2 
Stand 
Composition Hardwood Hardwood Loblolly Pine Loblolly Pine 

Stand Age, years -- -- 15 15 
Area, ha 23 21 40 16 
Soil Series Belhaven Belhaven Belhaven Belhaven 
Soil type Organic Organic Organic Organic 
Ditch Spacing, m ~100 ~100 100 100 
Treatment Clear cut 

Harvest Control 5th Row 
Thinning Control 

 

 

Study Design and Treatments 

 The experimental design for determining impacts of harvesting and thinning 

on soil physical properties was set up as two separate nested experiments due to 

restrictions on the number of sites available for the experiment.  Each treated sub-

watershed had a companion untreated (control) sub-watershed (Table 2).  The 

stated hypothesis for soil analysis is that treatments effects are equal to zero.  The 

model for this design is given by: 

Yijk = u.. + Ti + S j(i) + Ok (Eijk)    (1) 

Where: 

u.. = overall mean . 

TI = Treatment effects. 

S j(i) = Plot location effect nested within treatments. 

Ok = Observation effects taken as error in this experiment. 
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 A 23-ha clearcut harvest treatment was conducted on WS3 in June 2001 

(days 159-178) and the remaining 21-ha (WS6) served as the un-harvested control.  

Felling was accomplished with a Tigercat 860 tracked feller buncher.  Skidding was 

conducted with two Timberjack 660 grapple skidders with dual tires, a Tigercat 860S 

tracked shovel loader and a Tigercat 640 rubber tired clambunk skidder.  

Approximately half of the timber was skidded to each of the two decks located on 

each side of the harvested area (on the east and west watershed boundaries).  The 

volume of timber removed from the WS3 site was 6800 tons, hardwood accounted 

for 5800 tons of that total. 

A 40-ha fifth-row thinning with selection treatment was conducted on WS5 in 

April 2001 (days 93-115) and the remaining 16-ha (WS2) served as the un-thinned 

control.  The thinning was accomplished with a Tigercat 720 feller buncher, two 

Timberjack 460 grapple skidders, and a Prentice 384 loader.  The entire thinning 

was serviced by a deck located at the western watershed boundary.  A primary skid 

trail the length of the watershed (east to west) serviced intermediate skid trails 

between lateral ditches.  The stand was thinned from an estimated 1060 trees per 

hectare and basal area of 39 m2/ha to 320 trees per hectare and basal area of 12 

m2/ha. 

  

Soil Sampling 

 Soil profiles for sub-watersheds were classified based on soil cores taken 

from three randomly located soil pits (Figures 2 and 3) (Table 3 and 4).  Replicate 
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soil cores were collected from each layer (Oa, A, B, and C horizons) of the soil profile 

(Appendix 1 and 2) and used to determine the soil water characteristic (Figures 4 

and 5) and saturated hydraulic conductivity.  Organic content of the top soil horizon 

was determined by collecting 0.5 kg soil samples from 0-30 and 30-60-cm depths 

from four randomly located plots on each sub-watershed.  Intact soil core samples 

for determining bulk density, ksat, and soil water characteristic were collected from 

each experimental sub-watershed using a core method (Uhland 1950; Blake and 

Hartage 1986; Blake 1965).  Bulk density and ksat were determined on eight 

randomly located soil cores (7.6 cm in diameter and 7.6 cm in length) from 5 and 30-

cm depths in four randomly located 10 by 20-m plots within each sub-watershed.   

Collected samples were trimmed in the field, sealed with plastic caps, and sealed in 

plastic bags to maintain original moisture.  Saturated hydraulic conductivity was also 

determined for the two upper soil profile layers using the auger-hole method 

described by vanBeers (1970).  Drainable porosity was determined using the soil 

water characteristics to calculate volume drained under drained to equilibrium 

conditions for a range of water table depths. 

Table 3.  Natural watershed soil textural classification, bulk density, and ksat for each 
layer in the soil profile as defined from soil cores collected from three 
randomly located soil pits. 

Layer Depth 
(cm) 

 
Classification 

Bulk Density 
(g/cm3) 

ksat
(cm/hr) 

0-60 Black, organic loam 0.22 397 
60-107 Dark brown, Clay loam 1.53 11 
107-213 Light brown, Sandy clay loam 1.43 3 
213-250 Gray, loamy sand 1.23 0.5 

 



 

Table 4.  Plantation watershed soil textural classification, bulk density, and ksat for 
each layer in the soil profile as defined from soil cores collected from three 
randomly located soil pits. 

Layer Depth 
(cm) 

 
Classification 

Bulk Density 
(g/cm3) 

ksat
(cm/hr) 

0-60 Black, organic loam 0.59 100 
60-114 Reddish brown, Clay loam  1.04 24 

114-163 Light brown, Silty clay loam 1.52 24 
163-250 Light brown, sandy clay loam 1.32 0.5 

250+ Gray, loamy sand 1.48 0.5 
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Figure 4.  Soil water characteristic for each of the four layers in the natural 
undisturbed watershed soil profile. 

  13



 

0.0

0.2

0.4

0.6

0.8

1.0

-600 -500 -400 -300 -200 -100 0

Head (cm of Water)

Vo
lu

m
et

ri
c 

W
at

er
 C

on
te

nt
 

(c
m

3 /c
m

3 )

Layer 1_0-60cm Layer 2_60-114 cm
Layer 3_114-163 cm Layer 4_163 - 250 cm

 

Figure 5.  Soil water characteristic for each of the four layers in the undisturbed 
plantation watershed soil profile. 

 

Laboratory Methods 

 Saturated hydraulic conductivity, ksat, was determined by the constant head 

method (Klute 1965; Klute and Dirksen 1986).  The core was saturated and 

subjected to a constant hydraulic gradient.  The volume of water flowing through the 

core was measured for specified time periods and ksat calculated from Darcy’s Law.  

Soil water characteristics were determined by first saturating the cores.  Cores were 

then subjected to a constant pressure for 24 hours and the volume of water drained 

was determined.  The pressure was incrementally increased after each 24-hour 
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period until sufficient soil water content – soil water pressure data were collected to 

develop the soil water characteristic.  The relationship between volume drained and 

water table depth relationships for each profile was determined from the soil water 

characteristics by procedures described by Skaggs (1978) and Skaggs (1981).  Bulk 

density was determined in the laboratory by oven drying soil cores at 105oC for 24 

hours and measuring the dry weight.  Bulk density was determined as the mass of 

the oven dry core divided by the core volume.   

 Organic matter content of soil samples was measured by determining carbon 

content in the soil samples using the loss on ignition method described by 

Rabenhorst (1988).  The method involves determining organic carbon (OC) and 

calcium carbonate (CaCO3) by procedures of dry combustion and gravimetric 

determination of evolved CO2.  Soil OC and CaCO3 are determined during 

combustion at 575oC and 1000oC, respectively.  Organic matter content was 

calculated as the ratio of the difference between the oven dry weight and residue 

weight after combustion.   

 



 

  16

RESULTS AND DISCUSSION 

Natural Watershed 

 Soil water characteristics curves were developed for each soil layer for the 

study watersheds.  Individual curves for each replication were averaged to construct 

the soil water characteristic for each layer of the study watershed.  The shape of the 

soil water characteristics curve for the natural control surface layer was similar to 

that reported by Skaggs and others (1980) for the 15 cm surface layer for shallow 

organic soils (Terric Medaprist) in the Tidewater region for pressures greater than -4 

cm of water (Figure 6).  However, the soil water characteristic for the natural control 

watershed was similar to that reported for undeveloped shallow organic soils (Typic 

Medaprist) for pressures less than -4 cm of water in the Skaggs and others (1980) 

study.  Saturated water contents for both the WS6 and WS3 watersheds were near 

0.80 cm3/cm3.  Soil water contents were higher for the WS3 harvested than for the 

undisturbed WS3 and WS6 watersheds for pressure heads greater than -10 cm.   
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- Natural undisturbed relationship based on average soil water characteristic from WS3 and WS6 sub-
watersheds. 

*Soil water characteristics curve for the 15 cm surface layer of undeveloped shallow organic soils in the 
Tidewater region reported by Skaggs et al. 1980. 

^Soil water characteristics curve for the 15 cm surface layer of developed shallow organic soils in the 
Tidewater region reported by Skaggs et al. 1980. 

Figure 6. Surface soil water characteristic curves for WS3 (before and after harvest), 
WS6 (control), average for natural watershed, and previously reported 
organic soils in the Tidewater region. 

 

 Volume drained-water table depth relationships were developed for the 

harvested and control watershed based on soil water characteristics (Figure 7).  

Volume drained, assuming drained to equilibrium conditions, was less for WS3 

following harvest in comparison to the (WS6) control for water table depths to 200 

cm.  The difference in drained volume between the harvested and natural 

undisturbed watersheds increased with increasing water table depths for water table 
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depths less than 90 cm where the volume drained was 17 and 21 cm, respectively.  

The volume drained for a water table depth of 200 cm was 32 and 36 cm for the 

harvested and undisturbed watersheds, respectively.  Drainable porosities for water 

tables less than 90 cm deep, determined as the average slope of the volume drained 

versus water table depth relationship, were 0.28 and 0.23 for the control and 

harvested watersheds, respectively.  At water table depths greater than 120 cm the 

drainable porosity was to 0.15 and 0.16 for the control and harvested watersheds, 

respectively.   

Drained volume and drainable porosity for the harvested watershed was less 

than the control watershed for all water table depths evaluated in this work.  The 

volume drained to a water table depth of 200 cm was 10 percent less on the 

harvested watershed than for the control watershed.  This effect can be attributed to 

increased compaction as a result of harvesting operations which reduced drainable 

pore space.  This hypothesis is supported by the results of the bulk density analysis 

presented in the following section.   
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- Natural undisturbed relationship based on average soil water characteristic from WS3 and WS6 sub-
watersheds. 

*Volume drained relationship for undeveloped shallow organic soils in the Tidewater region reported by 
Skaggs et al. 1980. 

^Volume drained relationship for developed shallow organic soils in the Tidewater region reported by 
Skaggs et al. 1980. 

Figure 7.  Volume drained relationships for WS3 (before and after harvest), WS6 
(control), average for natural watershed, and previously reported organic 
soils in the Tidewater region.  

 

 Similar reductions in volume drained following disturbance (development) for 

Belhaven soils in this region were also reported in previous research (Skaggs et al. 

1980) (presented here in Figure 7).  The investigators reported a 35 percent 

reduction in drained volumes for developed shallow organic soils at a water table 

depth of 150 cm.  The drained volumes for a given water table depth reported here 
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are much greater than those reported by Skaggs and others (1980) for developed 

and undeveloped organic soils.  This difference in the volume drained relationships 

is likely due to the fact that the surface layers in this investigation had dried out or 

irreversibly cured to the 60-cm depth.  Whereas, in the case of the previously 

reported relationship (Skaggs et al. 1980) the surface layer was likely not cured as 

deep.  Water held in this cured soil is released in macropore flow under lower 

pressures than that of soil that has not dried irreversibly.   

 The surface layer of the profile (0-60 cm) for the natural watershed was 

characterized as single (homogenous) layer in this investigation.  However, previous 

work by Skaggs and others (1980) presented the surface layer as a three layered 

horizon.  As discussed above, the surface layer in the investigation by Skaggs and 

others (1980) was likely not cured as deep as the soils presented in this study which 

resulted in large differences in soil water properties with increasing depth in the 

surface horizon.  The surface layer (0-60 cm) presented here did not have as great a 

difference in soil water properties with increasing depth in the surface horizon based 

on the limited number of samples taken.  However, characterizing the surface 

horizon as a single layer opposed to a layered system could have an effect on the 

soil water characteristic and volume drained relationships.  A comparison of the soil 

water characteristic and volume drained relationships for the two alternatives 

characterizing the surface layer in this investigation is presented in Appendix 1.   

The soil water characteristic and volume drained relationships for a layered 

surface soil (0-25 cm, 26-35 cm, and 36-60 m) are plotted with the surface layer 

represented as a single layer.  It should be noted that there were only a limited 
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number of determinations of the soil water characteristic for each of these three 

layers within the top 60 cm.  Two to four samples for each layer were averaged and 

used to calculate the relationship between volume drained and water table depth.  

The volume drained at a water table depth of 60 cm, assuming drained to 

equilibrium conditions, for the layered surface soil was 2 cm (10 percent) more than 

for the surface layer represented as a single layer (0-60 cm).  The volume drained 

relationship was slightly greater when the surface horizon is represented as three 

layers instead of a single 60-cm layer.   

 

Bulk Density and Saturated Hydraulic Conductivity 

 Bulk density and ksat data deviated from normality and were normalized using 

a logarithmic transformation before analysis of variance.  Post-harvest bulk densities 

were greater than those for the control watershed based on analysis of variance (α = 

0.05) (Table 5).   However, typical of organic sites, bulk density values for the natural 

watersheds were low before and after harvest.  Control bulk densities ranged from 

0.16 to 0.31 g/cm3 and had a standard deviation of 0.030.  Following harvest 

operations, bulk density standard deviation increased considerably to 0.095 with a 

range from 0.17 to 0.85 g/cm3.  This increase in variability of bulk density values was 

expected due to increased compaction in some areas and no disturbance in others. 

Saturated hydraulic conductivity of the surface layer, as determined by the 

constant-head method, from the natural area was significantly less for the harvested 

watershed than for the control based on analysis of variance (α = 0.05) (Table 5).  

Treatment explained greater than 60 percent of the total variance in the nested 
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analysis of variance model.  The difference in ksat between the harvested and control 

watersheds was highly significant with a p-value equal to 0.0003.  Conductivities for 

both harvested and control watersheds were highly variable with ranges that 

spanned greater than 1200 cm/hr.   

 A total of eleven tests were run on the harvested and control watersheds to 

determine ksat for the top two layers of the soil profile by the auger-hole method.  The 

field tests were randomly distributed over the watersheds with one test per 4 

hectares on average.  As expected, analysis of ksat values determined in the field 

using the auger-hole method was not as definitive as the analysis of ksat determined 

in the laboratory.  The harvested and control watersheds had statistically similar ksat 

values based on the analysis of variance of auger-hole data (Table 5).  The inability 

to detect differences in auger-hole determined conductivities from the two 

watersheds was likely due to the small sample size unlike the larger number of ksat 

measurements in the laboratory tests.  The high spatial variability of soils would 

require larger sample sizes to increase confidence in the true mean conductivity for 

each watershed. 
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Table 5.  Effect of harvesting on the soil physical properties (bulk density and 
saturated hydraulic conductivity) for shallow organic soils in the natural 
watersheds. 

Treatment N Mean P-value* 
Bulk Density (g/ cm3) 
    
Natural Control 64 0.22  
 Harvested 64 0.27 0.0477* 
    
Constant Head - ksat (cm/hr)†

    
Natural Control 64 397  
Harvested 64 82 0.0003* 
    
Auger Hole - ksat (cm/hr)‡

    
Natural Control 5 63  
 Harvested 6 50 0.616 
*Indicates significance of the difference between mean values for the harvested and control watersheds at the 
0.05 level. 
†ksat determined by the constant head method. 

‡ksat determined in the field using the auger-hole method. 

 

 Mean ksat in the surface layers for the watersheds based on the constant 

head method were extremely high, especially for the control watershed.  The mean 

ksat was 397 cm/hr for the control watershed and ranged from 6.0 to 1300 cm/hr 

using the constant head method.  Conductivities from the control watershed were 

greater than the ksat value (70 cm/hr) reported for a similar organic soil in the 

Tidewater region (Broadhead and Skaggs 1989).  However, ksat measured using the 

auger-hole method is consistent with the conductivities reported in the previous 

investigation.  Broadhead and Skaggs (1989) attributed the high ksat, in similar soils, 

to irreversible drying and curing of the surface peat layer which results in soil 

aggregation.   
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Plantation Watershed 

 Soil water characteristics for the plantation control and thinned watersheds 

showed similar trends in the soil water characteristic compared to that observed for 

the natural watershed.  Saturated water contents for the thinned and control 

watershed were similar at 0.777 and 0.774 cm3/cm3, respectively (Figure 5).  As is 

usually the case for organic soils, volumetric water contents for both watersheds 

initially decreased significantly for low pressure heads (less than 10 cm).  The 

thinned watershed had higher water contents than the control watershed at all 

pressure heads.  The soil water characteristics had similar shapes; however at soil 

water pressures less than -10 cm of water, the thinned watershed retained a greater 

percentage of its saturated water content.  The thinned watershed retained 68 

percent of it’s saturated water content at a pressure head of 1022 cm of water (1 

bar), opposed to 50 percent retained for the control watershed.   

The findings show saturated water contents for both thinned and control 

watersheds fall within the values given by Skaggs and others (1980) for developed 

and undeveloped shallow organic soils in the Tidewater region.  Both watersheds 

had the classical organic soil water characteristic, in contrast to the curve given for a 

developed shallow organic soil where the saturated water content was 0.66 cm3/cm3 

(Figure 8). 

 Figure 9 illustrates the differences in drained volume from the plantation 

watersheds in this experiment as well as similar developed and undeveloped 

shallow organic soils in the Tidewater region.  Volume drained, assuming drained to 

equilibrium conditions, was less for the thinned watershed for water table depths 
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greater than 20 cm.  The volume drained at a water table depth of 200 cm was 33 

cm for the control watershed and 21 cm for the thinned watershed.  Drainable 

porosities for the control watershed for water table depths less than 60 cm and 

greater than 60 cm were 0.21 and 0.15, respectively.  The thinned watershed had a 

drainable porosity of 0.15 for water table depths less than 60 cm and 0.10 for water 

table depths greater than 60 cm.   

 The drained volumes for a given water table depth reported here are much 

greater than those reported by Skaggs and others (1980) for developed and 

undeveloped organic soils.  This difference in the volume drained relationships is 

likely due to the fact that the surface layers in this investigation had dried out or 

irreversibly cured to the 60-cm depth.  Whereas, in the case of the previously 

reported relationship (Skaggs et al. 1980) the surface layer was likely not cured as 

deep.  Water held in this cured soil is released in macropore flow under lower 

pressures than that of soil that has not dried irreversibly.   

The surface layer of the profile (0-60 cm) for the plantation watershed was 

characterized as single (homogenous) layer in this investigation.  However, previous 

work by Skaggs and others (1980) presented the surface layer as a three layered 

horizon.  As discussed for the natural watersheds, characterizing the surface horizon 

as a single layer opposed to a layered system could have an effect on the soil water 

characteristic and volume drained relationships.  A comparison of the soil water 

characteristic and volume drained relationships for the two alternatives 

characterizing the plantation surface layer is presented in Appendix 2.   
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The soil water characteristic and volume drained relationships for a layered 

surface soil (0-22 cm, 23-35 cm, and 36-60 m) are plotted with the surface layer 

represented as a single layer.  The difference in volume drained between the single 

surface layer and a three layer surface layer, assuming drained to equilibrium 

conditions, for a given water table depth was less than 7 percent for water table 

depths greater than 60-cm.  However, the layered surface characterization of the 

surface horizon had a drained volume nearly 3 cm greater than the single layer 

surface horizon at a water table depth of 35 cm.  This difference represents a 

greater drainable porosity and water release at soil water tensions.  Representing 

the surface layer as a single layer in this case results in an underestimation (as 

much as 50 percent) in the volume of water drained for water table depths between 

25 and 45 cm.  However, the volume drained relationship for the surface layer 

represented as a single layer is similar to the layered system most of the range of 

water table depths.   
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- Plantation undisturbed relationship based on average soil water characteristic from WS5 and WS2 sub-
watersheds. 

*Soil water characteristics curve for the 15 cm surface layer of undeveloped shallow organic soils in the 
Tidewater region reported by Skaggs et al. 1980. 

^Soil water characteristics curve for the 15 cm surface layer of developed shallow organic soils in the 
Tidewater region reported by Skaggs et al. 1980. 

Figure 8. Surface layer soil water characteristic curves for WS5 (before and after 
thinning), WS2 (control), average for plantation watershed, and previously 
reported organic soils in the Tidewater region. 
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- Plantation undisturbed relationship based on average soil water characteristic from WS5 and WS2 sub-
watersheds. 

*Volume drained relationship for undeveloped shallow organic soils in the Tidewater region reported by 
Skaggs et al. 1980. 

^Volume drained relationship for developed shallow organic soils in the Tidewater region reported by 
Skaggs et al. 1980. 

Figure 9. Volume drained relationships for WS5 (before and after thinning), WS2 
(control), average for plantation watershed, and previously reported 
organic soils in the Tidewater region. 

 
Bulk Density and Saturated Hydraulic Conductivity 

 The thinning operation had no impact on bulk densities based on nested 

analysis of variance (Table 6) from the plantation watershed.  Treatment explained 

less than 1 percent of the total variance in the nested model for bulk density.   

However, ksat decreased significantly as a result of thinning based on analysis of 
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variance (p-value = 0.040).  Saturated hydraulic conductivity from the plantation 

control watershed was nearly five times greater than for the thinned watershed.  This 

result is consistent with findings for the soil water characteristics and volume drained 

relationships which suggest compaction occurred as a result of the thinning 

operation.  However, analysis did not detect significant differences in bulk density 

resulting from the thinning operation.   

Table 6.  Effect of 5th row thinning on the soil physical properties (bulk density and 
saturated hydraulic conductivity) for shallow organic soils in the plantation 
watershed. 

Treatment N Mean P-value* 
Bulk Density (g/ cm3) 
    
Plantation Control 64 0.59  
 Thinned 64 0.60 0.6508 
    
Constant Head - ksat (cm/hr)†

    
Plantation Control 64 100  
Thinned 64 32 0.0400* 
    
Auger-Hole - ksat (cm/hr)‡

    
Plantation Control 4 80  
Thinned 9 17 0.071** 
*Indicates significance between mean values for the thinned and control watersheds at the 0.05 level. 

** Indicates significance between mean values for the thinned and control watersheds at the 0.10 level. 

†ksat  determined by the constant head method. 

‡ksat  determined in the field using the auger-hole method. 

 

 Thinned and control watershed ksat values were also determined in the field 

by the auger-hole method.  Analysis of variance of the auger-hole ksat data detected 

significant differences between the thinned and control watersheds at the 0.10 level 
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of significance (Table 6).  In a result similar to laboratory determined hydraulic 

conductivity data, the thinned watershed had a significantly lower ksat than the 

control watershed.  As previously stated, reductions in ksat can likely be attributed to 

compaction from the thinning operation.   

 Mean ksat values for the control watershed were 100 and 80 cm/hr for the 

constant head method and auger-hole method, respectively.  The ksat values 

determined using both methods were consistent with the 70 cm/hr value reported in 

earlier work by Broadhead and Skaggs (1989).  ksat values reported here for both 

methods were variable with ranges from 4 to 500 and 2 to 170 cm/hr for the constant 

head and auger-hole methods, respectively.   

 

CONCLUSIONS 

 Previous investigations on both upland and bottomland systems have found 

that disturbance activities, such as development, agriculture operations, and forest 

operations, can influence soil physical properties in different ways.  Clearly, forest 

operations which disturb the forest floor can alter soil physical properties, particularly 

soil hydraulic properties, as a result of compaction.  This paper reports phase one of 

a three phase investigation to describe the influence of forest operations on the 

hydrology of poorly drained forested soils.  This work describes the influence 

harvesting and thinning operations on soil water characteristics, drainable porosity, 

ksat, and bulk density on two types of forestlands on poorly drained shallow organic 

soils.  
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 Results of the analysis of variance revealed no bulk density differences 

between the thinned and plantation control watershed.  Analysis showed that 

treatments explained less than 1 percent of the total variance in the bulk density 

model.  Thinning, conversely, significantly decreased saturated hydraulic 

conductivities determined by both the constant head and auger-hole methods.  Soil 

water characteristic curves for the control watershed drained at very low tensions 

(less than -10 cm of water).  The thinned watershed, on the other hand, had less 

drainage at low pressures and retained a greater percentage water content under 

greater soil water tensions.  This influence translated to a 12 cm difference (36 

percent) in volume drained at a water table depth of 200 cm. 

Harvesting significantly influenced each of the soil physical properties 

evaluated in this work.  In fact, harvesting increased bulk density, decreased ksat, 

and decreased the drained volume for a given water table depth.  Compaction 

caused by the harvest operation, and documented through the analysis of bulk 

density data, altered the hydraulic properties of the soil.  This compaction resulted in 

the reductions in saturated hydraulic conductivity detected on the harvested 

watershed. 

Results indicate that the selected forest operations influence soil physical 

properties from both forest types in this investigation.  These changes in soil 

hydraulic properties, coupled with reduced evapotranspiration as a result of 

vegetation removal, will likely influence hydrology on both the natural and plantation 

watersheds to some extent.  Reductions in ksat and evapotranspiration are expected 

to result in shallower water tables and increased flow, peak flow rates, and flow 
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periods.  The impact of these harvesting and thinning operations on hydrology and 

water quality from the natural and plantation watersheds are presented in Chapter 2 

of this dissertation.  Finally, findings from this research will provide soil property 

information required to complete the third and final phase of this investigation which 

requires modeling the hydrology of the plantation watersheds (Chapter 3) presented 

in this work. 
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CHAPTER 2 
 

Effect of Forest Operations on the Hydrology of Poorly 
Drained, Organic Soil Watersheds 

 
ABSTRACT 

 Forest management activities such as harvesting and thinning can affect the 

hydrologic behavior of watersheds.  The impacts of harvesting a 23-ha natural 

primarily hardwood forest stand and thinning a 40-ha 14-year old loblolly pine (Pinus 

taeda L.) plantation on shallow, poorly drained organic soils in eastern North 

Carolina were evaluated using a paired watershed approach.  The harvesting 

component of this investigation was conducted over a calibration period from 

December 1999 to mid-June 2001 and a treatment period from mid-June 2001 to 

October 2002.  The thinning component of this investigation was conducted parallel 

in time to the harvesting component with a calibration period from December 1999 to 

April 2001 and a treatment period from May 2001 to December 2002.   

 The period covered by this investigation was a period of precipitation 

extremes in which extremely dry, dry, and average years were observed in relation 

to the long-term average record for the area.  In 2001, the area received only 750 

mm of precipitation making this one of the driest years on record.  Prior to 2001, the 

driest year on record since 1950 was 1970 when 907 mm of precipitation was 

observed.   
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 Event outflow, event peak flow, and number of flow days were significantly 

increased by the harvesting operation.   Mean event outflow increased from 22.0 

mm on the control to 47.3 mm on the harvested, which represents an increase by a 

factor of 2.  Similarly, event peak flow and number of flow days from the harvested 

watershed were more than 100 percent greater than observed on the control.  Daily 

outflow and water table depths observed on the harvested watershed were similar to 

those from the control based on this paired watershed analysis.  Mean water table 

depths for the harvested and control were 68 and 97 cm during the treatment period.  

Variability of water table response to harvesting was high due to seasonal effects on 

ET.  The minimum detectable difference in the analysis was 40 cm, which likely 

influenced conclusions from the water table investigation.   

 Thinning increased daily outflow and peak flow rates but had no significant 

impact on water table depths. Mean daily outflow doubled and peak flow rates 

increased 40 percent on the thinned watershed in relation to the control.  These 

differences in hydrologic behavior are primarily attributed to the thinning operation 

which resulted in reduced ET.  Similar to water table responses results from the 

natural watersheds, variability of water table response to thinning was high and likely 

influenced conclusions of the water table analysis.   

 Nutrient load increased on both the treatment and control watersheds in the 

harvesting component of this investigation for most all constituents.  Total 

phosphorus increased from 0.044 kg/ha*yr during the calibration period to 0.247 

kg/ha*yr during the period following harvesting.  Ammonium load increased from a 

calibration period value of 0.660 kg/ha*yr to 3.92 kg/ha*yr following harvesting when 
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the control showed a decrease in ammonium load.  Sediment load increased from 

64.1 kg/ha*yr to 104.0 kg/ha*yr following harvesting on the treatment watershed, 

while a decrease from 67.3 kg/ha*yr to 12.4 kg/ha*yr was observed on the control.  

Sediment losses observed following harvesting on this artificially drained watershed 

were very low compared to those typically reported for upland watersheds. 

 Total phosphorus decreased on the control watershed of 0.004 was observed 

from calibration to treatment periods; whereas, an increase of 0.006 was observed 

from the thinned watershed.  TP and OP load increased during the treatment period 

in comparison to the calibration period for WS5.  Nitrate load increased on the 

thinned watershed from the calibration to treatment period, while increasing on the 

control during the same period.  However, ammonium load during the calibration and 

treatment periods of 0.11 and 0.07 kg/ha*yr on the control watershed, respectively, 

was significantly less than the thinned watershed loads of 0.15 and 0.13 kg/ha*yr for 

the periods.  Sediment load increased from 17.4 kg/ha*yr to 58.1 kg/ha*yr following 

thinning.  Observed increases in nutrient load occurred following harvesting and 

thinning; however increased load was primarily associated with increases in outflow 

rather than elevated nutrient concentrations.   

INTRODUCTION 

 Drainage is a common form of water management on coastal forestland in the 

southern U.S. to improve the productivity and trafficability of the land.  Drained pine 

plantations account for as much as 1 million hectares in the coastal plain region of 

the United States (McCarthy and Skaggs 1992).  These drained coastal plain lands 
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can be found throughout the Atlantic coast of the U.S. from Virginia to Florida.  

Forested wetlands are the most common type wetland in the United States 

representing approximately half of the 40 million ha of wetlands in the continental 

U.S (Wilen and Frayer 1990). 

 Forested wetlands are valuable resources to society due to their ability to 

sustain or improve water quality.  Forested wetlands perform important biochemical 

functions on the forest landscape: a) Nitrogen and Phosphorus nutrient removal from 

surface, subsurface, and ground waters, and b) load organic carbon and other 

important nutrients downstream to aquatic ecosystems.  Forest management 

operations have been reported to affect annual and seasonal outflow characteristics 

from drained forest watersheds.  Common forest management practices on southern 

forest include site preparation, planting, harvesting, thinning, fertilization, and road 

construction and maintenance.  Increases in forest outflow, nutrient concentrations, 

and suspended sediments are commonly seen as a result of these forest 

management activities (Shepard 1994; Binkley and Brown 1993; Walbridge and 

Lockaby 1994; Richardson and McCarthy 1994; and Lebo and Herrmann 1998).  

Thus, it is important to assess the impact of forest management activities on soil and 

water quality in forested wetlands. 

 Research on the effect of management operations on soil and water quality in 

upland systems compromises the bulk of our current knowledge on this subject.  

Shepard (1994) reviewed the impacts of forest management operations in coastal 

wetland forest on water quality.  He concluded the time required for outflow 

characteristics to return to normal levels ranged from months to years.  In the 
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flatwood pine landscape of the Lower Coastal Plain in Florida, Riekerk (1983) 

concluded that silvicultural practices had relatively little effect on water quality when 

compared to upland forest.   

 Critical ecosystem sustainability questions arise concerning the cumulative 

effects of hydrologic and water quality changes on downstream aquatic 

communities.  Non-point source inputs of nutrients are identified as a major 

concerns and problems to estuary and coastal waters.  There is a gap in our current 

understanding of the effect of forest management operations on forest outflow 

quantity and quality for drained coastal managed forest.  Information is lacking 

quantifying the impact of these operations on primarily organic soil watersheds.  

Understanding is needed concerning how the observed transient impacts of forest 

management operations on hydrology and water quality at the forest stand level 

impact downstream ecosystems.  In order to support informed management 

decisions, research is needed to investigate the effect of forest management 

operations on hydrology, soil properties, and outflow nutrient concentrations.  The 

study described here investigated the effect of harvesting and thinning on water 

quality and quantity from a drained organic soil forest watershed in coastal North 

Carolina.  The objectives of this study are to (i) assess the effect of harvesting on 

outflow, water table response, and water quality from a drained mature hardwood 

watershed with organic soils, and (ii) assess the effect of thinning on outflow, water 

table response, and water quality from a drained pine plantation watershed with 

organic soils. 
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PREVIOUS WORK 

Forest operations are a necessary element in the management of forest 

resources for ecological, economic, and social viability.  Implementing ecologically 

acceptable techniques and technologies in forest operations is dependent on a 

sufficient understanding of physical and biological processes in forested lands.  Most 

of the research on the effects of forest management on outflow has been conducted 

on upland mineral soil sites.  In a study of water yields from managed forest on 

Coastal Plain sites in Arkansas, forest outflow significantly increased following clear-

cut harvesting operations (Beasley and Granillo 1988).  Mean annual water yield 

from clear-cuts was 13 times greater than that of the undisturbed controls one year 

post-treatment.  Impacts on outflow rates were not as drastic from selectively 

harvested treatments, which had a 5-fold increase in mean annual water yields 

compared to undisturbed watersheds.  Results of research have shown that any 

decrease in evapotranspiration by timber removal on upland forest will increase 

water yields (Hoover 1944; Hewlett and Hibbert 1961; Hibbert 1966, 1969; Swank et 

al. 1982; Troendle and Olsen 1993; Binkley and Brown 1993). There is a large body 

of work documenting the effects of harvesting at different intensities and site 

preparation on upland forest water quality, but this review will focus on lowland 

forest systems. 

The effects of forest operations on water quality and yield in lowland forest 

are reportedly less than on upland forest with shallow soils and greater relief (Hollis 

et al. 1978).  Gentle relief and deep soils on low land sites reduces the amount of 
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water movement due to surface flow.    Effects of silvicultural operations, the 

duration of which typically range from a few months to several years, on water 

quality are measurable and rarely exceed current water quality criteria.  Minimal 

water quality responses can be expected in wetland forest due to the fact that most 

of surface water in wetland systems is the result of ponding of excess rainfall rather 

than runoff from areas upslope (Shepard 1994).   In Shepard’s review of forest 

management and water quality, a conclusion was drawn that silvicultural operations, 

which are properly conducted, presents no permanent threat to the water quality 

functions of lowland systems.  

An intensive study was established to evaluate effects of alternative forest 

management activities and to develop models to describe the hydrology on a 75-ha 

(sub-divided into three 25-ha watersheds) drained loblolly pine (Pinus taeda L.) 

plantation in Carteret County, North Carolina (McCarthy et al. 1991; McCarthy and 

Skaggs 1992). The watersheds were relatively flat, having shallow water table 

mineral soils with open ditch drains 1.4-m deep and spaced 100-m apart.  

Management practices of bedding, fertilization, drainage, and thinning were 

evaluated from the three drained pine plantations.  McCarthy and others (1991, 

1992) conducted modeling studies on the effects of thinning on the hydrology of 

these watersheds.  The investigators reported nearly a two-fold increase in drainage 

losses following thinning operations.  The investigators attributed increases in 

outflows to a 50 percent reduction in leaf area index (LAI)) which effectively reduced 

ET and canopy interception.   Drainage water concentrations, NH4-N, NO2-N, NO3-

N, TKN, PO4-P, TP, pH, BOD, fecal coliform, turbidity, and TSS, at several sampling 
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locations were compared to determine water quality effects of management 

practices.  Concentrations of NH4-N, BOD, turbidity, fecal coliform, PO4-P, TSS, and 

pH at the watershed outlets were similar to concentrations at other sampling 

locations.  Drainage water in ditches was diluted by the water draining from 

plantations and improved from an environmental standpoint. 

While there are only a few studies of hydraulic and water quality impacts of 

thinning reported in the literature, a number of studies have been conducted to 

quantify effects of other operations on pine plantations, namely harvesting.  Riekerk 

(1983) investigated the impact of silviculture on flatwoods runoff and water quality on 

poorly drained sandy soils of the Lower Coastal Plain in Florida.  Two management 

regimes were investigated after a clear-cut harvest; minimum and maximum 

practices.  The minimum practices consisted of two successive drum chops, 

bedding, and planting.  Maximum practices included stump removal, burn, windrow, 

harrow, bedding, and planting. The minimum and maximum practices had increased 

annual runoff yields by 210 and 130 mm/yr, respectively, compared to the 

undisturbed control (70 mm/yr).  Runoff yields were not significantly different (α = 

0.10) from control levels by the second treatment year.  Riekerk also analyzed runoff 

water for pH, NH4-N, NO3-N, TKN, PO4-P, TP, K, Ca, Mg, and TSS, detecting some 

significant differences at the 10 percent significance level.  The minimum practice 

resulted in a significant reduction in ammonium nitrogen (NH4-N) during the first 

treatment year of 0.05 mg/l compared to 0.22 mg/l for the control.  Potassium had 

the most significant increases in runoff with 0.55 and 0.90 mg/l for the minimum and 
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maximum practices, respectively, compared to 0.18 mg/l for the control during the 

first treatment year.  

 Clearcutting and site preparation effects on forest water from lowland Slash 

Pine forest on poorly drained soils of the Lower Coastal Plain in north Florida were 

investigated in a 3 ½ -year study (Swindel et al. 1982, 1983a, 1983b).  Three 

watersheds were established on a flatwoods landscape by building up established 

roads and construction of new roads to form artificial dikes. Management practices 

for each of the three watersheds were: 1) clear-cut harvest with labor-intensive 

methods, 2) clear-cut harvest and site preparation with mechanized equipment, 3) 

control.  Both management practices significantly increased water yield from the 

delineated watersheds, with the magnitude of increase proportional to the intensity 

of the management practice.  Monthly yield increases occurred following harvest and 

site preparation for the labor intensive management practice, but yields returned to 

normal within the first year following completion of practices.  Water yield increased 

on the mechanized-harvest watershed immediately after the prescription and was 

much greater than the less intensive practices.  The effect of the mechanized 

harvest on water yield could still be seen during the second year. 

The nutrient content (NH4-N, NO3-N, SO4, TP, K, Ca, and Mg) of drainage 

water was evaluated following site conversion (from wetland to drained pine 

plantation) to investigate water quality changes (Askew and Williams 1986).  Similar 

trends were observed with NO3-N as with TSS from the sub-watersheds with NO3-N 

concentrations higher in the ditched watershed than the undisturbed sub-watershed, 

0.9 as opposed to 0.5 mg/L, respectively. SO4 and Ca concentrations were also 
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observed to be higher on the ditched watershed than on the undisturbed sub-

watershed.  TP, dissolved oxygen, and potassium were not detected as significantly 

different between the sub-watersheds.  Based on this work, the authors concluded 

that pine plantations could be established in converted wetland sites without 

adversely affecting water quality. 

 

METHODOLOGY 

Site Description 

The study sites are part of a large watershed project (~10,000 ha) located at 

approximately 35 latitude and 76 longitude in Washington County near Plymouth, 

North Carolina (Figure 10).  The two artificially drained experimental watersheds in 

this study are owned and managed by Weyerhaeuser Company.  Each soil layer in 

the study soil profiles were characterized by taking soil cores at each layer from six 

soil pits in each watershed.  Replicate soil cores were taken at each layer and used 

to determine the soil water characteristic and hydraulic conductivity for that layer.  In-

situ hydraulic conductivity was determined for each soil layer in profile using the 

auger-hole method defined by (vanBeers 1970).  Drainable porosity was determined 

using the soil water characteristics to calculate volume drained under drained to 

equilibrium conditions for a given water table depth.  Soil properties, hydraulic 

conductivity, soil water characteristics, and bulk density, were determined based on 

soil core samples taken from the soil pits on both areas. 



 

 

Figure 10.  Location of the two original study watersheds within the 10, 000 ha large 
watershed project near Plymouth, NC.  D2 is the site of the thinning study 
and D3 is the site for the harvesting study. 
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Study Site 1  

 Effects of thinning were studied on a 56-ha artificially drained 15-year-old 

loblolly pine plantation.  The site is poorly drained and nearly flat, with a shallow 

water table under natural conditions.  The watershed is isolated as an individual 

forest block by a network of roads and a series of drainage ditches.  It is drained by 

parallel lateral ditches of 0.9 to 1.3-m depth spaced 100-m apart.  The laterals drain 

to 2-m deep collector canals along the roadside.  The watershed is surrounded by 

various age loblolly pine plantations on three sides and a mature natural (hardwood) 

stand on the other.   

 In 1995, a 120o V-notch weir was installed at an 85-cm depth in a riser barrel 

structure on the outlet of the original watershed.  In 1999, an additional 120o V-notch 

weir was installed at a 113-cm depth dividing the original watershed into 40- and 16-

ha sub-watersheds using an earthen plug in the collector canals.  After monitoring 

flow for the subsequent flow season, the weir setting at the outlet of WS5 was raised 

from 113-cm to 85-cm below average ground surface.  The larger 40-ha watershed 

(WS5) served as the treatment watershed and the 16-ha watershed (WS2) served 

as the control watershed (Figure 11).  The soils in the study watersheds are organic 

consisting of primarily the Belhaven series (SCS 1981).  The total porosity is greater 

than 0.75 cm3/cm3 and organic matter content greater than 80 percent in the top 60 

cm of the soil profile. 
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Figure 11. Plantation paired-watershed design with locations of water table wells and 
watershed outlets. 
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Study Site 2  

Effects of harvest were studied on an artificially drained mature natural 

(primarily hardwood) experimental watershed denoted as D3 in Figure 10.  In its 

natural condition the site was poorly drained and nearly flat with a shallow water 

table.  In 1995, a 120o V-notch weir was installed in a riser barrel structure on the 

outlet of the original watershed.  The watershed was bisected in 1999 to create 

independent 23- and 21-ha sub-watersheds (Figure 12).  The 23-ha sub-watershed 

drained to the original outlet and was called WS3.  In December 1999, the outlet of 

the 21-ha sub-watershed (WS6) was outfitted with a 120o V-notch weir set at a depth 

of 90-cm below average ground surface.  After monitoring flow for the subsequent 

flow season, the weir setting at the outlet of WS3 was raised from 120-cm to 90-cm 

below average ground surface, so that outlet conditions would be the same on both 

sub-watersheds.  Both watersheds were drained by lateral ditches 1-1.2-m deep 

spaced approximately 100-m apart.  The laterals drain to 2-m deep collector canals 

along the roadside.  The site is bound on the south and west by natural forests and 

on the north and east by plantation pine.  The two watersheds are isolated as an 

individual forest block by a network of roads and drainage ditches. 

 

Study Design  

 
This paper reports the second phase of a three phased study to investigate 

the impact of harvesting and thinning operations on forest soil and water from poorly 

drained organic soil sites.  In 1999, the original study watersheds were bisected 
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using an earthen plug in the collector canals.  A total of four sub-watersheds were 

defined for this experiment, hereafter referred to as watersheds WS2, WS5, WS3, 

and WS6 (Table 7).  The study design is two paired watershed designs each with a 

treatment and a control.   

 

Table 7.  Description and composition of the natural and plantation paired 
watersheds used in the investigation. 

 Natural Watershed Plantation Watershed
  WS3 WS6 WS5 WS2 

Stand 
Composition 

Hardwood Hardwood Loblolly Pine Loblolly Pine

Stand Age, years -- -- 15 15 
Area, ha 23 21 40 16 
Soil Series Belhaven Belhaven Belhaven Belhaven 
Soil type Organic Organic Organic Organic 
Ditch Spacing, m ~100 ~100 100 100 
Treatment Clear cut 

Harvest 
Control 

5th Row 
Thinning 

Control 

 
 
Treatment and System Characteristics  

 

WS5 received a 40-ha fifth row thinning with selection treatment (days 93-115) in 

April 2001; the remaining 16-ha (WS2) served as the un-thinned control.  The 

thinning operation was accomplished with a Tigercat 720 feller buncher, two 

Timberjack 460 grapple skidders, and a Prentice 384 loader.  The entire thinning 

was serviced by a deck located at the western watershed boundary.  A primary skid 

trail the length of the watershed (east to west) serviced intermediate skid trails 
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between lateral ditches.  The stand was thinned from an estimated 1060 trees per 

hectare and basal area of 39 m2/ha to 320 trees per hectare and basal area of 12 

m2/ha. 
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Figure 12. Natural paired-watershed design with locations of water table wells and 
watershed outlets. 
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 WS3 received a 23-ha clearcut harvest treatment in June 2001 (days 159-

178) while the remaining 21-ha (WS6) served as the un-harvested control.  Felling 

was accomplished with a Tigercat 860 tracked feller buncher.  Skidding was 

conducted with two Timberjack 660 grapple skidders with dual tires, a Tigercat 860S 

tracked shovel loader and a Tigercat 640 rubber tired clambunk skidder.  

Approximately half of the timber was skidded to each of the two decks located on 

each side of the harvested area (on the east and west watershed boundaries).  The 

volume of timber removed from the WS3 site was 6800 tons, hardwood accounted 

for 5800 tons of that total. 

Study Measurements 
 

 Upstream and downstream stages were recorded at five-minute intervals 

using submerged probe pressure transducers and a data logger in conjunction with 

Stevens recorders (Figure 13).  Backup measurements of upstream and 

downstream stage were recorded using ultrasonic water level sensors and data 

loggers.  Storm water samplers were used to collect composite storm water samples 

during flow events for each millimeter of outflow from each associated watershed.  

Grab samples were taken from composite storm water samples following agitation.  

These 500 ml grab samples were placed in an ice bath and transported to the 

laboratory for nutrient analysis.   



 

 

Figure 13.  Typical flow station setup with stormwater sampler house, upstream 
stage recorder, and downstream stage recorder. 

 

 Water table depths were continuously measured with submerged pressure 

transducers at replicate midpoint wells and three profile wells (Figures 11 and 12).  

Midpoint wells were located at the midpoint between two successive lateral ditches 

for each watershed.  Profile wells were located between laterals on opposite sides of 

the watersheds at 0, 1, and 3-m from two lateral ditches within each watershed.  

Hourly water table depths were recorded throughout the study period by data 

loggers located at each of the well stations. 

 Outflow was monitored from the natural watersheds during a calibration 

period from December 1999 to May 2001 and a treatment period from June 2001 to 

October 2002.  Outflow characteristics were also monitored from the plantation 

watersheds during a calibration period from December 1999 to April 2001 and a 
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treatment period from May 2001 to December 2002.  Precipitation was measured 

with tipping bucket rain sensors in combination with data loggers located within ½ 

km of paired watersheds (Figure 10).  The R6 weather station was used as the 

precipitation record for the plantation watersheds and the R8 weather station for the 

natural watersheds. 

Laboratory Procedures 

 Laboratory analysis of water quality was performed at the NC State 

Department of Soil Science Water Quality Lab in Raleigh, NC.  Water samples were 

analyzed for total Kjeldahl N (TKN), nitrate + nitrite (NO3-N), ammonium (NH4-N), 

total phosphorus (TP), orthophosphate (OP), total suspended solids (TSS), and pH.  

Analysis of TKN, NO3-N, NH4-N, TP, and OP were determined using methods 

defined by USEPA.  TSS was determined gravimetrically following methods defined 

by the American Public Health Association (1992).  Sample aliquots were filtered 

through pre-weighed Type Gelman glass fiber filters, dried at 105oC for 1 h for TSS.  

Poured filters were heated and dried at each step until constant weight was 

obtained.   

 The vertical hydraulic conductivity for each soil layer for watersheds were 

determined by soaking cores 2-3 days to allow saturation.  Saturated cores were 

placed a constant head apparatus designed specifically to determine vertical 

hydraulic conductivity measurements in this investigation (Figure 14).  Saturated 

cores were then subjected to a constant head of water (6-cm of water ponded on the 

surface) and volume drained measured during specified time periods.  Vertical 

hydraulic conductivity was taken as the volume of water drained per time unit.   



 

 

Figure 14.  Hydraulic conductivity test apparatus used to determine vertical hydraulic 
conductivity by the constant-head method. 

 

Data Analysis Methods 

 Watershed daily outflow was determined based on instantaneous stage 

measurements upstream of the outlet weir.  Rainfall patterns and outflow from all 

watersheds followed a definite seasonal pattern, that is, the majority of events 

occurred during the wet season (December – April).  Each rainfall event during the 

study period was associated with an outflow event and/or water table recharge 

occurrence.  However, in some instances outflow events were attributed to a 

combination of several rainfall events.  In this analysis, outflow events were defined 

as storm events which produced distinguishable hydrographs on the watersheds.  
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Distinguishable hydrographs were taken as hydrographs representing a minimum of 

1.0 mm of drainage depth from the watershed of interest.  Average nutrient 

concentrations (TKN, NO3-N, NH4-N, TP, OP, and TSS) and corresponding outflow 

depths for that period were used to determine nutrient load from study watersheds.  

Upon identification of outflow events on the watersheds, corresponding outflow 

record was identified on the paired watershed and used in the analysis of daily 

outflow, peak outflow, water table depth, total number of event flow days, and 

nutrient load. 

 Forest outflow, water table responses, and water quality (nutrient load) were 

evaluated to determine the effect of management practices.  A paired watershed 

approach was used to perform statistical analyses to determine the effect of 

treatments on forest outflow, water table depth, and water quality by methods 

defined by USEPA (1993; 1997) and Loftis and others (2001).  The underlying 

models for the paired watershed approach are given by (1) and (2).   

 

Y1 = B0 + B1X1 + ε       (1) 

Y2 = (B0 + B2) + (B1 + B3) X2 + ε     (2) 

 
where, Y1 and X1 are daily outflows from the treatment and control 

watersheds, respectively, during the calibration period, Y2 and X2 are daily outflows 

from the treatment and control watersheds during the treatment period, B0 and B1 

the calibration period intercept and slope, B2 and B3 the adjustments to the intercept 

and slope for the treatment period, and ε is the independent noise term.  In the 
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paired watershed approach, a significant difference in slopes or intercepts of 

regression relationships between calibration and treatment periods indicate 

treatment effects on the response variable.   Water table depth and nutrient load 

were substituted for outflow variables in the equations given above for analysis of 

water table depth effects of treatments.  Differences in watershed areas in analysis 

were adjusted by analyzing on a drainage per unit area basis. 

Storm event outflow data from the paired watershed design was analyzed 

using SAS (1991) PROC REG procedures to develop regression relationships for 

each watershed for daily and peak outflow during calibration and treatment periods.  

Storm event data was also analyzed using SAS GLM test for differences in storm 

event outflow, peak outflow, and number of flow days observed from the watersheds 

between periods.  Water table depths during the calibration and treatment periods 

were also analyzed using SAS (1991) PROC REG to develop relationships for the 

two periods. The resulting slopes and intercepts from regression relationships were 

analyzed using SAS (1991) GLM procedures.  The null hypothesis is that there is no 

difference in the regression relationships for outflow, water table depths, and nutrient 

load from the treatment and control watersheds during the calibration and treatment 

periods.   
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RESULTS AND DISCUSSION 

Natural Watershed 

Annual outflow and precipitation for the natural watersheds during the three 

study years (2000-2002) are presented in Table 8, with the exclusion of three 

periods of weir submergence for WS6.  Periods of brief weir submergence were 

observed during 2002 on days 89, 92-97, and 243-246.  The canal drainage system 

was overwhelmed during these periods which resulted in rising downstream stages 

throughout the system.  Outflow estimations during these periods of submergence 

raised concerns due to errors often presented with submerged weir equations as 

detailed in Appendix 3.  Submerged periods during the study were detected as 

periods with possible errors from overestimation of outflow and were excluded from 

the analysis and comparisons of outflows.   

The treatment (WS3) and control (WS6) watersheds had outflows of 17 and 

21 mm following the raising of the WS3 weir during the 2000 observation period 

(days 267-366) (Figure 15).  Annual outflows from WS3 were 273 and 602 mm for 

years 2001 and 2002, respectively (Table 8).  WS6 annual outflows were 21, 214, 

and 294 mm for 2000, 2001 and 2002, respectively.  Outflows from WS6 were 22 

and 51 percent less than WS3 annual outflows for 2001 and 2002, respectively.   

Annual precipitation during 2000 and 2002 was similar to the long-term 

average precipitation (1951-2001) for Plymouth, NC.  Precipitation during 2001 was 

only 60 percent of the long-term average annual precipitation making it one of the 

driest years of record.  Prior to 2001 the driest year since 1950 was 1970 when 



 

annual precipitation was 907 mm.  Observed precipitation for 2001 was 38 percent 

less than for 2000 and 45 percent less than observed precipitation for 2002.  In 

addition, monthly precipitation during 2001 was less than the long-term average 

monthly precipitation for all except two months during the year (June and July) 

(Table 9). 
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Figure 15. Observed outflow for the WS6 (control) and the WS3 (treatment) 
watersheds during 2000. 
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Table 8.  Annual outflow and precipitation summary for watersheds during the study 
periods. 

Year Description 

2000 2001 2002‡

WS6 (Control) 

Weir Setting*, cm 90 90 90 

Average ground elevation, m 5.10 5.10 5.10 

Outflow, mm 21§ 214 294 

Precipitation, mm 1165 726 1106 

    

WS3 (Harvest) 

Weir Setting*, cm 120 / 90† 90 90 

Average ground elevation, m 5.20 5.20 5.20 

Outflow, mm 17§ 273 602 

Precipitation, mm 1165 726 1106 

*Weir setting depth below average ground surface elevation. 

†Weir setting raised to 90 cm below average ground surface September 2000. 

‡through October 11, 2002. 

§
Outflow record from September 2000 – December 2000 (days 267-366). 
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Table 9.  Monthly totals for precipitation and watershed outflow during the study 
period (in mm). 
 Month  

 J F M A M J J A S O N D Annual 

  

Average 

Precipitation 
102.5 95.0 108.7 80.6 110.1 117.4 154.2 154.1 120.5 79.8 76.4 78.6 1280.5

      

2000*      

Precipitation 112.8 36.6 89.4 130.8 102.9 127.0 77.7 225.6 130.6 0.8 78.7 52.6 1165.4

Outflow WS6 32.7† 91.1 29.3 21.4 2.7 0.9 0.0 0.0 19.2† 0.7 0.0 15.2 213.1

Outflow WS3 0.0 19.7 32.8 47.1 13.3 2.0 0.1 0.0 234† 3.3 0.0 3.2 354.9

      

2001      

Precipitation 44.2 59.9 65.8 27.2 50.8 140.5 166.6 72.9 32.3 15.0 29.2 21.3 725.7

Outflow WS6 37.9 49.6 98.1 27.3 0.0 0.0 0.6 0.8 0.0 0.0 0.0 0.0 214.3

Outflow WS3 40.7 44.7 60.3 17.0 0.0 0.0 1.3 95.9 13.1 0.0 0.0 0.0 273.1

      

2002      

Precipitation 152.7 51.1 153.4 71.9 56.1 107.2 159.0 170.9 74.9 109.2 137 87.5 1331.6

Outflow WS6 12.4 67.8 173† 104† 0.0 0.0 0.0 9.6 52.1 0.0   418.5

Outflow WS3 99.2 42.5 90.2 67.0 31.3 10.0 86.1 50.8 121.3 1.8   600.2

* September – December 2000 included in this analysis due to different weir settings before that period. 

† Weir submergence problems likely caused overestimation of flow during these months (January and September 2000; March 

and April 2002). 

 

Cumulative outflow from WS6 was greater than from WS3 prior to harvest 

(calibration period) in 2001 (Figures 15 & 16).  However, following the harvest 

operations there was considerable difference in outflow response to tropical storms 

occurring on days 203-211 and 223-226 (Figure 17).  A total of 110 mm of outflow 

was measured from the harvested watershed (WS3) compared to only 1 mm from 
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WS6 in response to the two storms.  The difference is attributed to differences in ET 

from the two watersheds during the period between harvest (days 159-178) and the 

storms.  Removal of the trees on WS3 reduced ET compared to WS6.  This reduced 

the water table depth (Figures 18-20) and storage for infiltrating rainfall, prior to the 

tropical storm events.  ET from WS6 lowered the water table between rain events, 

thereby creating more storage and less outflow during the treatment period in 

comparison to the harvested watershed.   Water yield increases and water table rise 

in response to rainfall following harvesting operations in this investigation are 

consistent with previously reported investigations (Hibbert 1966; Williams and 

Lipscomb 1981; Riekerk 1983; Richardson and McCarthy 1994; Dube et al. 1995; 

Lebo and Herrmann 1998).    
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Figure 16. Observed outflow for the WS6 (control) and the WS3 (treatment) 
watersheds during 2001. 
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Figure 17. Observed outflow for the WS6 (control) and the WS3 (treatment) 
watersheds during 2002. 
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Figure 18. Daily average mid-point water table depths and precipitation for the WS6 
(control) and WS3 (treatment) watersheds during 2000. 
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Figure 19. Daily average mid-point water table depths and precipitation for the WS6 
(control) and WS3 (treatment) watersheds during 2001. 
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Figure 20. Daily average mid-point water table depths and precipitation for the WS6 
(control) and WS3 (treatment) watersheds during 2002. 

 

Flow began in the WS3 watershed nearly two weeks earlier than WS6 in 2002 

(Figure 17) primarily because of the differences in ET, and thus water table depths, 

during the last four months of 2001 (Figures 19 and 20).  At the end of 2001, the 

water table was 98 cm below the surface in WS3 compared to 149 cm for WS6.  

Nearly a month of recharge by precipitation in January 2002 was required before 

outflow began from WS6.  Because the initial water table was shallower and there 

was less storage available for infiltrating rainfall on WS3, the water table rose and 
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outflow began earlier in 2002.  Once rainfall recharged the water table in WS6 at the 

beginning of 2002, outflows from WS6 equaled WS3 by late March (day 86).  This is 

not unexpected.  Potential ET is less during the winter and early spring and 

transpiration from the mostly deciduous trees on the WS6 watershed may be 

assumed negligible during that period.  Thus ET demand from both watersheds 

would be satisfied primarily by evaporation from the soil surface, so differences in 

flow due to differences in ET between the two watersheds would not be expected.  

In the spring when foliage returns and temperatures increase, ET from WS6 caused 

the water table to rapidly fall well below the ditch depth (Figures 18-20) and drainage 

ceased.  However, WS3 continued to drain long after WS6 outflow had ceased.  The 

water table in WS3 was not drawn down below the ditch level by ET, so flow 

continued for a longer period of time. 

Another factor influencing the difference in drainage response in early 2002 is 

the fact that the control (WS6) was better drained in comparison to the harvested 

watershed (WS3) following the harvesting operation.  Logging slash and displaced 

soil slowed flow in lateral ditches draining WS3 which resulted in a poorer drained 

condition than WS6.  The extended number of outflow days observed from WS3 

supports this assumption. 

 Daily average water table depths were determined and plotted for both WS6 

and WS3 for the study period.  Water table depths during 2000 were similar for WS6 

and WS3 during days 267-366 (Figure 18).  Calibration period water table depths 

from day 267 in 2000 through application of the harvest operation beginning on day 

161 in 2001 (Figures 18 and 19) showed only minor differences.  However, 
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immediately following the initiation of harvest, water table response between the 

watersheds was quite different (Figure 19).  For example, the water table was 138 

cm below the surface for both watersheds at the initiation of harvest (day 159).  By 

the conclusion of harvest (day 178) water tables were 85 and 134 cm for the WS3 

(harvested) and WS6 (control) watersheds, respectively.  Four rain events of 21, 11, 

22, and 1 mm (55 mm total) during the harvest operation resulted in a water table 

rise of 4 cm for WS6 and 53 cm for WS3.  The WS3 (harvested) watershed water 

table remained within 110 cm of the ground surface for the remainder of 2001; 

whereas WS6 water table depths receded to nearly 180 cm below the surface during 

the same period.  The higher water table depth on WS3 at the end of 2001 (Figure 

10) and beginning of 2002 resulted in the initiation of flow at an earlier date in 2002 

(Figures 17 and 20). This difference in post-harvest water table depths is likely due 

to both changes in soil properties on the harvested watershed and a difference in 

ET, with decreased ET losses from the harvested watershed assumed to account for 

most of the observed differences.   

 

Regression Analysis 

Outflow, rainfall, and water table depths were examined to determine the total 

number of outflow events for each period.  A total of thirteen outflow events were 

identified during the pre-calibration period and fifteen events during the treatment 

period.  Daily outflows and total event outflows were determined for each identified 

storm event and used to develop regression relationships for watersheds.  

Development of calibration period regression relationships required regressing 



 

outflows from the treatment (WS3) watershed with outflows from the control (WS6) 

watershed (Figure 21).   Daily outflow from the treatment and control watersheds 

was highly correlated during calibration and treatment periods, as indicated by 

correlation coefficients of 0.89 and 0.92 (R2 values of 0.78 and 0.84), respectively 

(Table 10).  The regression models between the two watersheds were significant 

during both periods at p<0.0001.  Slopes of the regression relationships between the 

WS3 and WS6 were significantly different from zero at p<0.0001 for both the 

calibration and treatment periods.   
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Figure 21. Measured outflow and regression relationships for the WS6 (control) and 
WS3 (treatment) watersheds during the treatment and calibration periods. 
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Water table depth data were measured and recorded throughout the 

calibration and treatment periods.  Water table data were available for development 

of regression relationships for the entire study period, including the dry season when 

outflow seldom occurred.  A total of 12 months of water table depths were available 

during the calibration period and 20 months were available during the treatment 

period.  Water table depths for the WS3 watershed were regressed with WS6 water 

table depths for both the calibration and treatment periods (Figure 22).  Water table 

depths were highly correlated between WS3 and WS6 watersheds during the 

calibration and treatment period having correlation coefficients (r) of 0.99 and 0.91 

(R2 values of 0.98 and 0.83), respectively (Table 10).  The regression model was 

significant at p<0.0001 for the calibration and treatment periods.  Slopes of water 

table depth regression relationships for both periods were significantly different from 

zero (p<0.0001) based on regression analysis.   

Table 10.  Outflow and water table depth regression relationships between WS6 and 
WS3 watersheds for calibration and treatment periods. 

P-Value Period Regression Equation Regression 

R2

Regression 

F-value Slope Intercept 

Calibration      

 WS3_Flow = 0.60*WS6_Flow + 0.20 0.78 232* <0.0001 0.0206 

 

 WS3_WTD = 0.95*WS6_WTD + 3.38 0.98 7052* <0.0001 <0.0001 

Treatment      

 WS3_Flow = 0.50*WS6_Flow + 0.40 0.78 169* <0.0001 <0.0001 

 WS3_WTD = 0.21*WS6_WTD + 53.9 0.83 693* <0.0001 <0.0001 

*Indicates significance of the regression model for the given period at the 0.001 level. 
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Figure 22.  Measured water table depths and regression relationships for the WS6 
(control) and WS3 (treatment) watersheds during the calibration and 
treatment periods. 

 

Outflow Responses to Harvesting 

 During the calibration period, outflow occurred a total of 125 and 140 days for 

WS3 and WS6 watersheds, respectively.  During the treatment period, outflow 

occurred from WS3 on a total of 190 days, which was nearly twice that observed for 
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WS6 (99 days).  Observed outflow was grouped by storm events in the 

determination of treatment effects on outflow.  Thirteen storm events were identified 

for the calibration period and an additional fifteen events were identified during the 

treatment period.  SAS GLM was used to test for differences in storm event outflow, 

peak outflow, and number of flow days observed from the watersheds between 

periods.   

Event outflow characteristics (total outflow, peak flow, and flow days) were 

similar between WS6 and WS3 watersheds during the calibration period (Table 11).  

However, these characteristics were significantly different between the control and 

treatment watersheds during the treatment period.  For example, mean peak flow 

rates from WS3 and WS6 following the harvest operation were 104.0 and 39.2 

m3/hr, respectively.  This represents a 100 percent increase in WS3 peak flow rates 

in comparison to WS6 (p=0.031).  In addition to an increase in event peak flow, 

mean event outflow for the harvested watershed (WS3) was 47.3 mm, which was 

more than 100 percent greater than from the control (22.0 mm) (Table 11).  

Similarly, mean number of flow days for WS3 was more than twice the number of 

flow days observed on WS6 (p=0.0003).  Based on this analysis it may be concluded 

that the harvest operation on WS3 significantly impacted event outflow compared to 

the control.  The differences in event outflow from WS3 and WS6 for the treatment 

period is perhaps best illustrated graphically (Figures 16 & 17), which clearly shows 

a difference in outflow following the harvest. 
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Table 11.  Watershed means and statistics computed for calibration and treatment 
periods. 

Parameter Watershed Period Mean* 
    
Event Outflow, mm 
 WS3 Calibration 21.6b 
 WS3 Treatment 47.3a 
 WS6 Calibration 28.5b 
 WS6 Treatment 22.0b 
    
Event Peak Flow, m3/hr 
 WS3 Calibration 20.9b 
 WS3 Treatment 104.0a 
 WS6 Calibration 28.1b 
 WS6 Treatment 39.2b 

    
Event Flow Days, day 
 WS3 Calibration 15.6a 
 WS3 Treatment 18.4a 
 WS6 Calibration 17.5a 
 WS6 Treatment 7.7b 
*Means with different letters for a given parameter are statistically different at the 0.05 level. 

 
The increase in event outflow from WS3 is largely due to increased flow days 

and peak flow rates instead of a difference in daily outflow. This effect is best 

explained by analyzing regression relationships developed for each of the fifteen 

calibration period storm events and thirteen treatment period storm events (Figure 

21).  SAS GLM procedure was used to test for differences in daily outflow and daily 

peak flow regression slopes and intercepts from the watersheds between periods.  

The mean regression slopes for daily outflow between WS3 and WS6 watersheds of 

0.510 and 1.01 for the calibration and treatment periods were not significantly 
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different (Table 12).  Daily peak flow mean regression slopes for the calibration and 

treatment periods were similar with mean values of 0.64 and 1.38, respectively.   In 

addition, regression intercepts for daily outflow and peak flow between the WS3 and 

WS6 watersheds were statistically similar.  The similarity of the regression of WS3 

daily outflow and peak flow with WS6 daily outflow and peak flow for the calibration 

and treatment periods is perhaps best illustrated graphically in Figure 21, which 

shows very little change between the periods.  Based on the paired watershed 

approach, no treatment effects on daily outflow were detected since there were no 

significant differences between slopes and intercepts between calibration and 

treatment periods. However, the power to detect a change of 50 percent in daily 

outflow was 50 percent in this regression analysis (α= 0.05) due to the variability in 

watershed outflow.  The standard error in the daily outflow and peak flow 

comparisons was 0.64 and 0.83, respectively, so slope changes of ± 1.3 and ±1.6 

are considered non-significant.   
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Table 12.  Mean regression slopes and intercepts for WS6 and WS3 watersheds 
during the calibration and treatment periods. 

Parameter Calibration 
Mean 

Treatment 
Mean 

Daily outflow, mm†   
 Regression Slope 0.51a 1.01a 
 Regression Intercept 0.40a 1.20a 
Daily Peak Flow, m3/hr   
 Regression Slope 0.64a 1.30a 
 Regression Intercept 1.70a 9.10a 
    
Water table depth, cm†   
 Regression Slope 0.83a 0.63a 
 Regression Intercept 11.35a 6.92a 

†Mean values in rows with the same letter for parameters were not statistically different at α = 0.05. 
 

Water table depth regression relationships were developed for the calibration 

and treatment periods (Figure 22).  Slopes and intercepts of the water table depth 

regression relationships between the WS3 and WS6 watersheds were analyzed for 

differences between the periods (Table 12).  The standard error in the comparison 

was less than 0.25 so differences in regression slopes of ± 0.5 were considered non-

significant.  Mean water table depth regression slopes between WS3 and WS6 

watersheds of 0.83 and 0.63 for the calibration and treatment periods, respectively, 

were statistically similar.  Similarly, ANOVA detected no significant differences in 

water table depth regression intercepts.   

Previous work has shown water table rise following harvesting operations 

(Williams and Lipscomb 1981; Sun et al. 1998, 2000; Riekerk 1989; Amatya et al. 

2000; Dube et al. 1995).  This analysis was unable to detect any effects of 
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harvesting on water table rise; however mean water table depths during the 

treatment period for WS3 and WS6 were 68 and 97 cm, respectively.  The minimum 

detectable difference in the analysis was 40 cm due to the large variability between 

water table depths during the extremely dry conditions during 2001.   

 Regression analyses in the paired watershed approach did not show a 

significant effect of harvest on daily outflow, peak flow, or water table depths.  These 

results are contrary to analysis of variance which showed that harvest had a 

significant effect on event outflow, event peak flow rates, and number of days with 

measurable outflow.  It is also contrary to a non-statistical analysis of the 

mechanisms affecting flow based on plotted cumulative outflow and water table 

depths.   

 As discussed previously, harvesting reduced ET and increased event outflow 

and peak outflow rates.  The effect of harvest on both outflow and water table depths 

appeared to be greater during the summer and fall months when PET is high 

(Figures 16, 17, 19, and 20).  However, during the winter and early spring months, 

PET is low and the ET (primarily by evaporation) from the harvested watershed 

would be expected to be similar to the control (i.e. ET is limited by atmospheric 

conditions, not the soil-water-plant condition).  This causes the effects of harvest on 

ET, daily outflow, peak flow, and water table depth to be dependent on both season 

and the sequence of weather events.  This dependency results in relatively high 

variability (and decreased power to detect differences) in the relationships between 

outflows and water table depths from harvested and control watersheds.  The 

inability of the paired watershed approach to detect a significant harvesting effect on 
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daily outflow, peak flow, and water table depths is the result of high variability from 

season to season and the sequence of weather events.  

 

Water Quality 

 

Outflow nutrient concentrations total phosphorus (TP), orthophosphate (OP), 

ammonium nitrogen (NH4-N), nitrate-nitrogen (NO3-N), total Kjeldahl nitrogen (TKN), 

and total suspended solids (TSS) were monitored from the natural watersheds 

through the calibration and treatment periods.  Mean nutrient concentrations during 

the calibration period (13 outflow events) were similar for TP, OP, NH4-N, TKN, and 

TSS, but statistically different for NO3-N (Table 13).  Mean nitrate concentrations 

were elevated for the WS3 watershed over that of the WS6 watershed during this 

calibration period.  In fact, WS3 mean nitrate concentration was more than twice that 

of WS6 concentrations during this period.   

 



 

  81

Table 13.  Concentrations of water quality constituents for the natural watersheds 
during calibration period. 

Constituent Watershed Mean* Std. Dev. 
WS6 0.020a 0.009 TP, mg/L 
WS3 0.016a 0.006 
WS6 0.013a 0.004 OP, mg/L 
WS3 0.013a 0.005 
WS6 0.19a 0.13 NH4-N, mg/L 
WS3 0.23a 0.15 
WS6 0.74b 0.44 NO3-N, mg/L 
WS3 1.75a 0.75 
WS6 1.64a 0.22 TKN, mg/L 
WS3 2.05a 0.38 
WS6 19.5a 9.9 TSS, mg/L 
WS3 23.6a 10.1 
WS6 4.1a 0.28 pH 
WS3 4.0a 0.08 

*Means with the same letter for a given constituent are not significantly different between the watersheds  

during the calibration period at α = 0.01. 
 

Nutrient loads per watershed area (kg/ha) were determined as a product of 

daily outflow and nutrient concentrations for watersheds during each period.  

Cumulative nutrient loads during the study period are presented for all nutrient 

constituents considered (Appendix 4).   Cumulative phosphorus loads (TP and OP) 

in kg/ha is presented along with daily outflow in mm for each watershed.  Similarly, 

cumulative nitrogen load (NH4-N, NO3-N, and TKN) are presented along with daily 

outflow for each watershed over the study period.  Cumulative sediment load is also 

presented along with daily outflow from each watershed. 
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The presence of harvesting treatment effects on water quality constituents 

draining from the study watershed was evaluated using the paired watershed 

approach on nutrient load.  Nutrient loads were determined for each of the 28 

outflow events observed during the study period (13 calibration events and 15 

treatment events).  The analysis was performed similar to the analysis of outflow and 

water table depths discussed earlier in this paper.  Mean nutrient load for WS3 was 

regressed with mean nutrient load for the WS6 watershed for each of the 

aforementioned nutrients (Figures 23-28) using SAS PROC REG procedures.  

Individual regression slopes and intercepts for nutrient constituents were tested 

using SAS GLM procedures for differences. 
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Figure 23. Relationship of observed total phosphorus (TP) loads from the treatment 
(WS3) and control (WS6) watersheds for both calibration and treatment 
periods.  Regression relationships are plotted for each period. 
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OP
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Figure 24. Relationship of observed orthophosphate (OP) loads from the treatment 
(WS3) and control (WS6) watersheds for both calibration and treatment 
periods.  Regression relationships are plotted for each period. 
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Figure 25.  Relationship of observed ammonium (NH4-N) load from the treatment 
(WS3) and control (WS6) watersheds for both calibration and treatment 
periods.  Regression relationships are plotted for each period. 
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Figure 26.  Relationship of observed nitrate (NO3-N) load from the treatment (WS3) 
and control (WS6) watersheds for both calibration and treatment periods.  
Regression relationships are plotted for each period. 
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TKN
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Figure 27.  Relationship of observed total Kjedahl nitrogen (TKN) loads from the 
treatment (WS3) and control (WS6) watersheds for both calibration and 
treatment periods.  Regression relationships are plotted for each period. 
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Sediment
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Figure 28.  Relationship of observed sediment load from the treatment (WS3) and 
control (WS6) watersheds for both calibration and treatment periods.  
Regression relationships are plotted for each period. 

 

Phosphorus 

TP concentrations during the calibration period were below 0.05 mg/L for the 

WS6 and WS3 watersheds at 0.020 and 0.016 mg/L, respectively (Table 13).  Total 

phosphorus concentrations were elevated on WS3 in comparison to WS6 during the 

treatment period with mean values of 0.033 and 0.041 for WS6 and WS3, 

respectively (Table 14).  Mean phosphorus concentrations for the study period was 

below the designated 0.05 mg/L threshold value that can result in excessive algae 
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bloom in aquatic systems (Maidment, 1992).  TP concentrations did spike above the 

0.05 mg/L threshold during the last 12 day event (event 13) during the calibration 

period for WS6 with a value of 0.07 mg/L (see Appendix 4).  TP concentrations were 

also greater than 0.05 mg/L for brief periods during the treatment period for both 

watersheds.  This was the case for one WS6 outflow events (event 22) and four 

WS3 outflow events (events 19, 23, 24, and 25).  TP concentration was greater than 

0.05 mg/L for event 22 on WS6 during a 10 day early spring event (days 80-89); 

however, concentrations decreased below the threshold value and remained there 

through the end of the study period.  WS3 had TP concentrations greater than 0.05 

mg/L level for a longer duration than WS6 during the treatment period.  In fact, WS3 

TP concentrations were elevated for a six week period during events 19, 23, 24, and 

25.   
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Table 14.  Concentrations of water quality constituents for the natural watersheds 
during treatment period. 

Constituent Watershed Mean Std. Dev. 
WS6 0.033 0.033 TP, mg/L 
WS3 0.041 0.025 
WS6 0.007 0.005 OP, mg/L 
WS3 0.014 0.009 
WS6 0.217 0.150 NH4-N, mg/L 
WS3 0.621 0.523 
WS6 2.98 0.858 NO3-N, mg/L 
WS3 5.35 3.16 
WS6 2.63 0.41 TKN, mg/L 
WS3 3.26 0.97 
WS6 18.8 15.1 TSS, mg/L 
WS3 23.0 20.3 
WS6 4.2 0.6 pH 
WS3 4.1 0.4 

 
Regression relationships for phosphorus load from the WS6 and WS3 

watersheds were tested for significant differences in regression slopes and 

intercepts during the calibration and treatment periods.  Mean regression slopes 

were significantly different for both TP and OP; however, regression intercepts were 

similar for both fractions during the calibration and treatment periods (Table 15).  

Mean regression intercepts for TP shifted from positive during the calibration period 

to negative relationships during the treatment period.  Differences in regression 

relationships for phosphorus load between the calibration and treatment periods 

indicate a treatment effect on TP and OP load from the treatment watershed.   
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Table 15.  Mean regression slopes and intercepts for nutrient load from the WS6 and 
WS3 watersheds during the calibration and treatment periods. 

Parameter Calibration 
Mean* 

 

Treatment 
Mean* 

 

P-value 

Regression Slope 0.49b 8.5a 0.007 TP 
Regression Intercept 0.032a -3.1a 0.176 
Regression Slope 0.890b 2.32a 0.042 OP 
Regression Intercept 0.011a 0.074a 0.094 
Regression Slope 1.45b 4.36a 0.005 NH4-N 
Regression Intercept 0.22a 0.12a 0.989 
Regression Slope 1.42a 1.51a 0.769 NO3-N 
Regression Intercept 1.62a 23.5a 0.227 
Regression Slope 0.60a 10.7b 0.042 TKN 
Regression Intercept 5.70a -194a 0.292 
Regression Slope 0.85b 6.99a 0.044 TSS 
Regression Intercept 41.9a -688a 0.1651 

*Means in the same row for a given nutrient with the same letter are not significantly different at the 0.05 level. 
 

Phosphorus load was similar for the watersheds during the period from 

December 2000 until harvest in June 2001.  These similarities in TP load continued 

through the remainder of the relatively dry 2001 flow year; however, cumulative 

phosphorus load began to deviate at the beginning of 2002 (Figure 29).  Cumulative 

TP load from the WS3 watershed more than doubled during the period from July to 

October 2002 as a result of tropical storms during that period.  One large outflow 

event on WS3 (event 26) which peaked on July 27, 2002 resulted in 0.098 kg/ha of 

TP load, which represents 28 percent of the total TP load (0.349 kg/ha) for the study 

period (see Appendix 4).  However, no measurable TP load was observed from WS6 

during the abovementioned late July storm.  Following this event in late July, the 
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next event (event 27) covering a period from August 17, 2002 to September 14, 

2002 accounted for 24 percent (0.082) of the total TP load from WS3 for the study 

period.  In contrast, WS6 had less than 1 percent (0.0004 kg/ha) of its total TP load 

for the study period during this 18 day period.  However, event 27 coincided with a 

period of brief weir submergence on WS6, which resulted in the exclusion of 4 days 

from the analysis.  These events during the summer of 2002 accounted for 54 

percent (0.190 kg/ha) and less than 1 percent of the total TP load from WS3 and 

WS6, respectively.  This difference in TP load from watersheds during the summer 

of 2002 can be attributed to increased outflow and nutrient concentrations from the 

WS3 watershed, however the latter likely had a greater influence on TP load.  For 

example, outflow TP concentrations during the period from August 17 to September 

14, 2002 (event 27) averaged 0.042 mg/L and 0.003 g/ml for WS3 and WS6, 

respectively (see Appendix 4).   This represents an order of magnitude difference in 

the outflow TP concentrations during this period.  In addition, outflow TP 

concentrations averaged 0.082 mg/L for WS3 during the outflow events occurring 

just before event 27, which likely had an effect on concentrations during this event.   

Cumulative OP load exhibited similar trends to those mentioned above for TP 

load.  OP load was similar for the two watersheds during the calibration period and 

throughout 2001.  In 2002, however, cumulative OP load began to diverge for the 

WS3 and WS6 watershed (Figure 29).  WS3 OP load had increases during the two 

late summer outflow events mentioned above.  The largest increase was observed 

during the second storm event (event 27) from August 17 to September 12, 2002.  

During this event, WS3 had 22 percent (0.029 kg/ha) of its total OP load (0.13 kg/ha) 



 

during the study period.  Whereas, WS6 had 2 percent of its total OP load of 0.045 

kg/ha during this event. 
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Figure 29.

 

 

 

  Cumulative phosphorus (TP and OP) load (kg/ha) over the entire 
study period (2000-2002) for both treatment (WS3) and control 
(WS6) watersheds. 
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TP load from WS6 during the calibration period was 0.079 kg/ha*yr which was 

nearly double that of WS3 at 0.044 kg/ha*yr.  However, during the treatment period 

mean TP load from WS6 and WS3 watersheds was 0.055 and 0.247 kg/ha*yr, 

respectively, a difference of more than 450 percent.  During the treatment period TP 

load from WS6 decreased to 70 percent of that observed during the calibration, 

whereas, 5.6 times greater TP load from WS3 was observed during the treatment 

period than during the calibration period.  This 5-fold change in TP load from WS3 

was significant and a result of the harvesting operation on the WS3 watershed 

based on this analysis.  Similarly, the difference OP load from the watersheds was 

significant from the calibration to the treatment period.  The difference in OP load 

from the watersheds was 0.015 kg/ha*yr (0.053 and 0.038 kg/ha*yr) during the 

calibration period and 0.067 kg/ha*yr (0.014 and 0.081 kg/ha*yr) during the 

treatment period for WS6 and WS3, respectively.  This change in OP load from 

calibration to treatment period was detected as a significant effect of the harvesting 

operation on the WS3 watershed.  However, phosphorus losses and concentrations 

observed over both periods were still low compared to losses from other lands 

(Chescheir et al. 2003). 

 

Nitrogen 

Analysis detected significant treatment effects on nitrogen load for NH4-N and 

TKN forms of nitrogen, but not for NO3-N (Table 15).  As expected, TKN 

concentrations and load increased with increasing nitrate and ammonium 

concentrations and load.   Nitrogen concentrations and load from the watersheds 
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was highest during the winter months which coincided with increased outflow rates 

during this primary flow season.  These higher values during the winter season are 

consistent with results reported by Amatya and others (1998) and Jacobs and 

Gilliam (1985).   

Cumulative nitrogen load for all three nitrogen components was similar for 

WS3 and WS6 during the calibration period and through the end of 2001 (Figure 30).  

Similar to phosphorus load, nitrogen load from WS3 began to diverge from that of 

WS6 at the beginning of 2002.  WS6 ammonium load during 2002 was 0.331 kg/ha 

which represents 50 percent of the cumulative total (0.7 kg/ha) for the study period.  

In contrast, ammonium load during 2002 for WS3 was 4.90 kg/ha or 89 percent of 

the cumulative total of 5.52 kg/ha for the study period.  Similarly, nitrate load during 

2002 was 43.40 kg/ha representing greater than 85 percent of the cumulative total 

nitrate-nitrogen load of 50.95 for WS3 during the study period.  However, nitrate load 

for WS6 during 2002 was less than WS3 as was the case in 2001 as seen with 

ammonium load.  Nitrate load was 10.17 kg/ha during 2002 which represented 82 

percent of the cumulative total nitrate load (12.37 kg/ha) from the WS6 watershed.  

TKN load also increased during 2002 for WS3 over that observed during 2001.  TKN 

load for both watersheds during 2002 represented greater than 65 percent of the 

cumulative total load during the study.  WS6 TKN cumulative total load during the 

study period was 11.15 kg/ha, only 3.90 kg/ha of which was observed during the 

calibration period. 
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. Cumulative nitrogen (NH4-N, NO3-N, and TKN) load (kg/ha)
over the entire study period (2000-2002) for both treatment 
(WS3) and control (WS6) watersheds. 
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Nitrate load increases in 2002 were largely due to outflow events occurring 

between the periods from July 19, 2002 to August 15, 2002 and August 17, 2002 to 

September 14, 2002 (events 26 and 27).  Nitrate load during the first of these 

outflow events was 5.26 kg/ha which represents 10 percent of the cumulative total 

(50.9 kg/ha) nitrate load from WS3.  Similarly, NH4–N and TKN load during this 

event represented greater than 20 percent of the cumulative total load during the 

study period.  Nutrient load for the second summer outflow event (from August 26, 

2002 to September 12, 2002) represented 40, 22, and 25 percent of WS3 

cumulative total nutrient load for NH4-N, NO3-N, and TKN, respectively.  These 

increases in nutrient load are similar phosphorus load increases discussed earlier for 

the two late summer outflow events. 

Nitrate concentrations were greater for both watersheds during the treatment 

period than during the calibration period.  Calibration period mean concentrations 

were 0.74 mg/L for WS6 and 1.75 mg/L for WS3 (Table 13); whereas during the 

treatment period mean nitrate concentrations for WS6 and WS3 were 2.98 and 5.35 

mg/L, respectively (Table 14).  The maximum nitrate concentrations of 4.20 mg/L 

and 9.87 mg/L were observed for WS6 and WS3, respectively, during a short period 

at the beginning of the 2002 primary flow season (days 20 – 59, events 18 and 19) 

(presented in Appendix 4).  The maximum concentrations observed throughout the 

study period were less than the drinking water standard of 10 mg/L through both 

periods of the study.  The maximum and mean concentrations observed for WS6 

and WS3 were greater than reported for drained mineral soil forest watersheds in 

Carteret County, North Carolina (Lebo and Herrmann 1998; Amatya et al. 1998) but 
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similar to those reported for drained organic soil forest watersheds for the Parker 

Tract in Washington County (Chescheir et al. 2003).   

Analysis of nitrate regression relationships between WS6 and WS3 for the 

two periods did not detect significant differences in nitrate regression slopes 

(p=0.769) and intercepts (p=0.227) of nitrate load for the two periods (Table 15).  

Nitrate load during the calibration period was 4.11 kg/ha*yr for WS6 and 6.35 

kg/ha*yr for WS3; whereas during the treatment period mean nitrate load was 7.72 

and 36.0 kg/ha*yr for WS6 and WS3, respectively.  Based on the paired watershed 

approach, no treatment effects on nitrate load were detected since there were no 

significant differences between slopes and intercepts between calibration and 

treatment periods. However, the power to detect changes in nitrate load was 

reduced by unexpected high variability of nitrate loads over the study period as 

discussed above.   

 Ammonium concentrations were greater during the calibration period than 

during the treatment period.  Calibration period mean ammonium concentrations 

were 0.19 mg/L for WS6 and 0.23 mg/L for WS3; whereas during the treatment 

period mean ammonium concentrations for WS6 and WS3 were 0.22 and 0.62 mg/L, 

respectively (Tables 13 and 14).  Analysis of ammonium regression relationships 

between WS6 and WS3 for the two periods detected significant differences in 

regression slopes (p=0.005), but not for intercepts (p=0.989) of ammonium load for 

the two periods (Table 15).  Mean slope of ammonium load regression lines were 

greater during the treatment period than in the calibration period.  Based on this 

paired watershed approach, significant treatment effects were observed for 
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ammonium load from the treatment watershed.  In fact, ammonium load increased 

on WS3 in relation to WS6 load as a result of the harvest operation.  

The effect of harvesting on ammonium load can more clearly be seen by 

looking at relative differences in mean load from the watersheds during the two 

periods (Figure 30).  Ammonium load during the calibration period was 0.704 

kg/ha*yr for WS6 and 0.660 kg/ha*yr for WS3; whereas during the treatment period 

ammonium load was 0.260 and 3.92 kg/ha*yr for WS6 and WS3, respectively.  WS3 

had 6 percent less ammonium load during the calibration period than WS6; whereas 

during the treatment period greater than an order of magnitude increase (15-fold 

increase) in WS3 mean ammonium load was observed in relation to WS6.  

TKN load had a slight decrease from 7.34 kg/ha*yr for WS6 during the 

calibration period to 5.50 kg/ha*yr during the treatment period.  However, TKN load 

from WS3 increased from 6.52 kg/ha*yr during the calibration period to 19.5 kg/ha*yr 

during the treatment period (Figure 30).  Regression slope relationships for the two 

periods were significantly different, indicating a treatment effect on TKN load 

(p=0.042).  The treatment period mean regression slope was 10.65 which was 18 

times greater than the calibration period mean slope of 0.596.  However, TKN load 

mean regression intercept during the calibration period was statistically similar to the 

mean treatment period intercept.  Consistent with the result from ammonium fraction 

of nitrogen, the harvest operation resulted in increased TKN load from WS3.  

Increases in TKN loads following harvesting WS3 can primarily be attributed to the 

increases in event outflow present in the previous section.  For example, event 

outflow from the harvested (WS3) watershed doubled in comparison to the control 
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(WS6) following the harvest.  Similarly, there was an increase in peak flow and 

number of flow days following harvesting WS6.  These outflow increases resulted in 

load increases in nitrogen constituents considered in this work.  Lebo and Herrmann 

(1998) also attributed increases in nutrient loads to differences in outflow observed 

following harvesting and site preparation by comparing excess in nutrient fractions to 

excess outflow.  Increases in nutrient concentrations in the above mentioned 

investigation were similar to increases in outflow from treated watersheds. 

Total Suspended Sediments 

Mean TSS concentrations observed during both periods of this investigation 

were well below the 500 mg/L standard for surface waters of North Carolina.  Mean 

TSS concentrations for WS6 and WS3 watersheds during the calibration period were 

19.5 and 23.7 mg/L, respectively (Table 13).  Treatment period mean TSS 

concentrations were similar to the calibration period values with concentrations of 

18.8 mg/L for WS6 and 23.0 mg/L for WS3 (Table 14). In contrast to sediment 

concentrations for the periods in the investigation, sediment load decreased from 

WS6 and increased from WS3 during the treatment period in comparison to the 

calibration period.   

Cumulative sediment load over the entire study period from WS6 and WS3 

were 52.0 and 171.0 kg/ha (Figure 31, also listed in Appendix 4).  During the 

calibration period, sediment load was similar for WS6 and WS3.  During the first 

outflow events following the harvest operation, sediment load from WS3 began to 

diverge from that of WS6.  Similar to nutrient load results, WS3 sediment load during 

2002 increased in relation to WS6 particularly for outflow events during the summer 



 

of 2002.  Nearly 50 percent (77.3 kg/ha) of sediment load from WS3 was observed 

from the two late summer outflow events.  WS3 sediment load during the outflow 

event (event 26) from July 19, 2002 to August 11, 2002 represented 22 percent 

(37.78 kg/ha) of the cumulative total load during the study.  Similarly, the August 26, 

2002 to September 12, 2002 outflow event represented 23 percent (39.54 kg/ha) of 

the cumulative total load during the study. 
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 Cumulative sediment load (kg/ha) over the entire study period 
(2000-2002) for both treatment (WS3) and control (WS6) 
watersheds. 
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Analysis detected a significant increase (p=0.044) in sediment load 

regression slopes between WS6 and WS3 (Table 15), indicating treatment effects on 

sediment load from WS3.  Sediment load on WS6 decreased from 67.3 kg/ha*yr 

during the calibration period to 12.4 kg/ha*yr during the treatment period.  Sediment 

load increased on the WS3 watershed from 64.1 to 104.0 kg/ha*yr for the calibration 

and treatment periods, respectively.  There was a 5 percent difference in sediment 

load from the watersheds during the calibration period, whereas, WS3 sediment load 

was 8 times greater than WS6 (740 percent difference) during the treatment period.  

Based on the relationship between WS6 and WS3 sediment load during the 

calibration period, WS3 sediment load would have been 10.8 kg/ha*yr without 

treatment effects.  Due to treatment effects, sediment load from WS3 was nearly 10 

times greater than the expected value of 10.8 kg/ha*yr.  The increase in sediment 

load from WS3 can be attributed to primarily to increases in outflow rather than 

increases in TSS concentrations.  Sediment loads observed from these poorly 

drained watersheds (both harvested and control watersheds) over the study period 

are very low compared to losses reported from upland systems (Hollis et al. 1978; 

Shepard 1994).  The gentle relief (<1 percent) found on these sites have low velocity 

flows and ponding in surface depressions allow increased detention time for 

drainage.  Energy to detach and transport soil particles in greatly reduced due to this 

increased detention time in combination to the low velocity in drainage canals.  
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Effect of Thinning on Pine Plantation Watersheds 

Annual outflow and precipitation for the plantation watersheds during the 

three study years (2000-2002) are presented in Table 16, with the exclusion of four 

periods of weir submergence.  Periods of brief weir submergence were observed 

during 2000 and 2002 on elapsed days 119-124, 248-254, 269-271, and 1048-1056.  

The canal drainage system was overwhelmed during these periods which resulted in 

rising downstream stages throughout the system.  Previous investigations on the 

Parker Tract indicate a drainage coefficient for the canal drainage system of 10 – 12 

mm/day (Shelby 2002).  However, individual watersheds can have flows greater 

than the canal drainage system for brief periods before the canal system drainage 

coefficient dominates.  Outflow estimations during these periods of submergence 

raised concerns due to errors often presented with submerged weir equations.  A 

detailed analysis was performed and presented in Appendix 3 for these periods of 

submergence based on a field water balance and model predictions.   Submerged 

periods during the study were detected as periods with possible errors from 

overestimation of outflow.  A total of 13 days for WS2 and 10 days for WS5 were 

under submerged conditions and excluded from the analysis of outflows for the 3-

year study period.  The exclusion of these days did have some effect on cumulative 

outflow during the study period.  Appendix 3 presents the effect of the removed days 

on cumulative outflow during the period in relation to outflow adjusted using 

predicted outflows during periods of submergence. 

During 2001, annual outflow was 14 and 21 percent of 2000 outflow for WS2 

(control) and WS5 (treatment) watersheds, respectively.  This difference in annual 
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outflow is primarily due to the difference in precipitation for the two years and 

differences in weir depths during the primary flow season.  Precipitation during 2001 

was 35 percent less than the previous year which represents abnormally dry 

conditions at the site.  Annual outflow from WS5 during 2000 was also elevated in 

comparison to WS2, because the weir for WS5 was set 28 cm lower than WS2 

during the period from day 1 to 166.  These weir settings during the 2000 flow 

season should have resulted in greater outflow from WS5 compared to WS2 

because less water table recharge was required to result in outflow.   
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Table 16.  Annual outflow and precipitation summary for WS2 (control) and WS5 
(treatment) watersheds during the study period. 

Flow Year Description 

2000 2001 2002 

WS2 (Control) 

Weir Setting*, cm 85 85 85 

Average ground elevation, m 5.44 5.44 5.44 

Outflow, mm 144 20 168 

Precipitation, mm 1160 756 1378 

    

WS5 (Treatment) 

Weir Setting*, cm 113 / 85† 85 85 

Average ground elevation, m 5.64 5.64 5.64 

Outflow, mm 151 31 326 

Precipitation, mm 1160 756 1378 

*Weir setting depth below average ground surface elevation. 

†Weir setting raised to 85 cm below average ground surface during the summer of 2000 (day 166). 

 

WS5 event drainage outflow was slightly greater than WS2 outflow during the 

primary flow season through day 150 of 2000 (Figure 32), and this coincided with the 

period when the WS5 weir setting was 28 cm deeper than the WS2 weir.  After the 

WS5 weir was set at 85 cm to match the WS2 weir setting in June 2000 (day 166), 

WS2 event outflow was greater than WS5 until thinning, which took place in April 
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2001 (Figure 33).  The period between raising the WS5 weir to match the WS2 

setting and completion of the thinning operation on day 115 in 2001 was used as the 

calibration period in this experiment.  During this calibration period, WS2 peak 

outflows were 2.8 times less than WS5 peak outflows.  The outflow pattern became 

more pronounced between the two watersheds following the thinning operation.  

That is, event drainage outflow in 2001 following the thinning operation as well as 

during 2002 was 4.0 times greater for WS5 than for WS2 (Figures 33 & 34).  

Specifically, WS5 produced outflow during five events between days 158 and 183 

(2001), days 60 and 85 (2002), days 260 and 264 (2002), and days 286-290 (2002) 

that were not observed from WS2 (Figures 33 and 34).  The thinned watershed, 

WS5, also produced outflow 24 days earlier in 2002 than did the control (WS2) 

watershed.  Greater ET from the control in the summer and fall of 2001 apparently 

caused the water table to be deeper (Figure 36) and the watershed drier than the 

thinned site.  Thus more recharge was required to raise the water table on WS2 and 

initiate outflow in comparison with WS5.     



 

0

20

40

60

80

100

120

140

160

180

0 50 100 150 200 250 300 350 400

Day of Year 2000

C
um

ul
at

iv
e 

D
ra

in
ag

e,
 m

m

0

2

4

6

8

10

12

14

16

18

20

D
ra

in
ag

e 
O

ut
flo

w
, m

m

WS2_Cum WS5_Cum WS2_Daily WS5_Daily
 

Figure 32. Observed outflow for the WS2 (control) and the WS5 (treatment) 
watersheds during 2000. 
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Figure 33. Observed outflow for the WS2 (control) and the WS5 (treatment) 
watersheds during 2001. 
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Figure 34. Observed outflow for the WS2 (control) and the WS5 (treatment) 
watersheds during 2002. 

 

Water table depths on the plantation watersheds appeared to be affected by 

treatment in the same way as outflow.  The water table on watershed WS5 was 

shallower than WS2 for all but a few periods during the three years (Figures 35-37).  

This was true even during the beginning of 2000 when the weir setting on WS5 was 

28 cm lower than for WS2.  The shallower water table depth for WS5 prior to 

thinning indicates that WS2 was better drained than WS5.  After thinning the 

difference in water tables became greater as reduced ET on the thinned watershed 

(WS5) caused it to stay closer to the surface and wetter than the control (Figures 36 
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and 37) as discussed above.  This was especially true during the dry season.  For 

instance, on days 125 – 240 during 2001, the water table on WS2 was more than 

0.60 m deeper than on WS5 (Figure 36).  Not only was the water table deeper on 

WS2, but the zone above the water table was apparently drier at the end of 2001 

than on the thinned watershed.  When rains started in early 2002 the water table on 

WS5 rose to the 60 cm depth by day 22.  By comparison, the water table on the 

control (WS2) did not respond until day 63.  During this 41-day period the water 

table on WS2 was more than 1.3 m deeper than on WS5 (Figure 36).  The water 

table on WS5, characterized by quick water table rise following rain events, also 

appeared more responsive to rainfall events than WS2.  These trends were 

statistically tested to detect treatment effects on the hydrology; the analysis is 

presented in the next section.  
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 Daily average mid-point water table depths and precipitation for the 
WS2 (control) and WS5 (treatment) watersheds during 2000. 
 111



 

 

0

20

40

60

80

100

120

140

160

180

200

220

240

0 50 100 150 200 250 300 350 400

Day of Year 2001
W

at
er

 T
ab

le
 D

ep
th

, c
m

 .

0

10

20

30

40

50

60

70

80

C
um

ul
at

iv
e 

P
re

ci
pi

ta
tio

n,
 c

m
  

WS2 WS5 Preciptation

Thinning

Figure 36.

 

 

 Daily average mid-point water table depths and precipitation for the 
WS2 (control) and WS5 (treatment) watersheds during 2001. 
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 Daily average mid-point water table depths and precipitation for the 
WS2 (control) and WS5 (treatment) watersheds during 2002. 
 Analysis 

 was observed a total of 76 and 70 days for WS2 and WS5 watersheds 

calibration period, respectively.  During the treatment period, flow was 

om WS2 on 107 days, as compared to 170 days on WS5.  A total of 28 

nts were identified on the plantation watersheds over the three year 

) observation period.  Eleven of these events occurred during the 

period and the remaining 17 events were during the treatment period.  
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Daily outflows and peak flow for each event were used in the development of 

regression relationships for the watersheds.  Regression relationships were 

developed by regressing outflows from the treatment (WS5) watershed versus 

outflows from the control (WS2) watershed for both the calibration and treatment 

periods (Figures 38 & 39).  Daily outflows during the calibration period were highly 

correlated between the watersheds with a R2 value of 0.96 (Table 17).  WS5 peak 

flow showed a moderate correlation with WS2 peak flow during the calibration 

period.  The daily outflow and peak flow calibration relationships developed between 

the watersheds were significant at p<0.0001.  Slope of the calibration regression 

relationships for daily outflow and peak flow was also significantly different from zero 

(p<0.0001).  The calibration period outflow regression intercept was also significant 

(p=0.027); however, the intercept of the peak flow regression relationship was not 

significant (p=0.14) based on this analysis.   
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Figure 38. Measured outflows and regression relationships for the WS2 (control) and 
WS5 (treatment) watersheds during the calibration and treatment periods. 
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Figure 39.  Measured peak flow and regression relationships for the WS2 (control) 
and WS5 (treatment) watersheds during the calibration and treatment 
periods. 

 

 Regression analysis showed a moderate correlation between WS5 and WS2 

daily outflows during the treatment period, as evident by a R2 of 0.73 (Table 17).  

The regression model to predict outflow from WS5 based on WS2 outflow was highly 

significant at p<0.0001.  Both the slope and intercept of the regression relationship 

were significant at p<0.0001.  The significant regression relationships between 

outflow from the study watersheds for both calibration and treatment periods suggest 
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that the paired watershed approach can be used to test for treatment effects on 

outflow parameters in this investigation. 

 

Table 17.  Outflow and water table depth (WTD) regression relationships between 
WS5 and WS2 watersheds for calibration and treatment periods. 

P-Value Period Regression Equation Regression 

R2

Regression 

F-value Slope Intercept

Calibration      

 WS5_Flow = 0.57*WS2_Flow + 0.10 0.96 722† <0.0001 0.027 

 

 WS5_Peak = 1.25*WS2 + 2.40 0.76 277† <0.0001 0.14 

 WS5_WTD = 1.18*WS2_WTD – 46.1 0.86 1220† <0.0001 <0.0001 

Treatment      

 WS5_Flow = 0.94*WS2_Flow + 0.94 0.73 2140† <0.0001 <0.0001 

 WS5_Peak = 1.81*WS2 + 19.9 0.58 1160† <0.0001 <0.0001 

 WS5_WTD = 0.78*WS2_WTD – 13.4 0.55 1421† <0.0001 <0.0001 

† Indicates significance of the regression model for the given period at the <0.0001 level. 

 

 Water table depths were grouped by period for regression analysis to test for 

a regression relationship between WS2 and WS5.  Twelve months of water table 

depth data were recorded during the calibration period and an additional twenty 

months recorded for the treatment period.  A highly significant (p<0.0001) regression 

relationship was developed between the watersheds for the calibration and 

treatment periods (Figure 40).  The calibration period regression R2 = 0.86 indicates 

that WS5 and WS2 water table depths were highly correlated; however correlation 



 

between WS5 and WS2 water table depths during the treatment period was lower 

with a correlation coefficient of 0.74 (R2 = 0.55).  Water table depth regression 

slopes of 1.18 and 0.78 for the calibration and treatment periods, respectively, were 

significant in the regression analysis (p<0.0001).  In addition, regression intercepts 

of -46.10 and -13.43 for the calibration and treatment periods were also significant.   

WS5 = 1.18* WS2 - 46.10
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  Measured water table depths and regression relationships for the
WS2 (control) and WS5 (treatment) watersheds during the 
calibration and treatment periods. 
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Outflow Responses to Thinning 

 Regression relationships were developed for eleven outflow events during the 

calibration period and seventeen outflow events during the treatment period.  SAS 

GLM procedures were used to test for differences between the calibration and 

treatment periods in slopes and intercepts of daily outflow regression relationships.  

Slopes for calibration and treatment periods were detected by ANOVA as significant 

(Table 18) indicating treatment effect on daily outflow.  Daily outflow had a mean 

slope during the treatment period of 1.39 which was twice the calibration period 

slope of 0.58.  Daily outflows from WS5 doubled during the treatment period in 

relation daily outflows from the control watershed.  Intercepts of the daily outflow 

regression relationships during the treatment period were also greater than during 

the calibration period.  This significant increase in the water yield from treatment 

watersheds is typical following thinning operations (McCarthy and Skaggs 1992; 

Richardson and McCarthy 1994; Williams and Lipscomb 1981). 
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Table 18.  Mean regression slopes and intercepts for WS5 and WS2 watersheds 
during the calibration and treatment periods. 

Parameter Calibration 
Mean 

Treatment 
Mean 

Daily outflow, mm†    
 Regression Slope 0.58b 1.39a 
 Regression Intercept 0.07b 0.73a 
    
Peak flow, m3/hr†   
 Regression Slope 1.06a 2.99a 
 Regression Intercept 2.10b 17.9a 
    
Water table depth, cm†   
 Regression Slope 0.79a 0.83a 
 Regression Intercept -1.79a -21.8a 
†Mean values in rows with the same letter for parameters were not statistically different at α = 0.05 using Duncan 

Multiple Range Test. 
 

 

 Mean peak flow regression intercepts of 2.10 and 17.9 m3/hr for the 

calibration and treatment periods, respectively, were significantly different (Table 

18).  Similar to daily outflow results, this difference indicated treatment effects on 

peak flow between periods.  Peak flow rates increased more than 2-fold on WS5 

following thinning in relation to WS2.  For instance, during the calibration period a 

peak flow rate of 60 m3/hr for WS2 corresponded to 80 m3/hr for WS5.  However, the 

same 60 m3/hr peak flow rate for WS2 corresponds to130 m3/hr during the treatment 

period.  This increase is attributed to the thinning operation on WS5 which resulted 

in increased outflow response.  The removal of trees decreased ET from WS5 which 
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resulted in a wetter soil profile.  In contrast, the increased number of trees on WS2 

dried out the soil profile which increased storage and resulted in less outflow from 

rainfall events.   

Water table depth regression relationships were developed for storm events 

in both study periods (Table 18).  The mean slope of 0.83 for the treatment period 

was statistically similar to the calibration period slope of 0.79 (p=0.75, F=0.11).  The 

treatment period mean intercept was also statistically similar to that of the calibration 

period (p=0.19, F=1.93).  An analysis of the mechanisms affecting water table depth, 

and of observed water table responses in both treatment and control watersheds, 

appear to indicate that thinning had a substantial effect on water table depth during 

the periods of high ET.  However, there appears to be negligible effect during wet 

periods when PET is low and a treatment effect on water table cannot be detected 

using the regression relationships between the calibration and treatment periods in 

the paired watershed approach.   

 

Water Quality 

Outflow nutrient concentrations for total phosphorus (TP), orthophosphate 

(OP), ammonium nitrogen (NH4-N), nitrate-nitrogen (NO3-N), total Kjeldahl nitrogen 

(TKN), and total suspended solids (TSS) were monitored from the plantation 

watersheds for the calibration and treatment periods.  Mean nutrient concentrations 

during the calibration period (11 outflow events) were similar for OP, NH4-N, TKN, 

and TSS, but statistically different for TP and NO3-N at the 0.01 level of significance 

(Table 19).  Mean nitrate concentrations were greater for WS5 than for WS2 during 
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the calibration period.  In contrast, mean TP concentrations were less for WS5 in 

comparison to WS2 during the calibration period. 

 

Table 19. Concentrations of water quality constituents for plantation watersheds 
during the calibration period. 

Constituent Watershed Mean* Std. Dev. 

WS2 0.034a 0.03 TP, mg/L 

WS5 0.026b 0.01 

WS2 0.014a 0.01 OP, mg/L 

WS5 0.015a 0.01 

WS2 0.40a 0.43 NH4-N, mg/L 

WS5 0.36a 0.10 

WS2 1.58b 0.60 NO3-N, mg/L 

WS5 2.26a 2.16 

WS2 2.24a 1.09 TKN, mg/L 

WS5 2.00a 0.12 

WS2 60.0a 31.7 TSS, mg/L 

WS5 62.8a 14.8 

WS2 3.98a 0.44 pH 

WS5 3.62b 0.08 

*Means with the same letter for a given constituent are not significantly different at α = 0.01. 
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Phosphorus 

 TP concentrations during the calibration had mean values of 0.034 and 0.026 

mg/L for WS2 and WS5, respectively.  Treatment period mean TP concentrations for 

WS2 and WS5 were 0.018 and 0.022, respectively (Table 20).  OP concentration, 

the phosphate-phosphorous component, had mean values of 0.014 and 0.011 mg/L 

for WS2 during the calibration and treatment periods.  During the calibration and 

treatment periods, mean OP concentrations for WS5 were 0.015 and 0.011 mg/L, 

respectively.  Mean TP concentrations for WS5 during calibration were below the 

0.05 mg/L threshold concentration for algae bloom and are consistent with values 

previously reported on similar forested watersheds (Taylor et al. 1971; Riekerk 1982; 

Amatya et al. 1998; Lebo and Herrmann 1998).  However, Appendix 5 shows that 

WS2 TP concentrations spiked above the 0.05 mg/L threshold concentrations during 

the first 62 days during the 2001 (events 5-8) calibration period.  The first 2001 WS2 

outflow event (event 5) was characterized by an average TP concentration of 0.058 

mg/L.  WS2 outflow events 7 and 8, occurring during days 50-61 of 2001, were 

characterized by average TP concentrations of 0.125 and 0.098 mg/L, respectively.  

The elevated TP values during the first flush from the forested watersheds are 

consistent with trends reported for similar drained loblolly pine plantations in eastern 

North Carolina (Amatya et al. 1998) and attributed to increased outflow during winter 

and spring. 
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Table 20. Concentrations of water quality constituents for plantation watersheds 
during the treatment period. 

Constituent Watershed Mean* Std. Dev. 

WS2 0.019 0.013 TP, mg/L 

WS5 0.022 0.020 

WS2 0.011 0.008 OP, mg/L 

WS5 0.011 0.010 

WS2 0.099 0.109 NH4-N, mg/L 

WS5 0.115 0.316 

WS2 2.83 1.52 NO3-N, mg/L 

WS5 1.16 1.04 

WS2 2.14 0.304 TKN, mg/L 

WS5 1.93 0.498 

WS2 31.1 22.7 TSS, mg/L 

WS5 37.5 26.8 

WS2 3.84 0.101 pH 

WS5 3.67 0.127 

 

 

Phosphorus load (TP and OP) per watershed area (kg/ha) was determined 

and presented as a product of daily outflow and nutrient concentrations for 

watersheds during each event and period (Appendix 5).  Cumulative phosphorus 

loads (TP and OP) for WS2 and WS5 during the study period are presented along 

with daily outflow in mm (Figure 41).   TP loads for the watersheds were similar 
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during the first five months of the 2000 flow season.  Cumulative TP load began to 

diverge during a spring storm from April 15 – May 11, 2000 (event 2).  WS2 TP load 

converged on and exceeded WS5 TP load during the first four events during the 

2001 flow season (events 5 - 8).  This was primarily due to elevated TP 

concentrations for WS2 during these four events as discussed above (Appendix 5).    

However, cumulative TP load diverged again during the subsequent outflow events 

(events 9 - 22) during the 2002 flow season.  This difference is primarily due to 

increased outflow from WS5 following thinning.  The greatest differences between 

WS2 and WS5 TP load was during the spring and early summer seasons for all 

three study years (2000-2003) which is directly influenced by outflow differences 

during these periods.  TP load during the calibration period was similar for the 

watersheds totaling 0.02 kg/ha for each watershed (documented in Appendix 5).  

However, during the treatment period cumulative TP load from WS5 was 0.01 kg/ha 

greater than that for WS2.  WS2 TP load over the study period (including both 

calibration and treatment periods) was 0.05 kg/ha which was 0.01 kg/ha less than 

observed from WS5.   
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Figure 41.

 

 

   

 

  Cumulative phosphorus (TP and OP) load (kg/ha) over the entire 
study period (2000-2002) for both treatment (WS5) and control 
(WS2) watersheds. 
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OP load curves WS2 and WS5 followed different trends than TP load for both 

periods.  Cumulative OP load curves diverged at the beginning of the 2000 flow 

season and the difference between WS2 and WS5 load by the end of the primary 

flow season was 0.006 kg/ha (0.005 kg OP/ ha for WS2 and 0.013 kg OP/ha for 

WS5).  Following each successive primary flow season (January – May), the 

difference in OP load from the watersheds became more pronounced.  Cumulative 

OP load began to converge during the last series of storms during the 2002 flow 

season (beginning October 26, 2002) primarily due to increased outflow from WS2 

during this period.  OP load during this period represented 35 percent of the 

cumulative total OP load for WS2.  Whereas, during the same period WS5 had only 

19 percent of its total OP load.    These differences in phosphorus loads are 

attributed to the differences in outflow from WS2 and WS5 discussed in the previous 

section.   

 Overall regression relationships were developed regressing WS2 phosphorus 

load with WS5 for the calibration and treatment periods (Figures 42 and 43).  Event 

regression relationships developed by regressing plantation watersheds TP and OP 

loads for the eleven calibration and seventeen treatment outflow events were tested 

for significant differences between the two periods (Table 21).   Treatment effects 

were detected for both phosphorus constituents.  TP mean regression slopes and 

intercepts were significantly greater during the treatment period than for the 

calibration period (p=0.048).  TP load increased during the treatment period in 

comparison to the calibration period for WS5. 
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Figure 42.  Relationship of observed total phosphorus (TP) load for treatment (WS5) 
and control (WS2) watersheds for both treatment and calibration periods.  
Regression relationships are plotted for each period. 
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Figure 43.  Relationship of observed orthophosphate (OP) loads for the treatment 
(WS5) and control (WS3) watersheds for both the calibration and 
treatment periods.  Regression relationships are plotted for each period. 
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Table 21. Mean regression slopes and intercepts for nutrient load from WS5 and 
WS2 watersheds during the calibration and treatment periods. 

Parameter Calibration 
Mean 

 

Treatment 
Mean 

 

P-value 

Regression Slope 0.650b 1.15a 0.048 TP 

Regression Intercept 0.007b 0.137a 0.048 

Regression Slope 0.946a 0.671a 0.375 OP 

Regression Intercept -0.003b 0.072a 0.003 

Regression Slope 0.802a 1.76a 0.223 NH4-N 

Regression Intercept 0.502a 0.784a 0.425 

Regression Slope 3.02a 0.45b 0.026 NO3-N 

Regression Intercept 0.795a 12.7a 0.138 

Regression Slope 0.975a 2.64a 0.406 TKN 

Regression Intercept -3.33b 18.7a 0.013 

Regression Slope 0.976a 0.977a 0.997 TSS 

Regression Intercept -24.4b 304a 0.006 

*Means with the same letter for a given constituent are not significantly different at α = 0.05. 

 

A significant treatment effect also exists in OP loads from the watersheds, indicated 

by differences in the intercepts (p=0.003) between the two periods.  Similar to TP 

results, OP load significantly increased on the WS5 watershed following the thinning 

operation in relation to WS2 OP.  These differences in phosphorus load can likely be 

attributed to differences in outflows following thinning and are less than the values 
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reported for agricultural lands in eastern North Carolina (Evans et al. 1995; 

Chescheir et al. 2003). 

 

Nitrogen 

 Nitrate-nitrogen (NO3-N) concentrations remained below the North Carolina 

water quality standard of 10 m/l for both watersheds during the calibration and 

treatment periods.  Mean nitrate concentration increased during the treatment period 

for WS2 (control) and decreased for WS5 (thinned).  The maximum concentrations 

observed for WS2 were 2.34 mg/l during the calibration period and 5.82 mg/l during 

the treatment period.  Where as maximum concentrations for WS5 were 2.75 mg/l 

during the calibration period and 3.64 mg/l during the treatment period.  The 

maximum nitrate concentration observed on WS2 during the treatment period was 

160 percent greater than the maximum concentration on WS5 during this period.  

 Nitrogen load (NO3-N, NH4-N, and TKN) per watershed area (kg/ha) was 

determined as a product of daily outflow and nutrient concentration during each 

period.  Cumulative nitrogen loads (NO3-N, NH4-N, and TKN) for WS2 and WS5 

during the study period are plotted along with daily outflow in mm (Figure 44) and 

presented for each event (see Appendix 5).  Nitrate load during the calibration period 

was 0.70 and 2.05 kg/ha for WS2 and WS5, respectively.  WS2 and WS5 nitrate 

load during the treatment period was 4.84 and 4.97 kg/ha, respectively.  The 

difference in the relationship between the calibration and treatment periods can be 

seen by plotting the observed nitrate loads from WS2 and WS5 for both periods 

(Figure 45).  WS5 cumulative nitrate load was greater than WS2 during the first fall 



 

  132

storms of 2000.  The difference in nitrate load was primarily due to two outflow 

events occurring between April 15, 2000 and May 10, 2000 (event 2).  Event 2 

resulted in 0.211 and 1.15 kg/ha of nitrate load from WS2 and WS5, respectively.  

This event resulted in 56 percent of WS5 calibration period load and 16 percent of 

the total nitrate load from WS5 during the study.  The difference in nitrate load can 

be attributed to the difference in outflow from the watersheds during this event which 

produced 29 mm of outflow from WS2 and 128 mm from WS5.   

Nitrate load was greater on WS2 in comparison to WS5 during only one 

period occurring from August 29, 2002 – December 31, 2002, primarily events 22 

and 25.  More than half (3.60 kg/ha) of the nitrate load observed from WS2 was 

observed during this period.  WS5 nitrate load during these late fall events was 1.80 

kg/ha.  Nitrate concentrations for WS2 were more than six times greater than those 

observed on WS5 during this period (Appendix 5).  Nitrate concentrations averaged 

2.60 and 0.40 mg/L for WS2 and WS5, respectively.  The observed outflow during 

this period from November 8, 2002 to December 31, 2002 was 130 and 200 mm 

from WS2 and WS5, respectively, indicating that nitrate load differences for this 

period were a result of increased nitrate concentrations. 
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.  Cumulative nitrogen load (NH4-N, NO3-N, and TKN) (kg/ha) 
and observed outflow over the entire study period (2000-
2002) for the treatment (WS5) and control (WS2) 
watersheds. 
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Figure 45.  Relationship of observed nitrate (NO3-N) load for the treatment (WS5) 
and control (WS2) watersheds for both the calibration and treatment 
periods.  Regression relationships are plotted for each period. 

 

 Cumulative graphs of NH4–N and TKN show the similar trends as observed 

with nitrate load during the study period (Figure 44).  Ammonium load was 0.14 

kg/ha during the calibration period and 0.12 kg/ha during the treatment period for 

WS2.  WS5 had an observed ammonium load of 0.19 kg/ha during the calibration 

period and 0.22 kg/ha for the treatment period (see Appendix 5).  The first two 
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calibration period outflow events (between March 12, 2000 and May 13, 2000) 

yielded 41 and 74 percent of the calibration period total ammonium and TKN load 

from WS2, respectively.  During the 2001 primary flow season (first five months of 

the year), ammonium and TKN load were similar.  However, differences in nitrogen 

load began to appear during the first events following thinning in April 2001.  In June 

2001, nitrogen load was observed on WS5, but not on WS2 as evident from 

cumulative graphs (Figure 44) and event data (see Appendix 5).  During these June 

events (events 12-14), WS5 had 0.029, 0.299, and 0.036 kg/ha of ammonium, 

nitrate, and TKN load, respectively.  WS5 nitrogen load was also greater than WS2 

at the beginning of the 2002 flow season.  In contrast, ammonium and TKN load was 

similar for both watersheds during the last series of outflow events (events 22-28) 

from August 29, 2002 – December 31, 2002.  This effect, as discussed in the 

previous paragraph, is attributed to higher outflow concentrations from WS2 (control) 

in comparison to WS5 (thinned) during this period.   

 Analysis detected treatment effects on nitrate load from the WS5 watershed.  

Nitrate load during the calibration period was 0.70 and 2.1 kg/ha*yr for WS2 (control) 

and WS5 (thinned), respectively.  Treatment period mean nitrate load was 4.8 and 

5.0 kg/ha*yr for WS2 and WS5, respectively.  The nitrate load regression 

relationship during the calibration period was significantly different from the 

treatment period relationship, indicating a significant decrease in WS5 nitrate load 

following thinning (Table 21).  Analysis of variance detected significant differences in 

nitrate load regression slopes for the two periods, but detected no significant 

differences in regression intercepts (Table 21).  Based on this analysis, thinning had 
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a significant impact on nitrate load from the WS5 watershed.  This effect is 

characterized by a significant change in the slopes of the regression relationship 

between WS2 and WS5 nitrate load between the two periods.  The slope decreased 

from 3.02 during the calibration period to 0.454 during the treatment period.  This 

shift in the regression relationship following thinning signifies a decrease in WS5 

nitrate load following the thinning operation.  For example, based on equation 

developed during the calibration period a WS2 nitrate load of 2.50 g/ha*day (0.257 

kg/ha*yr) corresponded with a WS5 nitrate load of 7.28 g/ha*day (0.76 kg/ha*yr); 

where as the same value of WS2 nitrate load had an expected value of 0.04 

g/ha*day (0.004 kg/ha*yr) for WS5 treatment period nitrate load.  This decrease in 

nitrogen load following the thinning operation on WS5 occurred despite an increase 

in outflow following the operation which was the effect of greater nutrient 

concentrations on WS2 during the treatment period. 

WS2 ammonium load regressed with WS5 ammonium loads are presented 

for the calibration and treatment periods (Figure 46).  Calibration period ammonium 

load was 0.11 kg/ha*yr for WS2 and 0.15 kg/ha*yr for WS5.  In contrast, ammonium 

load during the treatment period was 0.07 and 0.13 kg/ha*yr for WS2 and WS5, 

respectively.  During the calibration period WS2 ammonium load was 73 percent that 

of WS5; similarly, after thinning the WS2 watershed had an ammonium load that 

was 54 percent of WS5 ammonium load.  Ammonium load regression relationships 

between the calibration and treatment periods were statistically similar (Table 21). 
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Figure 46. Relationship of observed ammonium (NH4–N) load for the treatment 
(WS5) and control (WS2) watersheds for both calibration and treatment 
periods.  Regression relationships are plotted for each period. 

 

WS2 TKN load regressed with WS5 TKN loads are presented for the 

calibration and treatment periods (Figure 47).  Mean TKN load increased from 1.18 

kg/ha*yr for WS2 and 1.37 kg/ha*yr for WS5 during the calibration period to 2.10 and 

3.31 kg/ha*yr during the treatment period for WS2 and WS5, respectively.  

Regression slope relationships for the two periods were statistically similar; however, 

regression intercepts were significantly different between the periods. This difference 
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in regression intercepts between the calibration and treatment periods indicate a 

treatment effect on TKN load.  The treatment period mean regression intercept was 

18.68 and significantly greater than the calibration period mean slope of -3.33.  In 

contrast to the results from the nitrate fraction of nitrogen, the thinning operation 

resulted in increased TKN load from WS5. 
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Figure 47. Relationship of observed total kjedahl nitrogen (TKN) loads for the 
treatment (WS5) and control (WS2) watersheds for both calibration and 
treatment periods.  Regression relationships are plotted for each period. 
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Total Suspended Sediments 

Mean TSS concentrations observed during both periods of this investigation 

were below the 500 mg/L standard for surface waters of North Carolina.  Mean TSS 

concentrations for WS2 and WS5 watersheds during the calibration period were 60.0 

and 62.8 mg/L, respectively (Table 19).  Treatment period mean TSS concentrations 

decreased to 31.1 mg/L for WS2 and 37.5 mg/L for WS5 (Table 20). This reduction 

in concentrations is likely due to increased outflow from watersheds during the 

treatment period.  Analysis of sediment load from study watersheds removed the 

confounding influence of these differences in outflow from the watersheds.  In 

contrast with sediment concentrations for the periods in the investigation, sediment 

load increased from both watersheds during the treatment period in comparison to 

the calibration period (Figure 48).  Sediment load on WS2 increased from 10.4 

kg/ha*yr during the calibration period to 36.2 kg/ha*yr during the treatment period.  

Mean sediment load also increased on the WS5 watershed from 17.4 to 58.1 

kg/ha*yr for the calibration and treatment periods, respectively. 
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Figure 48.  Relationship of observed sediment (TSS) loads for the treatment (WS5) 
and control (WS2) watersheds for both calibration and treatment periods.  
Regression relationships are plotted for each period. 

 

Sediment load from WS5 was consistently greater that WS2 throughout the 

calibration and treatment periods (Figure 49).  Calibration period sediment load was 

13.4 for WS2 and 21.9 kg/ha for WS5.  Similarly, WS5 sediment load of 102 kg/ha 

was greater than the total WS2 sediment load of 63.4 kg/ha during the treatment 

period.  With the exception of event 2 (days 106 – 130) in 2000, WS5 and WS2 

sediment load showed the same trends during the calibration period (Figure 49).  
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However, during the first outflow events following thinning (events 12-14), sediment 

load was observed from WS5 and not from WS2, seen in Appendix 5.  In fact, these 

storms accounted for 11.3 kg/ha (11 percent) of sediment load during the treatment 

period from WS5.  This effect is a result of decreased ET from WS5 following 

thinning which resulted in less storage and greater outflow during these late spring 

events.  The majority of sediment load, 56 kg/ha for WS2 and 86 kg/ha for WS5, was 

observed during the last series of outflow events (events 24-28) from October 30, 

2002 – December 31, 2002. 
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  Cumulative sediment load (TSS) (kg/ha) and observed outflow 
over the entire study period (2000-2002) for the treatment (WS5) 
and control (WS2) watersheds. 
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Analysis detected a significant increase (p=0.001) in sediment load 

regression intercepts between WS2 and WS5 (Table 21), indicating treatment 

effects on sediment load from WS5.  WS5 sediment load increased 80 kg/ha during 

the treatment period; whereas, WS2 sediment loads increased 50 kg/ha during the 

period in comparison to calibration period loads.  Based on the relationship between 

WS2 and WS5 sediment load during the calibration period, the expected value of 

WS5 sediment load was 49.5 kg/ha*yr without treatment effects.  Due to treatment 

effects, sediment load from WS5 at 58.1 kg/ha*yr was 15 percent greater than the 

expected value of 49.5 kg/ha*yr.  While an analysis of the data revealed that thinning 

increased sediment losses compared to the control, sediment load from these flat 

forested watersheds is very small.  Sediment losses are normally measured in tons 

per hectare rather than kg/ha.  The losses measured here are at least an order of 

magnitude less than what would be expected from upland watersheds.     
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SUMMARY AND CONCLUSIONS 

 Paired watersheds were used to evaluate the impact of harvesting a 23-ha 

natural primarily hardwood forest stand and thinning a 40-ha 14-year old loblolly pine 

(Pinus taeda L.) plantation.  The investigations were conducted on organic soil sites 

in eastern North Carolina.  The effect of forest operations on outflow, water table 

depths, and drainage water quality was evaluated over a three-year (2000-2002) 

study period.  Outflow and water table depths were first tested for correlations and 

then tested for treatment effects using SAS PROC REG procedures.  Outflow, water 

table depths, and water quality were compared using a paired-watershed approach 

which involved developing regression relationships between the treatment and 

control watersheds.  The regressed equations were then analyzed using SAS PROC 

GLM procedures for significant changes in values from calibration and treatment 

periods. 

 The 23-ha natural watershed was clear-cut harvested using shovel logging 

techniques following a 1 ½ -year calibration period.  Twenty-eight outflow events 

were identified on the WS6 (control) and WS3 (treatment) watersheds.  Thirteen of 

these events occurred during the calibration period and the remaining fifteen events 

during the treatment period.  Regression analysis revealed that the regression model 

had predictive value (p<0.0001) in predicting WS3 daily outflow based on WS6 daily 

outflow during both calibration and treatment periods.  Relationships developed for 

outflow events during both periods had correlation coefficients greater than 0.90.  

Analysis of variance detected significant treatment effects on event outflow, event 
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peak flow, and number of event flow days from the harvested watershed.  The 

harvested watershed was also more responsive to precipitation following treatment 

which can be attributed to decreased ET and saturated hydraulic conductivity 

following the harvesting operation.  This was apparent from WS3 (harvested 

watershed) outflow events during periods when WS6 had no measurable outflow as 

well as earlier initiation of flow at the beginning of the 2002 flow season.  Annual 

outflow from the harvested watershed was 400 mm greater than from the control 

during 2002. 

 Regression relationships developed for water table depths for the calibration 

and treatment period revealed that the regression model had predictive power 

(p<0.0001) in predicting WS3 water table depths based on WS6 water table depths 

during the periods.  The paired watershed analysis indicates that treatment did not 

significantly affect water table depths on the WS3 watershed.  However, mean water 

table depths for WS3 and WS6 were 68 and 97 cm, respectively.  Variability of water 

table response to harvesting was high due to seasonal effects on ET.  The minimum 

detectable difference in the analysis was 40 cm, which likely influenced conclusions 

from this investigation.  In a result similar to the outflow from the harvested 

watershed, the water table rose earlier at the beginning of the wet season indicating 

a wetter site following harvest.  These differences in outflow and peak flow are 

attributed to timber removal from WS3, which greatly reduced ET.  

 Results from the analysis of variance indicate that all water quality 

parameters (TP, OP, NH4-N, TKN, and TSS), with the exception of NO3-N had 

significant treatment effects.  Treatment period nutrient load was significantly greater 
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than nutrient loads observed during the calibration period.  Significant increases in 

nutrient load were observed from WS3 during the treatment in comparison to 

differences observed during calibration.  However, mean concentration remained 

below the North Carolina water quality standards for all nutrient constituents in the 

investigation.  The differences in the control and treatment watersheds during 

calibration increased following harvesting primarily due to increased flow from WS3.  

For example, ammonium load for the watersheds had a difference of 6 percent 

during the calibration period.  However, following harvesting there was an order of 

magnitude (15-fold) increase in WS3 ammonium load in relation to WS6. 

A total of 28 outflow events were identified on the pine plantation watersheds 

over the three year (2000-2002) observation period.  Eleven of these events 

occurred during the calibration period and the remaining 17 events occurred during 

the treatment period.  Regression analysis for daily outflow from the paired 

plantation watersheds revealed a significant relationship between WS2 and WS5 

outflow.  WS2 daily outflow had predictive power in predicting WS5 outflow for both 

calibration and treatment periods, indicated by a p-value of <0.0001.  Mean daily 

outflow more than doubled on WS5 following the thinning operation in comparison to 

the outflow response from WS2.  Peak outflows were 40 percent greater on the 

thinned watershed than on the control.  For example, WS2 outflow of 1.0 mm/day 

corresponded to a WS5 outflow of 0.6 mm/day during the calibration period; 

whereas the same 1.0 mm/day WS2 outflow corresponded to 1.9 mm/day for WS5 

during the treatment period.   
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Regression analysis of water table depths during the calibration and 

treatment periods detected significant regression relationships between the WS2 

and WS5 watersheds.  While thinning appeared to reduce water table depth during 

and following periods of high ET, no significant treatment effects on water table 

depths were detected using the paired watershed approach. However, mean water 

table depths for WS2 and WS5 were 85 and 55 cm, respectively.  Variability of water 

table response to harvesting was high due to seasonal effects on ET.  The minimum 

detectable difference in the analysis was 38 cm, which likely influenced conclusions 

from this investigation.  

Mean concentrations of all nutrient parameters measured in this investigation 

were below the North Carolina water quality standards for the calibration and 

treatment periods.  Study findings indicate that significant treatment effects existed 

on TP, OP, NO3-N, TKN, and TSS load from the plantation watershed.  However, 

treatment effects were not detected on NH4–N load from the plantation watersheds.  

Based on relationships developed between the watersheds for the calibration and 

treatment period, nitrate and TKN load increased significantly during the treatment 

period from the thinned watershed.  Phosphorus load also increased significantly 

during the treatment period following the thinning operation.  However, increases in 

load can be primarily attributed to a combination of increases in nutrient 

concentrations and water yield following thinning.  
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CHAPTER 3  
 

Modeling the Hydrology of Plantation Pine on a Belhaven 
Soil in North Carolina 

 
ABSTRACT 

 
A 3-year study to evaluate the effect of thinning on the hydrology and soil 

hydraulic properties of a drained loblolly pine (Pinus taeda L.) plantation was 

conducted in eastern North Carolina.  The DRAINMOD water management model 

was tested using data from a 16-month calibration period and a 20-month treatment 

period from a thinned and control watershed.  Model predictions for water balance 

components, cumulative outflow, daily outflow, and water table depths were in good 

agreement with observed values. 

DRAINMOD predictions for water balance components of outflow, soil water 

storage, and gross ET (sum of dry canopy transpiration, soil water evaporation, and 

interception losses) were in agreement with observed values determined from a 

field-based water balance.  Predicted total outflows were within 30 mm and 20 mm 

for the 3-year period (2000-2002) for WS2 (control) and WS5 (thinned), respectively.  

The difference in daily average outflows over the period was 0.04 mm for WS2 and 

0.01 mm for WS5.  DRAINMOD predicted water table depths over the 3-year period 

to within 10 cm for WS2 and 5 cm for WS5.  The average of absolute values of daily 

differences in predicted and observed water table depths for both watersheds over 

the study was less than 16 cm.   
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Predicted and observed daily outflows were less than 2 mm/day for both 

watersheds 90 percent of the time during the study period.  Model predictions of 

daily outflow were in good agreement with observed daily outflows when outflow 

rates were less than 2 mm/day (90 percent of the time).  Daily outflows for the 

largest flow events (>6mm) were substantially under predicted for both watersheds.  

These flows occurred less than 2 percent of the time and some of the deviation may 

have been caused by errors (overestimations) in measured flows due to periods of 

weir submergence. 

Simulations of short-term (1st year) effects of thinning based on 50-year 

(1951-2000) historical weather record for Plymouth, North Carolina were conducted 

to evaluate the effect of thinning on watershed outflows.  Average predicted annual 

outflow was 21.8 cm for the unthinned condition and 34.7 cm for the thinned 

condition for the simulations over the 50 individual weather years (1951-2000).  The 

thinned condition resulted in 1.6 times more outflow in comparison to the unthinned 

condition.  Predicted annual outflows for the thinned conditions represent results for 

the first year after thinning.  This condition was simulated for 50 years of weather 

record.  Differences in unthinned and thinned outflows were attributed to the 

decrease in ET following thinning which averaged 13 cm less for the thinned 

condition.   

 
INTRODUCTION 

 
There are a variety of forest types which constitute the southern forest land 

base ranging from wetlands to uplands.  Southern forests are among the most 
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intensively managed forestlands in the world.  Production from these forests 

accounts for as much as 60 percent of U.S. production.  Increased production from 

southern forests can be primarily attributed to intensive management practices and 

production from forest in difficult terrain (terrain that would have limited pine 

productivity without alternative management practices, such as wetlands and poorly 

drained sites).  Intensive forest management practices include drainage, thinning, 

site preparation, and fertilization, are utilized to increase site productivity and reduce 

rotation time.  These practices are tools used by forest managers in an attempt to 

manage the forestlands for timber production while maintaining or improving the 

resource quality.  Intensive management practices are essential to meet the ever-

increasing demands for timber products.  Improved production from forest in difficult 

terrain provides a means to meet demands.   

Forested wetlands constitute approximately half of the 40 million ha of 

wetlands in the continental U.S (Wilen and Frayer 1990).  Wetlands are multi-

faceted and provide a number of valuable environmental functions.  They improve 

water quality by trapping and, in some cases, transforming pollutants such as 

sediment, nutrients, and chemicals.  Wetlands also provide flood control, erosion 

control, groundwater recharge and discharge, and flow stabilization. 

  Wetlands in the Southeastern states-- Alabama, Arkansas, Florida, Georgia, 

Kentucky, Louisiana, Mississippi, North Carolina, South Carolina-- account for nearly 

half (47 percent) of the wetlands in the continental United States (Hefner et al. 

1994).  Drainage is a common water management practice used to improve 

productivity and trafficability on coastal forestlands in the southern U.S.  A network 
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of drainage ditches and canals are commonly used to lower water tables on these 

lands, allowing species that are less water tolerant to be highly productive.   

  The hydrologic responses to forest operations in forested wetlands and 

drained forested systems with organic soils are not well understood.  These lands, 

which are poorly drained in their natural condition, can behave differently than their 

un-drained counterparts.  The complex interactions among evapotranspiration, 

runoff, infiltration, drainage, water table position, soil water distribution, and 

precipitation can make hydrologic water balances in drained watersheds difficult to 

quantify (Amatya et al. 1994).  Forest management practices on these lands can 

affect hydrologic parameters further complicating quantification of the water balance. 

Common forest management practices on poorly drained southern forest 

include harvesting, thinning, fertilization, site preparation, planting, and road 

construction and maintenance.  Increases in forest outflow and water table rise have 

been observed following removal of timber due to reduced evapotranspiration 

(Hibbert 1967; Williams and Lipscomb 1981; Riekerk 1983; Richardson and 

McCarthy 1994; Dube et al. 1995; Lebo and Herrmann 1998).   

Hydrologic simulation models have been developed to simulate the hydrology 

of poorly drained systems, shallow water table agricultural and forested lands 

(Skaggs 1980; McCarthy 1990; Chescheir et al. 1990; Amatya et al. 1994; Deuver et 

al. 1988; Hammer et al. 1986; Parsons et al. 1987; Amatya et al. 2000; Fernandez et 

al. 2001).  They can be used as planning tools and to assess the effects of 

management practices on productivity and environmental (water quality) benefits.  

Once developed and validated, researchers and forest managers could use these 
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models to predict future hydrologic impacts based on management practice, site 

condition and long-term climatological data.    

 

PREVIOUS WORK 

Drained plantation pine accounts for 1 million hectares in the coastal plain 

region from Virginia to Florida (McCarthy and Skaggs 1992).  Forest management 

operations have been reported to affect annual and seasonal outflow characteristics 

from these drained forest watersheds.  Research on the effect of management 

operations on hydrology and water quality in upland systems compromises the bulk 

of our current knowledge on this subject.  Little information is available on the effects 

of forest management on poorly drained or forested wetland landscape.  However, 

increased concern has arisen regarding the impact of forest operations on poorly 

drained watersheds (specifically water yield and quality) in recent years.  It is this 

increased sensitivity to hydrologic impacts of forest operations in these sensitive 

systems that has demanded progress in understanding and predicting impacts on 

poorly drained systems. 

Understanding the dynamics of drained systems is complicated by the fact 

that these systems have shallow water tables or are wetlands in their natural 

condition.  Management prescriptions such as thinning and harvesting make the 

hydrologic processes more complex because they typically result in making poorly 

drained sites even wetter.  In that context, the result of thinning is tree removal and 

reduction in basal area, which increases available water by reducing 
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evapotranspiration.  Heavy mechanized equipment used to carry out prescriptions 

can also result in compaction, which increases surface runoff by reducing infiltration.  

The combination of increased soil moisture and reduced infiltration generally results 

in increased forest outflow (water yield).  Neary and others (1982) found water yield 

increases of 2.5 mm per percent of forest cover removed in humid regions.  

Harvesting operations can also result in increased scarification of the forest floor, 

exposing mineral soil.  The combination of conditions resulting from harvesting has 

been reported to increase the amount of sediment and nutrients transported to water 

systems (Grace and Carter 2000; Leaf 1970; Troendle 1983; Troendle and King 

1987; Harr and Fredriksen 1988; Brown et al. 1973; Kochenderfer and Wendel 

1983).   

 Models have been beneficial in predicting agricultural field- and watershed-

scale hydrology to aid in design of structures, to design systems to reduce plant 

stress through efficient water management, and to minimize environmental impacts 

of management activities (Skaggs and Chescheir 1999; Skaggs 1978).  Hydrologic 

simulation models have also shown applicability as decision-making tools in forest 

management in sensitive poorly drained systems (McCarthy 1990; McCarthy and 

Skaggs 1992; Lovejoy et al. 1997; Amatya et al. 2000).   In recent years, model 

developers have concentrated on the formulation of new or modifications of existing 

hydrologic models to best characterize the poorly drained forest landscape common 

to the coastal regions in the South (Knisel 1980; McCarthy et al 1992; Sun et al. 

1998; Fernandez et al. 2001; Parsons and Trettin 2001).  A modified version of the 

field scale agricultural water management model, DRAINMOD, has been presented 
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as an appropriate model for the poorly drained forested watersheds in the South 

(McCarthy et al 1992; Amatya et al. 1994; Amatya et al. 2000). 

 DRAINMOD was originally developed for design and evaluation of agricultural 

water table management systems (Skaggs, 1982).  The model was first used to 

characterize the field-scale hydrology of poorly drained agricultural watersheds.  

DRAINMOD has been validated in field experiments on a wide range of 

climatological conditions, soils types, and crops.  The model has been found to be a 

versatile tool for agricultural water management on agricultural watersheds (Skaggs 

1978; Skaggs 1980; Fouss et al. 1987; Konyha et al. 1988; Evans et al. 1991; Evans 

and Skaggs 1993; Skaggs et al. 1995), irrigation system design (Skaggs and 

Nassehzadeh-Tabrizi 1982; 1986) water table responses, and wetland analysis 

(Skaggs et al. 1991; Hunt et al. 1995; Broadhead and Skaggs 1989).  

DRAINMOD has also been used to model hydrology on drained forest lands 

and forested wetlands (McCarthy and Skaggs 1991; Amatya et al. 1994; Skaggs et 

al. 1995). The DRAINMOD model was modified to simulate the hydrology of a 

drained pine plantation with shallow water tables by adapting the rainfall 

interception, subsurface drainage, and evapotranspiration components (McCarthy 

1990).  Sub-routines for interception and subsurface drainage were developed and 

incorporated into the original DRAINMOD model to account for storage capacity of 

forest canopy and drainage rates for changing boundary conditions (water table 

elevations), respectively (McCarthy and Skaggs 1992).  The modified field-scale 

research model, DRAINLOB, was developed to be used as a tool to evaluate the 

effects of forest management practices on hydrology from drained loblolly pine 
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plantations.  DRAINLOB was tested during a 22-month observation period on three 

artificially drained 25-ha loblolly pine (Pinus taeda L.) watersheds in Carteret County, 

North Carolina (McCarthy et al. 1992).  Predicted cumulative drainage for the 22-

month period agreed within 2-9 percent from the three watersheds.    

 DRAINLOB was further tested on the three loblolly pine watersheds over a 

two-year calibration period (1988-1989) (McCarthy et al. 1992) and three-year 

treatment period (1990-1993) (Amatya et al 1994).  This application of the model 

was in a controlled drainage condition rather than the conventional drainage 

situation for which it was originally developed.  The work resulted in modifications in 

leaf area index (LAI), the aerodynamic resistance term in Penman-Monteith wet 

canopy evaporation, canopy growth and storage capacity, and stomatal 

conductance subroutine to improve predictions of outflow volumes and daily water 

table elevations.  Model predictions were within 13 cm for water table elevations and 

0.79 mm/day for daily outflow volumes.  The model showed good agreement with 

observed outflow under free drainage, however; the controlled drainage (the weir 

raised in summer to provide increased soil water) had a 38 percent over prediction 

of cumulative watershed outflow.  This discrepancy was attributed to 

underestimation of ET and seepage during the growing season.  Predictions had 

smaller daily flows and a reduced frequency of large events for the controlled 

drainage condition.  Based on this work, the conclusion was drawn that the model 

can be used to evaluate the effects of variation in weather patterns, water 

management, and silvicultural practices on hydrology (Amatya et al. 1994). 
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Amatya and Skaggs (2001) modified the stomatal conductance function in the 

DRAINLOB research model to better describe drained plantation watersheds.  The 

modified version of DRAINLOB was used to predict daily hydrology of the previously 

mentioned 25-ha mineral soil watersheds over a 10 year data period.  The 

investigators concluded that the model is a reliable tool for assessing hydrologic 

impacts of silvicultural and water management treatments and climate changes on 

these plantation watersheds.  However, before broad applicability as a planning tool 

in forest management, further refinement is required to consider the effects of land 

use changes and management activities on outflow and water table elevations.  In 

addition, further testing is required to validate the model for different climatological 

conditions, organic soils, and plantations.  This will require improving the capability 

of the model to simulate the effects of management practices on hydrology of 

forested watersheds with organic, as well as , mineral soils. 

Although DRAINLOB was modified to consider rainfall interception, 

subsurface drainage, and evapotranspiration for pine plantations, the basic model is 

still DRAINMOD.  As stated previously, DRAINMOD is based on an hourly water 

balance, and it can be used as a simpler method to model the drained forested 

plantation pine hydrology with the exclusion of rainfall interception.  Figure 50 

illustrates the drained pine plantation watershed hydrologic components that 

DRAINMOD incorporates in predicting watershed hydrology.  The primary objective 

of this work is to evaluate the ability of DRAINMOD to predict the hydrology of a 

drained pine plantation on organic soils.  The model was applied to simulate the 

hydrology of an unthinned and thinned 14 to16 year-old loblolly pine plantation.   
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Figure 50.  Watershed hydrologic components simulated by DRAINMOD in 
predicting poorly-drained watershed hydrology. 
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METHODOLOGY 

Site Description 

This paper reports the final phase of a three phase study to investigate the 

impact of selected harvesting and thinning operations on forest soil and water. The 

study was conducted for sites on the artificially drained Parker Tract, owned and 

managed by Weyerhaeuser Company, located at approximately 35o latitude and 76o 

longitude in Washington County near Plymouth, North Carolina (Figure 10).  

Average ground surface elevation for the sites is about 4.1 – 4.5 m above sea level 

with an average slope of less than 0.02 percent.   

 The sites are drained by parallel lateral ditches of 0.9 to 1.3-m depth spaced 

100-m apart (Figure 11).  Lateral ditches in each watershed drain to roadside 

collector ditches instrumented with 120o V-notch weirs located in riser barrel 

structures.  In 1999, the original study watershed was bisected into two sub-

watersheds, hereafter referred to as WS2 and WS5, using an earthen plug in the 

collector ditches and an additional 120o V-notch weir.    A network of roads and 

series of drainage ditches border the sites on three sides.  The watershed is 

surrounded by various age loblolly pine plantations on three sides and mature 

natural (hardwood) stand on the other.  The two sites share a common border but 

are hydrologically isolated from one another by earthen plugs in the collector ditches 

(Figure 11).  The weir level was set 85-cm below average ground surface throughout 

the study period. 
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The soils in the study watersheds were primarily Belhaven muck (loamy, 

mixed, dysic, thermic Terric Medisaprists) (SCS 1981).  Soil organic matter (SOM) 

contents are greater than 80 percent in the top 60 cm of the soil profile with a total 

porosity greater than 0.75 cm3/cm3.  Bulk density, hydraulic conductivity, and soil 

water characteristics were determined based on soil core samples taken from six 

soil pits (Table 4).  Replicate soil cores were taken at each layer of the soil profile 

and used to determine the soil water characteristic.  Soil water characteristic curves 

were developed for each layer in the profile from cores collected from soil pits in 

each watershed (Figures 5 and 7).  Volume drained relationships were determined 

from the soil water characteristics of each profile.  In addition, field effective values 

were determined for saturated hydraulic conductivity and drained volume based on 

outflow and water table measurements (Appendix 6).  Organic content of the top soil 

horizon was determined by collecting 0.5 kg soil samples from 0-30 and 30-60-cm 

depths from four randomly located plots on each sub-watershed. 

 

Study Design and Treatment 

WS5 received a 40-ha fifth row thinning with selection treatment (Figure 51) 

(days 93-115) in April 2001; the 16-ha WS2 served as the un-thinned control.  The 

thinning operation was accomplished with a Tigercat 720 feller buncher, two 

Timberjack 460 grapple skidders, and a Prentice 384 loader.  The entire thinning 

was serviced by a deck located at the western watershed boundary.  A primary skid 

trail the length of the watershed (east to west) serviced intermediate skid trails 

between lateral ditches.  The stand was thinned from an estimated 1060 trees per 



 

hectare and basal area of 170 m2/ha to 320 trees per hectare and basal area of 51 

m2/ha. 
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Figure 51.  Illustration of typical stocking density of pine plantation watersheds (top), 
trees to be removed (unshaded symbols) during thinning (middle), and 
final stand density following thinning, as viewed from overhead.  Shaded 
symbols represent live standing trees and unshaded symbols represent 
harvested trees. 
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The model was used to evaluate the hydrologic water balance of two drained 

loblolly pine plantation watersheds.  The model used 16-months of data (Jan. 2000-

April 2001) for the calibration period and 20-months of data (May 2001-Dec. 2002) 

for the treatment period for WS5. In addition, model simulations were performed on 

3-years of data (2000-2002) for the control WS2 watershed.  Observed data for 

watersheds in the calibration and treatment periods were evaluated for goodness-of-

fit with predictions of daily and cumulative outflow volume, daily water table depths, 

and daily flow duration curves.  Validation also included comparisons of observed 

data with predicted values for water balance components, cumulative outflow 

volume, and annual outflow volume. 

Field Measurements 
 

 Measurement of outflow, water table, rainfall, and weather parameters were 

conducted over a 3-year period from December 1999 to January 2002.   

Submerged pressure transducers in conjunction with Stevens recorders measured 

upstream and downstream stages in the collector canal.  Upstream and downstream 

stages were recorded with data loggers while upstream stages were also logged on 

the Stevens (chart) recorder.  Backup measurement of upstream and downstream 

stages was recorded using ultrasonic water level sensors and data loggers. 

Measurement of upstream and downstream stages allowed for calculation of flow 

over the weirs during brief periods of submergence.  Discharge from the sharp- 
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crested 120o V-notch weir under critical flow conditions (downstream stage below the 

weir crest) was determined using Equation 1 (Brater 1996).   

Qcritical = 8606 H2.5    (1) 

Where Q is flow rate (m3/hr) and H is the height of the upstream water surface above 

the crest of the weir (m).  The relationship changes during submerged conditions 

and is given by Equation 2 (Brater 1996): 

Qsubmerged = (8606 H1
2.5)*[1-(H2/H1)2.5]0.385  (2) 

Where Q is flow rate (m3/hr), H1 is the upstream height of the water surface above 

the weir crest (m), and H2 is the downstream height of the water surface above the 

weir crest (m).   

 Water table depths were measured hourly with submerged pressure 

transducers at replicate midpoint wells and three profile wells (Figure 11).  Midpoint 

wells were located midway between two successive lateral ditches for each 

watershed.  Profile wells were located between laterals on opposite sides of the 

watersheds at 0, 1, and 3-m from two lateral ditches within each watershed.  Hourly 

water table depths were recorded throughout the study period by data loggers 

located at each of the well stations. 

 Precipitation was measured with tipping bucket rain sensors in combination 

with data loggers located within ½ km of the study watersheds (Figure 10).  

Recorded continuous breakpoint precipitation was processed and converted to 

hourly rainfall for use in the model.   
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Modeling Procedures 

 DRAINMOD was used to simulate hydrology for the thinned (WS5) and 

unthinned (WS2) forest watersheds.  Water management systems simulated by 

DRAINMOD may include components of surface drainage, subsurface drainage, 

subirrigation, and sprinkler irrigation. The model is based on an hourly water balance 

of a unit surface area of soil located at the midpoint between adjacent drains 

extending from the surface to the impermeable layer.  The change in water-free pore 

space (∆Va) in the thin section for an incremental 1-hour time unit (∆t) can be 

expressed as, 

∆Va = D + ET + DS – F 

where: 

D = drainage from the thin section (cm). 

ET = evapotranspiration from the thin section (cm). 

DS = deep seepage from the thin section (cm). 

F = infiltration entering the section (cm). 

A second water balance is computed at the soil surface and can be expressed as: 

P = F + ∆S + RO 

where: 

P = precipitation (cm). 

F = infiltration (cm). 

∆S = change in surface storage volume (cm). 

RO = surface runoff (cm). 
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Hourly potential evapotranspiration (PET) was determined by the Penman-

Monteith (P-M) method (Monteith 1965) using a stomatal conductance (gs) function 

(McCarthy 1990), LAI, and weather parameters (stomatal resistance, aerodynamic 

resistance, temperature, relative humidity, and net radiation).  PET was determined 

for each watershed for study years (2000-2002) and used as a input file for 

simulations.   

 

RESULTS AND DISCUSSION 
 
Leaf Area Index (LAI) 
 
 Leaf area index (LAI) was estimated using methods defined by McCarthy and 

Skaggs (1992).  This method involves calculating average leaf area per tree and 

projecting it on a per unit area basis.  Tree leaf area was estimated using specific 

leaf area and dry foliage biomass.  Specific leaf area ranging from 9 to 14 m2/kg was 

estimated for loblolly pine over a range of ages and canopy positions (Shelton and 

Switzer 1984).  Dry foliage weight was estimated using biomass regression 

equations for thinned and unthinned loblolly pine developed by Baldwin (1987).  

McCarthy and Skaggs (1992) estimated the leaf area index for 15-yr-old loblolly pine 

in Carteret County, NC at 8.3 m2/ m2.  They used a normalized sinusoidal 

relationship between LAI and day of the year to account for the seasonal variation of 

LAI (Figure 52).  Minimum LAI occurs on day 111 and maximum LAI occurs on day 

261.  This relationship was used to estimate LAI for each day of the year. 
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Figure 52.  LAI relationship developed by McCarthy et al. 1992 for 14-year old 
plantation loblolly pine in Carteret County, NC. 

 

 The relationship given above was modified to estimate LAI for the watersheds 

during the three-year study period (2000-2002).   As discussed in Chapter 2, the 3-

year study period was characterized by extreme weather conditions ranging from 

extremely dry to extremely wet conditions.  The drought conditions in 2001 likely had 

an effect on the LAI of the plantation watersheds.  In an attempt to characterize the 

drought conditions effect on LAI, peak LAI was reduced 10 percent during 2001 due 

to excessively dry conditions observed during this year.  Based on previous 

research, climate conditions and nutrition are reported to be a limiting condition to 

production over the range of loblolly pine (Albaugh et al. 1998; Woodman and 
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Furiness 1988; Vose and Allen 1988).  Annual needle biomass from unthinned 

loblolly pine stands has been reported to decline as much as 29 percent in drought 

conditions (Hennessey et al. 1992).  A reduction in annual stand productivity would 

be expected with a reduction in needle biomass based on the relationship between 

LAI and annual net productivity developed by Vose and Allen (1988).  Estimated LAI 

relationships for the thinned (WS5) and unthinned (WS2) watersheds are presented 

(Figure 53).  The 5th row thinning resulted in a 50 percent reduction in LAI on day 95 

of 2001. 
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Figure 53.  Estimated LAI used in determination of PET by the Penman-Monteith 
method for the WS2 and WS5 watersheds over the 3-year study period. 
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Weather and PET 
 

Meterological data were obtained from a 22-m high weather station tower 

located in the middle of a young plantation pine forest within 1 km of the study 

watersheds.  The weather station is equipped with a Campbell Scientific CR 10X 

data logger and automatic sensors for continuous monitoring of air temperature, soil 

temperature, relative humidity, wind speed, wind direction, solar and net radiation.  It 

recorded half-hour average readings of all variables for use in estimating potential 

evapotranspiration.  Sensors and weather station characteristics were described in 

detail by Amatya and others (2000).  During brief periods when temperature and 

relative humidity data were not available due to sensor malfunction, data from the 

Tidewater Research Station located 5 km to the north were used. 

The study period covered a period of extreme precipitation conditions for the 

study area.  Annual precipitation during 2000 and 2002 was similar to the long-term 

average annual precipitation (1951-2001) of 1280 mm for Plymouth, NC.  

Precipitation during 2001 was 35 percent less than the previous year (average 

precipitation year) which represents abnormally dry conditions at the site.  

Precipitation during 2001 was only 60 percent of the long-term average annual 

precipitation making it one of the driest years of record.  Over the 3-year period from 

2000-2002, cumulative precipitation totaled 3290 mm.  The expected precipitation 

over this period was 3840 mm based on long-term precipitation record.   

The Penman-Monteith (P-M) method to determine PET requires inputs of 

aerodynamic resistance, temperature, relative humidity, net radiation, and stomatal 

conductance.  The daily PET was calculated using measured hourly weather 
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parameters, estimated LAI relationships above, and a stomatal conductance (gs) 

function developed by McCarthy and others (1992) and further modified by Amatya 

and others (1996).  Cumulative PET for each study year for the watersheds are 

plotted in Figures 54 and 55.  P-M PET totaled 1100 mm for 2000 for the thinned 

and unthinned watersheds during this calibration year.  Thinning in April 2001 

reduced LAI for WS5 (Figure 53).  This resulted in reduction in PET to 900 mm for 

2001, which was 360 mm less than for WS2 (1260 mm total) (Figures 54, 55, and 

56).  Similarly, PET calculated for the thinned watershed was 950 mm during 2002, 

which was less than the 1190 mm calculated for the unthinned watershed.  The 

effect of thinning on PET can be seen in comparing the cumulative line following day 

125 in 2001 for WS5 to that of the unthinned WS2 watershed (Figure 56).   
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Figure 54.  Estimated Penman-Monteith PET for the control watershed, WS2, for 
each of the three study years (2000, 2001, and 2002).  These data were 
used as input for DRAINMOD simulations of WS2 hydrology. 
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Figure 55.  Estimated Penman-Monteith PET for WS5 for each of the three study 
years (2000, 2001, and 2002).  These data were used as input for 
DRAINMOD simulations of WS5 hydrology. 
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F gure 56.  Cumulative Penmen-Monteith PET for WS2 and WS5 for 
each study year (2000-2002). 
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Evapotranspiration (ET) in the model was defined as the sum of transpiration 

and evaporation.  Determination of ET in the model involves determining PET 

(presented in Figures 54, 55, and 56 and discussed above) based on atmospheric 

(weather) data and calculations to determine if soil water conditions are limiting.  In 

the model, ET losses are allowed to occur at potential rates as long as the soil water 

condition is not limiting, i.e. as long as water is available in the root zone plus water 

entering the root zone by upward flux from the vicinity of the water table is sufficient 

to satisfy PET demand.  When upward flux is less than PET then the deficit is 

supplied by the soil water in the rooting zone, creating a dry zone.  The dry zone 

depth increases as ET is satisfied until the depth is equal to that of the rooting depth.  

When the dry zone is equal to the rooting depth, soil water condition is limiting and 

ET is set equal to upward flux from the water table.   

In extremely dry conditions, ET dries out the rooting zone.  Subsequently, ET 

can be considerably less than PET.  This can be seen during the drier periods in the 

study years, specifically during 2001 (Figure 57).  In 2001, PET for WS2 totaled 

1260 mm.  However, the model predicted ET was only 920 mm.  The potential rate 

of ET could not be satisfied due to limiting soil water conditions in this extremely low 

precipitation year.  Evapotranspiration losses from WS2 occurred at the potential 

rate during the first 130 days of 2001, but ET losses were lower than the potential 

rates during the remainder of 2001 (Figures 57 and 58).  Between August and 

December (days 251 and 365) in 2001, WS2 PET was estimated at 363 mm; 

however, predicted ET during the period was only 104 mm.  Similarly, WS2 PET 
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estimates between April and August 2002 (days 130 and 250) (620 mm) were 32 

percent greater than predicted ET (424 mm) during this period.  WS5 ET was also 

limited, but to a lesser extent than WS2, by the extremely dry conditions during 

2001.   

The difference in ET and PET for WS5 was only 64 mm in 2001 and 71 mm in 

2002.  This similarity in PET and ET for WS5 reflects water availability during the 

precipitation deficit year of 2001.  WS5 ET was greater than WS2 ET during the 

period from day 250-300 due to increased water availability during this period.  WS2 

ET was limited soil water conditions between days 250-300; whereas, WS5 had 

more available water in the soil profile to supply ET demand.  This effect is attributed 

to the thinning operation on WS5 which reduced ET requirements earlier in the 

season, so there was more water still available in the soil profile later in the year 

than in WS2, where the unthinned stand had used up the available water.  This 

result is directly related to the increases in outflow from the thinned plantation 

watershed (WS5) reported in the previous chapter (Chapter 2).  

Model predictions for water balance components were compared with field-

based measurements for the thinned and unthinned watersheds during the 3-year 

study period (January 1, 2000-December 31, 2002) (Table 22).  The water balance 

for watersheds is given by: 

P = D + ET ± ∆PS 

Where P represents the total precipitation (mm), D is watershed outflow (mm), ∆PS 

is the change in soil water storage in the soil profile (mm), and ET represents the 

residual term in the water balance (mm) (dry canopy transpiration + soil water 
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evaporation + interception losses).  The change in soil water storage was 

determined from the drained volume versus water table depth relationships 

(assuming drained to equilibrium conditions) for the watersheds (Figure 9) based on 

the difference between water table depth at the beginning and end of periods in the 

study. 



 

 

Figure 57  
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Figure 58  

 

.  Monthly PET and DRAINMOD predicted ET for WS2 and
WS5 during the study period (2000-2002). 
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Table 22.  Water balance estimates for the calibration period (Jan. 1, 2000 - April 25, 
2001), treatment period (April 26, 2001-Dec. 31, 2002), and the overall 
study period (Jan. 1, 2000-Dec. 31, 2002) based on field measurements 
of precipitation, water table depths, and outflow and DRAINMOD 
predictions. 

Observed Predicted Period Component 

WS2 WS5 WS2 WS5 

Precipitation, mm 1350 1350 1350 1350 

Outflow, mm 164 169 134 130 

∆PS, mm -45 -9 -19 -43 

Jan. 2000 – April 2001 

ET, mm 1231 1190 1235 1263 

      

Precipitation, mm 1944 1944 1944 1944 

Outflow, mm 168 340 169 397 

∆PS, mm +66 +6 +57 +20 

May 2001-Dec. 2002 

ET, mm 1710 1598 1718 1527 

      

Precipitation, mm 3294 3294 3294 3294 

Outflow, mm 332 508 303 527 

∆PS, mm +20 -3 +38 -24 

Overall 

Jan. 2000-Dec. 2002 

ET, mm 2942 2789 2953 2790 

 
 

Calibration period gross ET (sum of dry canopy transpiration, soil water 

evaporation, and interception losses) determined from the field-based water balance 

represented 91 and 88 percent of the total precipitation during the period for WS2 

and WS5, respectively based on the field-based water balance.  Whereas, predicted 

gross ET during the calibration period represented 91 and 93 percent of precipitation 

for the watersheds.  WS2 gross ET based on the field water balance during the 

treatment period continued to account for 88 percent of precipitation.  The 
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percentage of WS5 precipitation that was lost to gross ET was 82 percent during the 

treatment period based on the field-based water balance.  In comparison, predicted 

gross ET during the treatment period accounted for 88 and 79 percent of 

precipitation for WS2 and WS5, respectively.  Gross ET determined from the field-

based water balance over the 3-year period represents 89 and 85 percent of total 

precipitation for the WS2 (unthinned) and WS5 (thinned) watersheds, respectively 

(Table 22).  These values are close to results predicted for WS2 and WS5, which 

were 90 and 85 percent of the total precipitation over the 3-year study period.   

Predicted change in soil water storage (∆PS) was in good agreement with 

observed soil water storage during the calibration period for both watersheds.  

Predicted soil water storage was 26 mm more than the estimated storage based on 

measured water table depths and drained volume versus water table depth 

relationships during the calibration period for WS2 and 34 mm for WS5.  Predictions 

showed the same agreement during the treatment period for WS2 with only a 9 mm 

difference in predicted and observed.  Storage predictions were within 14 mm of 

observed storage during the treatment period for WS5.   

 

Field Effective Input Parameters 

 Hydraulic properties of the plantation watersheds were evaluated in Chapter 1 

to gain a better understanding of the effects of thinning on the organic soils.  This 

work gave information on the effects of thinning on saturated hydraulic conductivity 

(ksat), bulk density, and volume drained as determined from laboratory analysis of 

soil cores.  However, laboratory derived values for these parameters based on small 
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soil cores may not reflect the field-effective values (Skaggs 1976).  Values obtained 

from cores can misrepresent Ksat because of sample size.  Cores with large pores 

are typically thrown out because the pores dominate flow in the core.  As a result, 

the effects of the large pores may not be considered.  Also, Ksat values obtained 

from cores represent vertical conductivities while drainage typically depends more 

on horizontal conductivities.  Thus, there is, in application of models, needs for ‘field 

effective’ values for hydraulic properties of the soil.  Field effective values are 

especially helpful in developing, calibrating, and validating models, such as 

DRAINMOD. 

 Field effective ksat and drainable porosity values were determined for the 

thinned and unthinned watersheds based on water table and outflow measurements 

(Appendix 6).  Determination of field effective values for hydraulic conductivity and 

volume drained for given depths in the soil profile involved back calculation using 

water table and flow rate measurements in combination with the Hooghoudt 

equation and a mass balance, respectively (methods presented in Appendix 6).  

There was a large difference in field effective saturated hydraulic conductivity values 

and values obtained from the constant head and auger-hole methods (discussed 

and presented in Appendix 6).  Therefore, the saturated hydraulic conductivity 

parameter was a calibration parameter in the modeling effort.  Values used in 

DRAINMOD simulations are presented in Table 23.  Soil property inputs for 

DRAINMOD simulations are detailed in project output summaries in Appendices 7, 

8, and 9. 
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Table 23.  Measured and field effective values used as input to DRAINMOD in 
simulating WS2 and WS5 hydrology. 

Parameter Depth WS2 WS5 
   

0-0.80 m 170 170 (100) 
0.8- 1.14m 5 5 (4) 

1.14-1.63 m 4 4 (3) 

Hydraulic conductivity, cm/hr* 

1.63-2.50 m 0.5 0.5 (0.5) 
Depth to impervious layer, m  2.5 2.5 

<0.60 m 0.21† 0.15†Drainable porosity, cm/cm 
>0.60 m 0.15† 0.10†

Saturated water content, m3/m3  0.78 0.77 
Wilting point water content, m3/m3  0.50 0.50 
Ditch spacing, m  100 100 
Ditch depth, m  1.1 1.1 
Depth of weir, cm  85 85 
Surface storage, cm  15 15 

* Values in parentheses are conductivities following thinning WS5. 
† Based on drained volume and water table depth relationships developed in Chapter 1 (Figure 9). 
 

Model Predictions 

Deviations in observed and predicted outflows for WS2 and WS5 were 

greater during events during the days 119-124, 248-254, 269-271, and 1048-1056.  

These events coincide with events which overwhelmed the drainage system and 

resulted in weir submergence.  Some errors in the observed outflows likely resulted 

from submergence of the WS2 weir resulting in an over estimation of outflow 

volumes during these periods.  Problems with weir submergence at the peak of the 

four above mentioned events resulted in the exclusion of a total of 13 days for WS2 
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and 8 days for WS5 from this analysis.  Detailed analyses of submergence periods 

are presented in Appendix 3. 

Observed and DRAINMOD predicted total outflow, daily average outflow, and 

average water table depths during the 3-year period (2000-2002) are presented in 

Table 24.  Total predicted outflow over the period agreed within 30 mm for WS2 and 

within 20 mm for WS5.  Similarly, the difference between observed and predicted 

daily average outflow over the study period was 0.04 mm and -0.02 mm for WS2 

and WS5, respectively.  The standard error in predicted and observed daily outflows 

was 0.44 mm for WS2 and 0.60 mm for WS5.   

 

Table 24.  Observed and DRAINMOD predicted total outflow, daily average outflow, 
and daily average water table depths during the 3-year study period 
(2000-2002). 

WS2 WS5  
Observed Predicted Observed Predicted 

Outflow, mm 332 303 508 527 
Daily Avg. Outflow, mm 0.32 0.28 0.48 0.49 
Daily Avg. WTD, cm 128 118 95 100 
ADD (Outflow), mm*

AADD (Outflow), mm†

ADD (WTD), cm*

AADD (WTD), cm†

 

0.04 
0.27 
9.9 
14.3 

-0.02 
0.45 
-5.9 
15.7 

* 
ADD = Average Daily Difference = (Observed – Predicted). 

† 
AADD = Absolute Average Daily Difference = │(Observed – Predicted)│.  
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Water table depth predictions showed good agreement with observed water 

table depths over the 3-year period (Figures 59 and 60).  The average daily 

differences (ADD) (or mean error) in observed and predicted water table depths 

were 9.9 and 5.9 cm for WS2 and WS5, respectively.  Similarly, the absolute 

average daily differences (AADD) in observed and predicted water table depths for 

the watersheds were within 16 cm for both watersheds.  Predicted and observed 

water table depths are plotted in Figures 59 and 60 for WS2 and WS5, respectively.  

These results in combination with the ADD and AADD statistics (Table 24) indicate 

the model did a good job in describing water table fluctuations on both watersheds. 

Observed and predicted outflows were also in close agreement over the 

three-year period (2000-2002) and are presented graphically in Figures 59 and 60 

for WS2 and WS5, respectively.  DRAINMOD under predicted WS2 daily outflows by 

18 percent during the first two years (2000-2001).  WS2 outflow was under predicted 

for the first 275 days (thru September) of 2002, however a 14 percent overprediction 

during the last 90 days (October – December) of the year resulted in a 1 percent 

overprediction for the year.  The three-year simulation shows a 10 percent 

underprediction of WS2 cumulative outflow.  Similarly, outflows predicted by 

DRAINMOD agreed closely (within 4 percent) with observed outflows over the three-

year period (2000-2002) for WS5 (Figure 60).  WS5 outflows before thinning (prior to 

day 481) were underpredicted by 23 percent.  Comparison of outflows following 

completion of thinning on day 481 revealed a 17 percent overprediction in outflow 

through the end of the study period (May 2001-December 2002). 
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  Observed and predicted WS2 cumulative outflow, daily outflow, 
and daily water table depth during the 3-year study period (2000
2002). 
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  Observed and predicted WS5 cumulative outflow, daily outflow, 
and daily water table depth during the 3-year study period (2000
2002). 
icted daily average water table depths were within 10 cm for WS2 for the 

d (2000-2002).  Predicted daily average water table depths for WS5 

in 5 cm WS5 during the study period (Table 24).  However, the largest 

in predicted and observed water table depths primarily coincided with 

en ET deviated from PET.  For example, during 2001 days 201-247 
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(elapsed days 567-613) the maximum deviation in WS2 predicted and observed 

water table depths was 60 cm (Figure 59) which coincided with the deviation in ET 

and PET during 2001 (Figure 57).  The underprediction of water table depths during 

the study period was likely due to underestimation of ET before these periods. 

Flow Duration 

Observed and predicted daily outflows for WS2 and WS5 are presented in 

flow frequency duration curves for the 3-year (2000-2002) study period in Figure 61.  

Predicted and observed daily outflows were less than 1 and 2 mm 90 percent of the 

time during the study period for WS2 and WS5, respectively.  Predicted outflows 

were in good agreement with observed outflows for flows less than 1 mm for WS2 

and 2 mm for WS5 (90 percent of the time).  Observed daily outflows from WS2 

were greater than 6 mm less than 1 percent of the time during the study.  WS5 

observed daily outflows were greater than 6 mm only 2 percent of the time during 

the study.  Predicted outflows were underpredicted for outflows greater than 1 mm 

for WS2 and 2 mm for WS5.  However, as stated previously, these underpredictions 

represent less than 10 percent of the time.  These results are consistent with 

previously discussed daily outflow hydrographs (Figures 59 and 60) which presented 

larger observed peak outflows for larger events on both watersheds.   
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.  Observed and predicted flow frequency duration curves for WS2 
and WS5 during the study period (2000-2002). 
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The predicted and observed outflows for high outflow days (>6 mm) on both 

watersheds (occurring less than 2 percent of the time) had the least agreement for 

both watersheds.  Daily outflows greater than 5 mm occurred a total of 8 days 

(during 4 events) for WS2 and 16 days (during 5 events) for WS5 during the study 

period.  The largest predicted daily outflows were only 5 mm.  Based on the flow 

frequency duration analysis predicted and observed outflows showed good 

agreement most of the time during the simulations (>98 percent of the time).  

Underpredictions of larger outflow events likely resulted from the way the bedded 

surface was characterized in the simulations.  The soil surface was defined as the 

average of the top of beds and bottom of furrows in the investigation and modeling.  

The top of beds were 0.30 m higher in elevation than the bottom of furrows.  The 

average elevation was 0.15 m higher than the bottom of furrows and lower than the 

top of beds.  Treating the surface in this way resulted in large surface storage 

between the surface elevation and the elevation at the bottom of furrows.   

In the simulations, as a result of this increased storage, the predicted water 

table rose toward the surface, but may have ponded in the furrows and depressions 

before reaching the average surface.  The water ponded in furrows was predicted to 

remain there due to the fact that irregular terrain (beds and depressional storage) 

prevented surface runoff to drainage ditches.  Actually, some of the furrows may not 

have been blocked resulting in surface runoff far exceeding the predicted outflow 

rates.  Once in furrows and depressions, surface water was predicted to remain 

ponded until the soil profile began to dry out following rainfall events.  This surface 

storage would result in dampened predicted peak daily outflows (less than expected 
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outflows for longer durations) from watersheds, but actual flows could have been 

substantially greater.  This hypothesis appears to be supported by the observed and 

predicted outflows presented in Figures 59, 60, and 61.  Predicted outflows had 

smaller peak daily rates and typically longer durations of flow than measured.  

Another possible explanation for the higher actual flows is based on the high 

conductivity of the surface layer and the beds.  The water table likely rose toward the 

surface and drained to the outlet through the zone of higher conductivities instead of 

ponding in furrows.  The average saturated hydraulic conductivity in the zone above 

the drain depth (40-70 cm) was likely much higher than determined from soil cores 

(Table 6) and field effective values (Table 23) used in characterizing watersheds in 

the modeling effort.  Increased hydraulic conductivity and water table depths 

shallower than characterized in the model would result in underpredictions of peak 

daily outflow as seen in this work. 

 

Long-Term Effect of Thinning 

Outflow increases in response to thinning were observed from the thinned 

organic soil watershed based on results of a relatively short study period (2001-

2002) (Chapter 2).  The increase can be attributed to two conditions resulting from 

the forest operations; deforestation and altered soil physical properties.  

Deforestation can dramatically influence water yields until canopy recovery as 

reported in the literature.  Timber removal reduces evapotranspiration (ET) for 

watersheds immediately following the harvest.  Once ET is reduced in the system, 

the drainage requirement is greatly increased to remove excess water from the 
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watershed.  In watersheds in the North Carolina Tidewater Region, ET can account 

for as much as 75 percent of the water loss from a forested watershed.  The loss of 

water through ET can be 3 to 4 times that which drains from a forested watershed, 

depending on the year.  Thinning reduces LAI and ET and could result in a 

significant increase in the drainage requirement for a forested watershed until 

canopy closure is re-established. 

Soil physical properties were also altered by the thinning operations as 

reported in Chapter 1.  Saturated hydraulic conductivity and drainable porosity 

influences were detected following the thinning operation.  Organic soils typically 

have lower bulk density and mechanical impedance than their mineral soil 

counterparts.  Mineral soil bulk density typically ranges from 0.8 to 1.8 g/cm3 

(porosity < 50 percent).  Whereas, the organic soil in this investigation had a mean 

bulk density of 0.60 g/cm3 and porosity greater than 75 percent.  The compaction 

stresses encountered by the organic soils during the thinning operations can 

decrease the drainable porosity of the surface soils.  The decrease in porosity can 

be more significant on an organic soil than a mineral soil because organic soils 

typically have greater porosity.  Decreased porosity results in decreased water 

holding capacity which can lead to increased water yield from a watershed.   

DRAINMOD was used to evaluate the effects of thinning on outflow from the 

drained loblolly pine plantations on organic soils.  Applying the model in a simulation 

of the short-term (first year) effects using 50 years of historical data required PET 

and rainfall record for the period used in the simulation.  Meteorological data were 

available for the Plymouth, NC area for years 1933 – 2000.  The period chosen for 
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this simulation was 1951 thru 2000, or 50 years of record.  However, historical 

record lack the detailed atmospheric information (temperature, relative humidity, net 

radiation, and wind speed) required for estimating PET using the Penman-Monteith 

method.   

The Penman-Monteith equation (Monteith 1965) has been accepted as the 

most reliable method of estimating PET in the absence of measured data.  The input 

data required for the Penman-Monteith method (PM-PET) are rarely available for a 

long-term record and are not available for a location close to the eastern North 

Carolina site of interest.  An alternative is the Thornwaithe method, which requires 

average daily temperatures that are readily available from climatological records in 

the area.  Monthly factors can be used (Amatya et al. 1995) to “correct” predictions 

such that long-term average monthly PET values are the same as PM-PET.  Monthly 

corrections (multiplication factors) were determined based on estimated PM-PET for 

WS2 (3-years) and WS5 unthinned (18-months) PET estimates and 18-months of 

thinned WS5 PET estimates used to test the model (Table 25).  These correction 

factors allowed adjustment of the Thornwaithe PET estimates to those estimated 

using the Penman-Monteith method.  They were used in long-term simulations to 

determine effects of thinning on the hydrology. 
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Table 25.  Monthly correction factors for required to correct Thornwaithe PET 
estimates to values estimated using Penman-Monteith method. 

Monthly Correction Factors Month 
Unthinned Thinned 

January 3.26 3.26 
February 3.11 3.70 
March 2.34 1.16 
April 0.98 1.06 
May 1.53 1.02 
June 1.22 0.89 
July 1.06 0.89 
August 1.04 0.93 
September 0.94 1.00 
October 2.15 1.35 
November 2.82 2.60 
December 2.22 2.22 

 
 

Annual predicted outflow and ET for the 50-year simulation period (1951-

2000) for Plymouth, NC are presented in Figure 62.  Results for each year represent 

ET and drainage during the first year following thinning.  That is, no recovery of 

vegetation after thinning is considered.  As expected predicted annual ET was less 

for the thinned condition for each of the 50-years in this analysis.  It follows that 

predicted annual outflow was greater for the thinned condition for all years in the 

simulation period.  Average predicted annual outflow was 21.8 cm for the unthinned 

condition (Figure 26).  The thinned condition yielded an average of 1.6 times more 

annual outflow (34.7 cm) than the unthinned condition for the 50 simulation years 

(Table 26).  Standard deviation in annual outflow was 13.0 cm for the unthinned 

condition and 16.1 cm for the thinned condition.  Predicted annual outflow over the 
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50-year period ranged from 1.0 to 58.3 cm for the unthinned condition and 6.0 to 

67.8 cm for the thinned condition. 

Annual outflow was significantly greater for the thinned condition in 

comparison to unthinned annual outflows based on t-test assuming equal variance 

(p<0.0001).  In fact, the thinned condition had a minimum annual outflow of 6.0 cm, 

whereas, the unthinned condition had three years in which predicted outflow was 

less than 6.0 cm.   The thinned condition resulted in a much wetter site over the 

long-term than the unthinned condition, as evident by 160 percent more outflow on 

the average year.   

Average monthly water table depths were significantly closer to the surface 

for the thinned condition in comparison to the unthinned average monthly water table 

depths based on t-test (alpha=0.05) for all months of the year except May (Table 

27).  The average monthly water table depth during May for the 50 years of 

simulation was 83 cm for the unthinned condition and 76 cm for the thinned 

condition.  The monthly average water table depths for the thinned and unthinned 

condition was within 13 cm during the months when ET was low (February – May) 

with the exception of January.  Monthly average water table depths showed the 

greatest differences during the fall months (September – December).  This effect is 

likely due to the differences in ET from the two conditions during these months of the 

year.  The seasonal pattern in water table depths, similar to that observed on WS2 

and WS5, can clearly be seen in the monthly average water table depths for the 50 

years represented in this simulation.   



 

The differences in long-term outflows are primarily an effect of tree removal 

on the thinned site which decreased ET.  The short-term effects of ET on these 

poorly drained watersheds are best shown through simulations using the long-term 

record conducted here.  The difference in the long-term annual outflow between the 

unthinned and thinned condition was 13 cm.  This difference can be accounted for 

by looking at annual ET from the two conditions (13 cm more ET for the unthinned 

condition).  ET represented 83 percent of the long-term average precipitation for the 

unthinned condition.  However, ET for the thinned condition represents only 73 

percent of the long-term average precipitation.   
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Figure 62. Annual outflow and ET for unthinned and thinned conditions over the 50-
year simulation period (1951-2000). 
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Table 26.  Yearly predictions of ET, outflow, and runoff for WS5 unthinned and 
thinned conditions over the 50-year simulation period (1951-2000). 

WS5 Unthinned WS5 Thinned
Year Rainfall ET Outflow Runoff ET Outflow Runoff

cm cm cm cm cm cm cm
1951 101.6 109.2 8.4 0 97.2 9.6 0
1952 151.7 117.4 16.1 0 97.2 43.2 0
1953 134.3 118.9 19.7 0 102.8 32.3 0
1954 104.4 98.8 18.6 0 94.8 22.1 0
1955 141.6 114.7 21.2 0 97.3 38.2 0
1956 125.8 121.3 15.1 0 100.3 30.5 0
1957 117.6 91.3 7.3 0 85.3 21.7 0
1958 132.7 102.7 33.6 0 86.9 48.2 0
1959 118.9 111.0 18.0 0 99.6 25.6 0
1960 150.6 111.6 32.2 0 91.4 55.3 0
1961 148.9 113.6 34.0 0 94.6 53.9 0
1962 144.7 108.6 36.2 0 91.4 50.8 0
1963 123.2 99.3 23.2 0 82.8 39.3 0
1964 148.0 102.8 39.0 0 91.1 55.6 0
1965 113.4 106.4 28.1 0 94.9 37.5 0
1966 132.8 98.2 24.0 0 86.7 35.5 0
1967 127.0 103.1 15.4 0 87.8 32.3 0
1968 107.2 94.5 26.1 0 85.1 32.0 0
1969 123.7 102.3 10.2 0 88.7 23.5 0
1970 90.7 87.6 13.2 0 83.0 19.4 0
1971 159.7 118.5 35.8 0 97.0 60.3 0
1972 133.9 109.6 22.1 0 92.3 34.5 0
1973 135.0 106.0 26.4 0 94.5 41.8 0
1974 130.6 119.1 21.0 0 101.8 33.3 0
1975 130.5 110.9 16.1 0 102.6 26.5 0
1976 117.6 112.1 5.3 0 97.8 17.4 0
1977 152.9 113.3 26.0 0 95.6 49.7 0
1978 137.3 96.5 58.3 0 85.0 67.8 0
1979 156.6 108.2 47.2 0 89.1 61.2 0
1980 110.7 90.2 23.7 0 84.1 31.9 0
1981 103.1 99.3 1.0 0 94.5 8.9 0
1982 127.7 106.5 11.9 0 97.1 22.5 0
1983 154.6 105.1 51.7 0 92.0 62.2 0
1984 137.4 112.5 39.0 0 98.0 55.0 0
1985 114.2 99.4 2.1 0 89.4 13.2 0
1986 102.0 106.2 2.7 0 100.2 6.0 0
1987 133.0 108.8 22.3 0 98.3 31.6 0
1988 103.1 105.3 7.2 0 98.7 13.1 0
1989 176.0 130.0 24.4 0 108.2 51.9 0
1990 127.0 134.8 13.4 0 124.1 18.8 0
1991 135.0 115.2 9.0 0 103.1 23.0 0
1992 111.7 93.6 8.0 0 78.1 27.6 0
1993 100.4 79.2 35.8 0 72.1 36.2 0
1994 128.4 114.4 18.3 0 96.4 36.9 0
1995 136.8 119.4 10.1 0 103.2 24.8 0
1996 157.6 109.5 39.7 0 91.7 65.2 0
1997 104.6 106.2 7.7 0 100.0 8.3 0
1998 124.1 104.2 16.2 0 99.4 22.9 0
1999 132.6 99.7 29.2 0 89.9 42.2 0
2000 121.0 115.0 21.1 0 99.8 34.3 0

AVG 128.7 107.2 21.8 0 94.3 34.7 0
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Table 27.  Monthly average water table depths for the unthinned and thinned 
condition for the 50-year simulation period. 

Month Unthinned Condition 

WTD, cm 

Thinned Condition 

WTD, cm 

p – value* 

January 103 80 0.007* 

February 79 66 0.030* 

March 66 59 0.030* 

April 68 61 0.020* 

May 83 76 0.100 

June 102 86 0.020* 

July 122 100 0.006* 

August 128 101 0.002* 

September 127 99 0.002* 

October 135 105 0.002* 

November 148 116 0.001* 

December 140 114 0.008* 

    

Average 109 89  

* Indicates significance at alpha = 0.05 for t-test comparison. 



 

  200

Results presented in simulations of the effects of thinning on outflow from 

these drained lands only consider the short-term hydrologic effects.  That is, the 

effect of canopy recovery following thinning is not considered.  The simulations 

compared the first year following thinning to the unthinned condition.  The 

plantations in this investigation typically would follow a management cycle involving 

a first thinning at 15 years (similar to the operation investigated here), second 

thinning at approximately 25 years, and harvesting at 35 years.  Stands under 

similar management have been reported recover to pretreatment LAI in 3 years 

(Amatya and Skaggs 2001) and canopy closures within 6 years following first 

thinning (McCarthy and Skaggs 1992).  The simulations presented here likely 

represent the maximum effect of thinning on outflows and do not consider the 

recovery to that of undisturbed conditions within a few years.  However, this 

simulation estimates the upper limit of the effects on outflow response to the thinning 

operation on this drained loblolly pine plantation. 

 

SUMMARY AND CONCLUSIONS 

 
Hydrologic simulation models are valuable tools for evaluating management 

practices to provide economic and environmental benefits.  These models can be 

used to determine effects of management practices on hydrology, water quality, and 

productivity for the range of weather conditions that occur over the long-term.  

DRAINMOD, a field-scale water management model, was developed to simulate the 

hydrology of poorly drained systems and/or shallow water table systems.  This paper 
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reports the final phase of a three phase study to evaluate the influence forest 

operations on artificially drained pine plantation watersheds.  This work evaluates 

the ability of DRAINMOD to simulate the hydrology of a thinned artificially drained 

pine plantation watershed.  DRAINMOD was calibrated and validated with 16 

months (Jan. 2000-April 2001) of data and tested with an additional 20-months (May 

2001- Dec. 2002) of data from WS2 (unthinned).  Due to the limited data set WS5 

was calibrated and validated with four events during each the calibration and 

treatment periods and then tested on the entire 16 months (Jan. 2000 – April 2000) 

of calibration period data and 20 months (May 2001 – Dec. 2002) of treatment 

period data. 

Potential evapotranspiration (PET) was estimated for both watersheds during 

the study period (2000-2002) using the Penman-Monteith method for the unthinned 

and thinned condition.  PET was estimated for both watersheds (WS2 and WS5) 

during the calibration period from January 2000- April 2001.  As a result of thinning, 

PET was reduced by 360 mm for WS5 (with 900 mm total) in comparison to WS2 

(with 1260 mm total) during 2001 (April –December).  In 2002, PM-PET was also 

240 mm less on the thinned watershed than on the control watershed.  This effect is 

attributed to the reduction in Leaf Area Index (LAI) as a result of thinning WS5 during 

2001. 

Gross ET during the 3-year study period (2000-2002) (sum of dry canopy 

transpiration, soil water evaporation, and interception loses) represented 89 and 85 

percent of total precipitation for WS2 and WS5, respectively, based on the field 

water balance.  DRAINMOD predicted gross ET during the study period was in good 



 

  202

agreement with the field based water balance.  Similarly, predicted soil water 

storage was in good agreement with observed storage during the study period.  

Predicted soil water storage for WS2 was within 26 and 9 mm of observed storage 

during the calibration and treatment periods, respectively.  Predicted soil water 

storage for the thinned watershed was within 34 and 14 mm of observed storage 

during the calibration and treatment period, respectively. 

Weir submergence during brief periods of 4 large storm events likely caused 

an overestimation of observed outflows for those events, which range in duration of 

from 1 to 4 days.  Some deviations in observed and predicted outflows were likely a 

result of submergence during these periods.  However, flow frequency duration 

analysis revealed that daily outflows were less than 2 mm more than 90 percent of 

the time for both watersheds during the study period.  Days with outflow greater than 

8 mm occurred less than 1 percent of the time for both watersheds.  

DRAINMOD predicted outflow and water table depths were in close 

agreement with observed values over the 3-year study period.  Predicted cumulative 

outflow during the study period agreed within 30 mm and 20 mm of observed outflow 

for WS2 and WS5, respectively.  Similarly, observed and predicted daily average 

outflow agreed within 0.04 and -0.02 mm for WS2 and WS5, respectively.  Analysis 

revealed a 10 percent underprediction of daily outflow over the study period based 

on an average daily difference (ADD) of 0.04 mm for WS2.  Daily water table depth 

predictions were in good agreement with measured values for WS2 with an average 

difference of 10 cm and an average absolute difference of 14 cm. 
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Outflows predicted by DRAINMOD agreed within 4 percent with observed 

outflows from WS5 during the three-year period.  The ADD between observed and 

predicted daily outflow for WS5 was -0.02 mm.  Comparisons between predicted and 

observed outflows after the thinning operation on WS5 showed a 17 percent 

overprediction during this 20-month period (May 2001-December 2002).  Predicted 

water table depths were in good agreement (within 5 cm) with observed WS5 water 

table depths.  The absolute average daily difference in observed and predicted water 

table depths was less than 16 cm over the 3-year period. 

Simulations of short-term (1st year) effects of thinning based on 50-year 

(1951-2000) historical weather record for Plymouth, NC predicted that the thinned 

condition results in 60 percent more annual outflow in comparison to the unthinned 

condition.  The increase in annual outflow is attributed primarily to decreased ET 

following thinning which results in a wetter site.  These results indicate that 

DRAINMOD can be used to evaluate the hydrology of drained loblolly pine 

plantations on organic soils.  The model showed close agreement with observed 

outflows and water table depths from an unthinned and thinned watershed during a 

3-year study period (2000-2002).  DRAINMOD, as it was primarily used in this work, 

can be used to evaluate the hydrologic water balance from pine plantation 

watersheds.   
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Figure A. 1.  Replicate soil water characteristic for WS3 undisturbed Oa horizon (0-
60 cm). 
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Figure A. 2. Replicate soil water characteristic for WS3 undisturbed A horizon (60-
107 cm). 
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Figure A. 3. Replicate soil water characteristic for WS3 undisturbed B horizon (107-
213 cm). 
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Figure A. 4. Replicate soil water characteristic for WS3 undisturbed C horizon (213-
250 cm). 

  214



 

0.0

0.2

0.4

0.6

0.8

1.0

0 100 200 300 400 500 600

Head (cm of Water)

Vo
lu

m
et

ric
 W

at
er

 C
on

te
nt

 
(c

m
3 /c

m
3 )

B11_0-60 cm B12_0-60 cm B21_0-60 cm B22_0-60 cm
 

Figure A. 5. Replicate soil water characteristic for WS6 undisturbed Oa horizon (0-60 
cm). 
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Figure A. 6. Replicate soil water characteristic for WS6 undisturbed A horizon (60-
107 cm). 
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Figure A. 7. Replicate soil water characteristic for WS6 undisturbed B horizon (107-
213 cm). 
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Figure A. 8. Replicate soil water characteristic for WS6 undisturbed C horizon (213-
250 cm). 
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Figure A. 9. Replicate soil water characteristic for WS3 Oa horizon (0-60 cm) 
following clearcut harvesting operation. 
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Figure A. 10. Replicate soil water characteristic for WS3 A horizon (60-120 cm) 
following clearcut harvesting operation. 
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Figure A. 11.  Soil water characteristics for natural average and 15 - 30 cm, 30 - 40 
cm, and 40-50 cm sampling depths within the surface layer for the 
natural watersheds. 
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Figure A. 12.  Volume drained relationship for natural watershed representing the 
surface layer (0 - 60 cm) as a single layer and as three layers (0 - 25 
cm, 26 - 35 cm, and 36 - 60 cm). 
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Figure B. 1. Replicate soil water characteristic for WS2 undisturbed Oa horizon (0-60 
cm). 
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Figure B. 2. Replicate soil water characteristic for WS2 undisturbed A horizon (60-
114 cm). 
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Figure B. 3. Replicate soil water characteristic for WS2 undisturbed B horizon (114-
163 cm). 
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Figure B. 4. Replicate soil water characteristic for WS2 undisturbed C horizon (163-
250 cm). 
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Figure B. 5. Replicate soil water characteristic for WS5 undisturbed Oa horizon (0-60 
cm). 
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Figure B. 6. Replicate soil water characteristic for WS5 undisturbed A horizon (60-
114 cm). 
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Figure B. 7. Replicate soil water characteristic for WS5 undisturbed B horizon (114-
163 cm). 
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Figure B. 8. Replicate soil water characteristic for WS5 undisturbed C horizon (163-
250 cm). 
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Figure B. 9. Replicate soil water characteristic for WS5 Oa horizon (0-60 cm) 
following 5th row thinning operation. 
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Figure B. 10. Replicate soil water characteristic for WS5 A horizon (60-114 cm) 
following 5th row thinning operation. 
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Figure B. 11.  Soil water characteristics for natural average and 15 - 30 cm, 30 - 40 
cm, and 40-50 cm sampling depths within the surface layer for the 
natural watersheds. 
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Figure B. 12. Volume drained relationship for natural watershed representing the 
surface layer (0 - 60 cm) as a single layer and as three layers (0 - 25 
cm, 26 - 35 cm, and 36 - 60 cm). 
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Analysis of Submerged Weir Conditions 

 

 The watersheds involved in this investigation were relatively flat (<1 percent 

slope) and poorly drained in their natural condition.  Drainage was improved on 

these watersheds through the construction of artificial drainage canals.  A system of 

weirs and riser barrel structures are used to monitor ad control flow through ditch 

network.  However, this artificial drainage system still has relatively slow moving 

water which can be overwhelmed during extremely wet conditions.  In addition, 

downstream conditions can affect drainage throughout the drain network.  For 

example, an impedance to flow downstream in the network can result in rising 

downstream stages for all watersheds draining to the canals.  It is these situations of 

rising downstream stages which can result in submerged flow conditions at 

watershed outlets.  

 Submerged weir (subcritical flow) conditions can be problematic in measuring 

discharge through weirs.  Discharge relationships are developed for critical (free) 

flow which requires downstream stages less than the weir crest elevation.  This 

allows air to freely flow between the nappe (water flowing over the weir crest) and 

weir plate.  When the nappe is not ventilated discharge using standard discharge 

relationships may be inaccurate due to decreased pressure beneath the nappe.  

Submerged weir equations, which rely on both upstream and downstream stage 

measurement, have been developed to account for subcritical flow conditions.  

However, flow estimation using submerged weir equations can over estimate outflow 

in these slow moving systems.   
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 Submerged flow conditions were encountered during four periods during the 

study period (2000-2002) for WS2 and WS5.  Periods of brief weir submergence 

were observed during elapsed days 119-124, 248-254, 269-271, and 1048-1056.  

Submerged weir equations were utilized to determine flow during these brief periods 

of submergence for the watersheds.  The models for both watersheds had 

reasonable predictions during the study period with the exception of these 

submergence periods.  Due to concerns raised during the modeling effort in this 

work a more detailed analysis of these submergence periods was undertaken.  

Cumulative outflow (observed and predicted), precipitation, PET, ET, and water 

table depths along with associated up and downstream stages were plotted for each 

of these four events for WS2 and WS5 and are presented in Figures C.1-C.8. 

Cumulative outflow was charted from the precipitation event(s) which occurred prior 

to the submergence period to several days following submergence.  For example, 

for the first submergence period in 2000 from elapsed day 119-124 a water balance 

was conducted from days 105-135. 

  



 

 

Figure C. 1. 
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Figure C. 2

 

 

.  WS2 cumulative observed and predicted water balance 
components (precipitation, observed outflow, predicted 
outflow, Penman-Monteith PET, DM predicted ET, observed 
water table depth, and predicted water table depth) for Julian
days 240-256 (weir submerged from day 248-254). 
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Figure C. 3

 

.  WS2 cumulative observed and predicted water balance 
components (precipitation, observed outflow, predicted outflow, 
Penman-Monteith PET, DM predicted ET, observed water table 
depth, and predicted water table depth) for Julian days 263-278 
(weir submerged from day 269-271). 
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.  WS2 cumulative observed and predicted water balance 
components (precipitation, observed outflow, predicted outflow, 
Penman-Monteith PET, DM predicted ET, observed water table
depth, and predicted water table depth) for Julian days 1043-
1060 (weir submerged from day 1048-1056). 
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Figure C. 5

 

 

.  WS5 cumulative observed and predicted water balance 
components (precipitation, observed outflow, predicted 
outflow, Penman-Monteith PET, DM predicted ET, observed 
water table depth, and predicted water table depth) for Julian
days 105-124 (weir submerged from day 119-124). 
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Figure C. 6

 

 

.  WS5 cumulative observed and predicted water balance 
components (precipitation, observed outflow, predicted 
outflow, Penman-Monteith PET, DM predicted ET, observed 
water table depth, and predicted water table depth) for Julian
days 240-256 (weir submerged from day 248-254). 
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Figure C. 7.  WS5 cumulative observed and predicted water balance 
components (precipitation, observed outflow, predicted 
outflow, Penman-Monteith PET, DM predicted ET, observed 
water table depth, and predicted water table depth) for Julian
days 263-278 (weir submerged from day 269-271). 
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Figure C. 8

 

 

.  WS5 cumulative observed and predicted water balance 
components (precipitation, observed outflow, predicted 
outflow, Penman-Monteith PET, DM predicted ET, observed 
water table depth, and predicted water table depth) for Julian
days 1043-1060 (weir submerged from day 1048-1056). 
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 A more detailed look was taken for each of the four periods of submergence 

during the study period to get a better understanding of WS2 outflow during these 

periods (Table C.1).  Soil water storage was determined as the product of change in 

water table depth over the period and WS2 drainable porosity (f = 0.15).  The 

estimated upper limit drainage (ULD) was determined as the water balance where: 

ULD = Precipitation – Storage – PET 

This upper limit drainage was compared to observed and predicted outflow during 

the period.   

  

Table F. 1.  WS2 water balance components for each of the four submergence 
periods during the study, estimated upper limit drainage (ULD), and 
percent difference between observed drainage and estimated ULD. 

Upper %
Change Predicted Limit Difference Difference

Period Precipitation Drainage Storage WTD PET Drainage ULD D-ULD
cm cm cm cm cm cm cm cm %

Days 105-124 11.7 4.3 4.2 28.0 4.5 2.8 3.0 1.3 29.5
Days 240-256 21.1 10.9 3.0 20.0 5.0 1.3 13.1 -2.3 -20.7
Days 263-277 8.8 8.8 -1.8 -12.0 4.2 3.9 6.4 2.4 27.4
Days 1044-1060 11.1 9.5 1.4 9.0 3.1 6.0 6.7 2.9 30.1

Overall 52.7 33.5 6.8 45.0 16.8 14.0 29.2 4.3 12.8

 
 

The overall difference between observed drainage and ULD during the WS2 

submergence periods was 12.8 percent (4.3 cm).  During three of the four periods, 

WS2 observed drainage was greater than the estimated upper limit.  However, 

predicted drainage was within the expected range during these three periods of 

submergence.  The periods between the dates of 263-277 and 1044-1060 had 

observed drainage equal to or slightly less than precipitation.  Drainage during these 
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periods was likely over estimated due to submergence.  The difference (possible 

error) in observed and upper limit WS2 drainage represents less than 1 percent of 

the cumulative drainage observed during the entire study period (2000-2002).  

 A similar analysis to that discussed for WS2 was performed for WS5 during 

the four periods of submergence (Table C.2).  The overall difference between 

observed drainage and ULD during the four WS5 submergence periods was 36.7 

percent (13.8 cm).  This difference represents 20 percent of the cumulative drainage 

over the study period.  Consistent with WS2 drainage during these periods, WS5 

drainage was greater than the estimated upper limit drainage for three of the four 

periods.  Predicted WS5 drainage was within the range determined for ULD during 

three of the four periods.   

 

Table F. 2.  WS5 water balance components for each of the four submergence 
periods during the study, estimated upper limit drainage (ULD), and 
percent difference between observed drainage and estimated ULD. 

Upper %
Change Predicted Limit Difference Difference

Period Precipitation Drainage Storage WTD PET Drainage ULD D-ULD
cm cm cm cm cm cm cm cm %

Days 105-124 11.7 13.8 4.6 46.0 4.5 2.9 2.6 11.2 81.1
Days 240-256 21.1 5.8 7.7 77.4 5.0 1.3 8.4 -2.6 -45.1
Days 263-277 8.8 8.4 -1.2 -11.7 4.2 3.9 5.8 2.7 31.4
Days 1044-1060 11.1 9.5 1.0 9.7 3.1 6.0 7.0 2.5 26.3

Overall 52.7 37.5 12.1 121.4 16.8 14.1 23.8 13.8 36.7

 
 

During the first submergence period, observed precipitation was 11.7 cm.  

However, observed drainage was 13.8 cm which was 2.1 cm greater than observed 

precipitation.  Discharge in this event was likely overestimated due to the 
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submergence conditions.  The percent difference between observed and the 

estimated upper limit was 81 percent, which represents 19 percent more observed 

drainage than the estimated upper limit.  The period between elapsed days 263-277 

also had observed drainage similar to the observed precipitation.  However, this was 

a wet period for the WS5 site as evident by the water table depths shallower than 80 

cm.  Due to the shallow water table during this period much of the precipitation likely 

drained from the watershed.  Similarly, the period between elapsed days 1044-1060 

had a shallow water table.  Periods with shallow water tables are expected to result 

in more drainage than during periods requiring water table recharge before drainage 

results. 

Drainage may have been overestimated during the periods between days 

263-277 (submergence from day 269 to day 271) and 1044-1060 (submergence 

from day 1048 to day 1056) based on the detailed analysis of the submergence 

periods observed on WS2 and WS5.   Drainage was also overestimated for WS5 

during the period between days 105-124 which had weir submergence during days 

119-124.  Two alternatives existed to minimize the propagation of error in testing 

DRAINMOD predictions.  The first alternative excludes days of submergence from 

comparisons of predicted drainage with the objective of analyzing predicted and 

observed values under normal flow conditions.  This alternative was utilized in this 

analysis because it allowed the most effective comparison of strictly observed 

drainage and predicted drainage.   

The second alternative was to substitute DRAINMOD predicted drainage for 

days of submergence and analyze predicted and observed drainage.  The model 



 

  240

gave reasonable predictions of drainage and water table depths over the 3-years 

tested for both watersheds.  This validates model predictions of hydrologic 

components for WS2 and WS5 to be used in simulating the actual system.  During 

periods when data is missing or periods with submerged flow as was the case in this 

study the model can be used to fill in missing data or substitute for data with possible 

errors.  The alternative discussed here would be most effective in adjusting outflow 

over the entire study period.   

Cumulative outflow was determined for the entire study period for observed 

data including submergence periods discussed above, DRAINMOD predicted, and 

adjusted for periods of submergence (and missing data) (Figure C.9). The adjusted 

outflow used predicted outflow to correct periods of submergence and estimate 

periods of missing data (alternative 2 from discussion above).  The total cumulative 

outflow over the study period for observed, predicted, and adjusted outflow show 

only slight differences for WS2 with submerged days excluded.  However, observed 

outflow (including 18.6 cm occurring during submerged conditions) totaled 51.8 cm 

over the 3-year period.  Total outflow was 38.6 and 33.2 cm for adjusted and 

observed outflow excluding submergence periods, respectively.  This difference was 

primarily due to the first 24 days of missing data during January 2000 and omission 

of 13 submerged flow days.  The adjusted cumulative outflow likely gives a better 

estimate of outflow during the 3-year study period. 
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Figure C. 9
. Cumulative and daily outflow for WS2 during the 3-year study 
period (2000-2002) presenting observed data, DRAINMOD 
predicted, and adjusted for periods of submergence. 
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Figure C. 10.  Cumulative and daily outflow for WS5 during the 3-year study 
period (2000-2002) presenting observed data, DRAINMOD 
predicted, and adjusted for periods of submergence. 
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Similarly,  WS5 cumulative outflow was determined for the entire study period for 

observed data including submergence periods discussed above, DRAINMOD 

predicted, and adjusted for periods of submergence (and missing data) (Figure 

C.10).  Cumulative outflow excluding submerged conditions over the study period for 

observed, predicted, and adjusted was 50.8, 52.7, and 55.1 cm, respectively.  

However, observed outflow (including 19.0 cm occurring during submerged 

conditions) totaled 59.8 cm over the 3-year period.  The difference in predicted and 

observed outflow was less than 4 percent over the 3-year study period with 

submerged periods excluded.  However, the inclusion of submerged conditions 

resulted in a 20 percent difference in predicted and observed outflows.  The adjusted 

outflow (55.1 cm) is likely representative of watershed hydrology during the study 

period.  There was a 14.7 cm difference in observed and adjusted outflows the 3-

year period with this difference occurring primarily during the four submergence 

periods.   

 The analysis presented here attempted to explore the effect of submerged 

conditions on outflow from the pine plantation watersheds in this investigation.  

Accurate model calibration, testing, and validation depend largely on data free of 

errors.  Submerged conditions encountered during the study period were detected 

as periods with possible errors. A total of 13 days for WS2 and 10 days for WS5 

during the study were under submerged conditions which did have some effect on 

cumulative outflow during the study period.  Due to possible errors due to 

submergence these days were omitted from testing of the model presented in 

Chapter 3 of this work.    
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APPENDIX 4



 

Table C. 1.  Summary of event average TP, OP, and TSS concentrations (mg/L) for 

WS6 (control) for each event in the calibration and treatment periods and 

for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # mg/L mg/L mg/L

2000 340-346 1 WS6 C 0.026 0.014 27.5
2000 347-352 2 WS6 C 0.019 0.013 29.2
2000 353-366 3 WS6 C 0.017 0.013 29.5
2001 2-11 4 WS6 C 0.033 0.014 21.0
2001 12-17 5 WS6 C 0.015 0.014 25.0
2001 18-27 6 WS6 C 0.019 0.014 26.3
2001 29-34 7 WS6 C 0.026 0.012 28.1
2001 35-45 8 WS6 C 0.017 0.008 17.3
2001 47-62 9 WS6 C 0.011 0.010 10.8
2001 63-78 10 WS6 C 0.008 0.007 13.9
2001 79-87 11 WS6 C 0.033 0.017 5.0
2001 88-100 12 WS6 C 0.033 0.017 5.0
2001 101-112 13 WS6 C 0.073 0.005 40.0
2001 207-222 14 WS6 T 0.042 0.005 42.0
2001 224-255 15 WS6 T 0.054 0.008 8.0
2002 5-12 16 WS6 T 0.054 0.008 8.0
2002 13-19 17 WS6 T 0.037 0.003 4.7
2002 20-36 18 WS6 T 0.018 0.005 3.5
2002 37-59 19 WS6 T 0.007 0.010 1.8
2002 60-71 20 WS6 T 0.008 0.004 8.0
2002 72-79 21 WS6 T 0.041 0.012 16.2
2002 80-89 22 WS6 T 0.044 0.014 18.0
2002 90-122 23 WS6 T 0.007 0.004 16.0
2002 123-153 24 WS6 T
2002 154-168 25 WS6 T
2002 175-228 26 WS6 T
2002 229-257 27 WS6 T 0.003 0.005 23.4
2002 258-284 28 WS6 T 0.005 0.005 27.5

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table C. 2.  Summary of event TP, OP, and TSS loads (kg/ha) for WS6 (control) for 

each event, for the calibration period (2000-2001), for the treatment period 

(2001-2002) and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # Kg/ha Kg/ha Kg/ha

2000 340-346 1 WS6 C 0.001 0.000 0.73
2000 347-352 2 WS6 C 0.001 0.001 1.57
2000 353-366 3 WS6 C 0.001 0.001 1.94
2001 2-11 4 WS6 C 0.001 0.001 2.48
2001 12-17 5 WS6 C 0.000 0.000 0.78
2001 18-27 6 WS6 C 0.003 0.003 5.17
2001 29-34 7 WS6 C 0.002 0.001 2.34
2001 35-45 8 WS6 C 0.003 0.002 3.57
2001 47-62 9 WS6 C 0.008 0.004 7.18
2001 63-78 10 WS6 C 0.007 0.006 4.27
2001 79-87 11 WS6 C 0.002 0.002 3.88
2001 88-100 12 WS6 C 0.010 0.005 1.56
2001 101-112 13 WS6 C 0.001 0.001 0.20
2001 207-222 14 WS6 T 0.002 0.000 0.53
2001 224-255 15 WS6 T 0.000 0.000 0.00
2002 5-12 16 WS6 T 0.000 0.000 0.00
2002 13-19 17 WS6 T 0.011 0.002 1.63
2002 20-36 18 WS6 T 0.024 0.002 3.21
2002 37-59 19 WS6 T 0.014 0.003 2.56
2002 60-71 20 WS6 T 0.003 0.004 0.00
2002 72-79 21 WS6 T 0.002 0.001 0.00
2002 80-89 22 WS6 T 0.016 0.005 3.59
2002 90-122 23 WS6 T 0.000 0.000 0.00
2002 123-153 24 WS6 T
2002 154-168 25 WS6 T
2002 175-228 26 WS6 T
2002 229-257 27 WS6 T 0.000 0.001 3.81
2002 258-284 28 WS6 T 0.000 0.000 0.99

2000-2001 WS6 C 0.04 0.03 35.7
2001-2002 WS6 T 0.07 0.02 16.3
2000-2002 WS6 Overall 0.11 0.05 52.0

*  C = Calibration Period; T = Treatment Period

Nutrient Loads

 

  246



 

Table C. 3.  Summary of event average NH4-N, NO3-N, and TKN concentrations 

(mg/L) for WS6 (control) for each event in the calibration and treatment 

periods and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* pH NH4-N NO3-N TKN
Days # mg/L mg/L mg/L

2000 340-346 1 WS6 C 4.3 0.34 0.71 1.79
2000 347-352 2 WS6 C 4.0 0.15 0.21 1.32
2000 353-366 3 WS6 C 3.9 0.11 0.11 1.23
2001 2-11 4 WS6 C 4.1 0.36 3.24 2.64
2001 12-17 5 WS6 C 4.2 0.23 0.57 1.72
2001 18-27 6 WS6 C 4.4 0.24 0.53 1.76
2001 29-34 7 WS6 C 4.7 0.22 0.61 1.83
2001 35-45 8 WS6 C 3.9 0.04 1.49 1.79
2001 47-62 9 WS6 C 3.9 0.08 1.18 1.76
2001 63-78 10 WS6 C 3.9 0.08 0.98 1.61
2001 79-87 11 WS6 C 4.0 0.37 0.76 1.61
2001 88-100 12 WS6 C 4.0 0.37 0.76 1.61
2001 101-112 13 WS6 C 5.6 0.40 1.38 1.94
2001 207-222 14 WS6 T 5.9 0.36 1.22 1.86
2001 224-255 15 WS6 T 3.9 0.51 3.88 2.73
2002 5-12 16 WS6 T 3.9 0.51 3.88 2.73
2002 13-19 17 WS6 T 4.1 0.09 2.50 2.21
2002 20-36 18 WS6 T 3.8 0.05 4.20 2.47
2002 37-59 19 WS6 T 3.8 0.02 3.96 2.40
2002 60-71 20 WS6 T 3.8 0.00 3.61 2.46
2002 72-79 21 WS6 T 4.0 0.16 2.84 2.49
2002 80-89 22 WS6 T 4.1 0.20 2.75 2.51
2002 90-122 23 WS6 T 3.9 0.11 3.27 3.20
2002 123-153 24 WS6 T
2002 154-168 25 WS6 T
2002 175-228 26 WS6 T
2002 229-257 27 WS6 T 4.0 0.26 3.43 3.20
2002 258-284 28 WS6 T 4.0 0.26 2.80 3.18

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table C. 4.  Summary of event NH4-N, NO3-N, and TKN loads (kg/ha) for WS6 

(control) for each event, for the calibration period (2000-2001), for the 

treatment period (2001-2002) and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* NH4-N NO3-N TKN
Days # Kg/ha Kg/ha Kg/ha

2000 340-346 1 WS6 C 0.009 0.019 0.047
2000 347-352 2 WS6 C 0.007 0.011 0.067
2000 353-366 3 WS6 C 0.007 0.007 0.081
2001 2-11 4 WS6 C 0.016 0.035 0.139
2001 12-17 5 WS6 C 0.007 0.018 0.054
2001 18-27 6 WS6 C 0.047 0.119 0.355
2001 29-34 7 WS6 C 0.021 0.038 0.149
2001 35-45 8 WS6 C 0.029 0.070 0.231
2001 47-62 9 WS6 C 0.027 0.694 0.845
2001 63-78 10 WS6 C 0.051 0.632 0.913
2001 79-87 11 WS6 C 0.021 0.271 0.444
2001 88-100 12 WS6 C 0.115 0.237 0.501
2001 101-112 13 WS6 C 0.015 0.031 0.065
2001 207-222 14 WS6 T 0.007 0.022 0.029
2001 224-255 15 WS6 T 0.000 0.000 0.000
2002 5-12 16 WS6 T 0.000 0.000 0.000
2002 13-19 17 WS6 T 0.104 0.792 0.557
2002 20-36 18 WS6 T 0.063 1.423 1.304
2002 37-59 19 WS6 T 0.038 3.031 1.777
2002 60-71 20 WS6 T 0.011 1.799 1.087
2002 72-79 21 WS6 T 0.000 0.853 0.582
2002 80-89 22 WS6 T 0.062 1.580 1.274
2002 90-122 23 WS6 T 0.000 0.000 0.000
2002 123-153 24 WS6 T
2002 154-168 25 WS6 T
2002 175-228 26 WS6 T
2002 229-257 27 WS6 T 0.043 0.546 0.508
2002 258-284 28 WS6 T 0.011 0.142 0.132

2000-2001 WS6 C 0.4 2.2 3.9
2001-2002 WS6 T 0.3 10.2 7.2
2000-2002 WS6 Overall 0.7 12.4 11.1

*  C = Calibration Period; T = Treatment Period

Nutrient Loads
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Table C. 5.  Summary of event average TP, OP, and TSS concentrations (mg/L) for 
WS3 (harvest) for each event in the calibration and treatment periods 
and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # mg/L mg/L mg/L

2000 340-346 1 WS3 C 0.022 0.013 26.5
2000 347-352 2 WS3 C 0.018 0.015 34.4
2000 353-366 3 WS3 C 0.017 0.015 36.0
2001 2-11 4 WS3 C 0.035 0.013 22.3
2001 12-17 5 WS3 C 0.022 0.013 32.5
2001 18-27 6 WS3 C 0.020 0.014 31.2
2001 29-34 7 WS3 C 0.014 0.012 26.3
2001 35-45 8 WS3 C 0.005 0.008 15.6
2001 47-62 9 WS3 C 0.012 0.010 15.7
2001 63-78 10 WS3 C 0.011 0.007 19.3
2001 79-87 11 WS3 C 0.020 0.020 10.0
2001 88-100 12 WS3 C 0.020 0.020 10.0
2001 101-112 13 WS3 C 0.026 0.007 23.9
2001 207-222 14 WS3 T 0.026 0.007 19.7
2001 224-255 15 WS3 T 0.028 0.024 4.0
2002 5-12 16 WS3 T 0.027 0.033 5.4
2002 13-19 17 WS3 T 0.013 0.004 4.2
2002 20-36 18 WS3 T 0.047 0.006 4.9
2002 37-59 19 WS3 T 0.070 0.008 2.2
2002 60-71 20 WS3 T 0.008 0.010 4.0
2002 72-79 21 WS3 T 0.041 0.016 15.3
2002 80-89 22 WS3 T 0.046 0.022 14.9
2002 90-122 23 WS3 T 0.059 0.016 32.8
2002 123-153 24 WS3 T 0.068 0.007 70.8
2002 154-168 25 WS3 T 0.094 0.012 43.9
2002 175-228 26 WS3 T 0.042 0.017 26.4
2002 229-257 27 WS3 T 0.042 0.017 26.4
2002 258-284 28 WS3 T 0.023 0.011 32.8

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table C. 6.  Summary of event TP, OP, and TSS loads (kg/ha) for WS3 (harvest) for 

each event, for the calibration period (2000-2001), for the treatment period 

(2001-2002) and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # Kg/ha Kg/ha Kg/ha

2000 340-346 1 WS3 C 0.000 0.000 0.00
2000 347-352 2 WS3 C 0.000 0.000 0.11
2000 353-366 3 WS3 C 0.001 0.000 1.09
2001 2-11 4 WS3 C 0.002 0.001 2.64
2001 12-17 5 WS3 C 0.001 0.001 1.89
2001 18-27 6 WS3 C 0.005 0.003 7.23
2001 29-34 7 WS3 C 0.001 0.001 2.24
2001 35-45 8 WS3 C 0.002 0.001 2.82
2001 47-62 9 WS3 C 0.002 0.003 5.88
2001 63-78 10 WS3 C 0.004 0.004 3.99
2001 79-87 11 WS3 C 0.002 0.001 3.86
2001 88-100 12 WS3 C 0.003 0.003 1.76
2001 101-112 13 WS3 C 0.001 0.001 0.39
2001 207-222 14 WS3 T 0.008 0.002 6.45
2001 224-255 15 WS3 T 0.017 0.006 14.78
2002 5-12 16 WS3 T 0.003 0.002 0.42
2002 13-19 17 WS3 T 0.026 0.032 5.22
2002 20-36 18 WS3 T 0.004 0.001 1.41
2002 37-59 19 WS3 T 0.017 0.002 2.67
2002 60-71 20 WS3 T 0.014 0.001 0.41
2002 72-79 21 WS3 T 0.002 0.003 0.98
2002 80-89 22 WS3 T 0.030 0.009 12.90
2002 90-122 23 WS3 T 0.012 0.006 3.25
2002 123-153 24 WS3 T 0.005 0.002 2.73
2002 154-168 25 WS3 T 0.003 0.000 3.59
2002 175-228 26 WS3 T 0.098 0.009 37.78
2002 229-257 27 WS3 T 0.082 0.029 39.54
2002 258-284 28 WS3 T 0.005 0.003 4.95

2000-2001 WS3 C 0.02 0.02 33.9
2001-2002 WS3 T 0.33 0.11 137.1
2000-2002 WS3 Overall 0.35 0.13 171.0

*  C = Calibration Period; T = Treatment Period

Nutrient Loads
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Table C. 7.  Summary of event average NH4-N, NO3-N, and TKN concentrations 
(mg/L) for WS3 (harvest) for each event in the calibration and treatment 
periods and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* pH NH4-N NO3-N TKN
Days # mg/L mg/L mg/L

2000 340-346 1 WS3 C 3.8 0.11 2.33 2.07
2000 347-352 2 WS3 C 4.0 0.22 1.03 1.95
2000 353-366 3 WS3 C 4.0 0.24 0.77 1.93
2001 2-11 4 WS3 C 4.1 0.52 4.48 2.96
2001 12-17 5 WS3 C 3.9 0.47 2.76 2.73
2001 18-27 6 WS3 C 3.9 0.42 2.22 2.38
2001 29-34 7 WS3 C 3.9 0.24 1.10 1.58
2001 35-45 8 WS3 C 3.9 0.09 2.18 1.85
2001 47-62 9 WS3 C 4.0 0.11 2.20 2.01
2001 63-78 10 WS3 C 4.0 0.07 1.86 1.91
2001 79-87 11 WS3 C 4.1 0.18 1.38 2.03
2001 88-100 12 WS3 C 4.1 0.18 1.38 2.03
2001 101-112 13 WS3 C 4.2 0.09 6.05 2.95
2001 207-222 14 WS3 T 4.1 0.37 2.45 2.95
2001 224-255 15 WS3 T 3.9 0.28 8.34 2.49
2002 5-12 16 WS3 T 3.7 0.11 9.14 2.41
2002 13-19 17 WS3 T 4.0 0.10 7.35 2.23
2002 20-36 18 WS3 T 3.8 0.19 9.49 2.59
2002 37-59 19 WS3 T 3.7 0.15 9.87 2.63
2002 60-71 20 WS3 T 3.8 0.13 8.76 2.36
2002 72-79 21 WS3 T 4.3 0.49 5.89 3.22
2002 80-89 22 WS3 T 4.9 0.84 1.23 2.94
2002 90-122 23 WS3 T 4.8 0.99 0.93 3.05
2002 123-153 24 WS3 T 4.2 0.69 1.98 3.10
2002 154-168 25 WS3 T 4.1 1.52 5.86 5.09
2002 175-228 26 WS3 T 3.8 1.42 6.17 4.76
2002 229-257 27 WS3 T 3.8 1.42 6.17 4.76
2002 258-284 28 WS3 T 3.8 1.02 4.48 4.38

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table C. 8.  Summary of event NH4-N, NO3-N, and TKN loads (kg/ha) for WS3 
(harvest) for each event, for the calibration period (2000-2001), for the 
treatment period (2001-2002) and for the entire study period, 2000 -
2002. 

Year Julian Event Watershed Period* NH4-N NO3-N TKN
Days # Kg/ha Kg/ha Kg/ha

2000 340-346 1 WS3 C 0.000 0.000 0.000
2000 347-352 2 WS3 C 0.001 0.002 0.006
2000 353-366 3 WS3 C 0.007 0.023 0.058
2001 2-11 4 WS3 C 0.034 0.184 0.203
2001 12-17 5 WS3 C 0.028 0.161 0.159
2001 18-27 6 WS3 C 0.106 0.614 0.608
2001 29-34 7 WS3 C 0.025 0.100 0.138
2001 35-45 8 WS3 C 0.026 0.120 0.170
2001 47-62 9 WS3 C 0.032 0.823 0.696
2001 63-78 10 WS3 C 0.041 0.678 0.605
2001 79-87 11 WS3 C 0.012 0.369 0.374
2001 88-100 12 WS3 C 0.031 0.243 0.357
2001 101-112 13 WS3 C 0.007 0.053 0.078
2001 207-222 14 WS3 T 0.023 1.200 0.715
2001 224-255 15 WS3 T 0.241 2.971 2.848
2002 5-12 16 WS3 T 0.029 0.872 0.260
2002 13-19 17 WS3 T 0.111 8.813 2.331
2002 20-36 18 WS3 T 0.035 2.588 0.774
2002 37-59 19 WS3 T 0.090 4.060 1.135
2002 60-71 20 WS3 T 0.029 1.940 0.516
2002 72-79 21 WS3 T 0.033 2.135 0.575
2002 80-89 22 WS3 T 0.250 5.252 2.209
2002 90-122 23 WS3 T 0.218 0.375 0.860
2002 123-153 24 WS3 T 0.094 0.098 0.241
2002 154-168 25 WS3 T 0.033 0.111 0.152
2002 175-228 26 WS3 T 1.532 5.260 4.972
2002 229-257 27 WS3 T 2.214 11.041 7.380
2002 258-284 28 WS3 T 0.233 0.858 0.816

2000-2001 WS3 C 0.3 3.4 3.5
2001-2002 WS3 T 5.2 47.6 25.8
2000-2002 WS3 Overall 5.5 50.9 29.2

*  C = Calibration Period; T = Treatment Period

Nutrient Loads
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APPENDIX 5



 

Table D. 1.  Summary of event average TP, OP, and TSS concentrations (mg/L) for 

WS2 (control) for each event in the calibration and treatment periods and for 

the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # mg/L mg/L mg/L

2000 70-105 1 WS2 C 0.023 0.007 21.5
2000 106-130 2 WS2 C 0.010 0.005 18.2
2000 247-276 3 WS2 C
2000 347-355 4 WS2 C 0.030 0.013 23.0
2001 1-24 5 WS2 C 0.058 0.016 96.5
2001 25-44 6 WS2 C 0.077 0.014 81.1
2001 50-55 7 WS2 C 0.125 0.010 42.5
2001 56-61 8 WS2 C 0.098 0.018 34.0
2001 62-71 9 WS2 C 0.033 0.024 44.2
2001 72-78 10 WS2 C 0.014 0.007 85.0
2001 79-97 11 WS2 C 0.014 0.007 85.0
2001 157-164 12 WS2 T
2001 165-174 13 WS2 T
2001 175-181 14 WS2 T
2002 56-70 15 WS2 T
2002 71-75 16 WS2 T 0.004 0.016 7.0
2002 76-84 17 WS2 T 0.004 0.016 7.0
2002 85-93 18 WS2 T 0.008 0.015 6.9
2002 94-99 19 WS2 T 0.039 0.010 6.0
2002 100-109 20 WS2 T 0.038 0.032 9.6
2002 110-120 21 WS2 T 0.038 0.035 10.0
2002 241-248 22 WS2 T 0.013 0.006 25.0
2002 285-294 23 WS2 T
2002 303-308 24 WS2 T
2002 309-318 25 WS2 T 0.012 0.007 45.0
2002 319-337 26 WS2 T 0.011 0.008 58.3
2002 338-350 27 WS2 T 0.009 0.007 63.0
2002 351-365 28 WS2 T 0.032 0.005 25.0

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table D. 2.  Summary of event TP, OP, and TSS loads (kg/ha) for WS2 (control) for 

each event, for the calibration period (2000-2001), for the treatment period 

(2001-2002) and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # Kg/ha Kg/ha Kg/ha

2000 70-105 1 WS2 C 0.0062 0.0030 2.20
2000 106-130 2 WS2 C 0.0033 0.0024 3.61
2000 247-276 3 WS2 C
2000 347-355 4 WS2 C 0.0000 0.0000 0.00
2001 1-24 5 WS2 C 0.0002 0.0001 0.36
2001 25-44 6 WS2 C 0.0002 0.0001 0.34
2001 50-55 7 WS2 C 0.0031 0.0003 1.07
2001 56-61 8 WS2 C 0.0074 0.0012 2.53
2001 62-71 9 WS2 C 0.0036 0.0027 2.25
2001 72-78 10 WS2 C 0.0000 0.0000 0.04
2001 79-97 11 WS2 C 0.0001 0.0001 0.73
2001 157-164 12 WS2 T
2001 165-174 13 WS2 T
2001 175-181 14 WS2 T
2002 56-70 15 WS2 T
2002 71-75 16 WS2 T 0.0000 0.0000 0.00
2002 76-84 17 WS2 T 0.0000 0.0000 0.00
2002 85-93 18 WS2 T 0.0014 0.0026 1.19
2002 94-99 19 WS2 T 0.0057 0.0015 0.89
2002 100-109 20 WS2 T 0.0009 0.0008 0.24
2002 110-120 21 WS2 T 0.0000 0.0000 0.00
2002 241-248 22 WS2 T 0.0027 0.0012 5.44
2002 285-294 23 WS2 T
2002 303-308 24 WS2 T
2002 309-318 25 WS2 T 0.0036 0.0019 12.26
2002 319-337 26 WS2 T 0.0053 0.0039 21.95
2002 338-350 27 WS2 T 0.0024 0.0021 17.86
2002 351-365 28 WS2 T 0.0038 0.0007 3.52

2000-2001 WS2 C 0.02 0.01 13.1
2001-2002 WS2 T 0.03 0.01 63.4
2000-2002 WS2 Overall 0.05 0.02 76.5

*  C = Calibration Period; T = Treatment Period

Nutrient Loads
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Table D. 3.  Summary of event average NH4-N, NO3-N, and TKN concentrations (mg/L) 
for WS2 (control) for each event in the calibration and treatment periods 
and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* pH NH4-N NO3-N TKN
Days # mg/L mg/L mg/L

2000 70-105 1 WS2 C 3.9 0.10 0.87 1.89
2000 106-130 2 WS2 C 3.9 0.10 0.49 1.74
2000 247-276 3 WS2 C
2000 347-355 4 WS2 C 4.9 0.10 1.48 1.37
2001 1-24 5 WS2 C 3.9 1.27 2.34 4.62
2001 25-44 6 WS2 C 3.8 0.91 2.13 3.81
2001 50-55 7 WS2 C 3.7 0.00 1.61 1.79
2001 56-61 8 WS2 C 3.8 0.25 1.17 1.85
2001 62-71 9 WS2 C 3.9 0.53 0.90 1.92
2001 72-78 10 WS2 C 3.7 0.22 1.81 1.86
2001 79-97 11 WS2 C 3.7 0.22 1.81 1.86
2001 157-164 12 WS2 T
2001 165-174 13 WS2 T
2001 175-181 14 WS2 T
2002 56-70 15 WS2 T
2002 71-75 16 WS2 T 4.0 0.12 3.17 2.29
2002 76-84 17 WS2 T 4.0 0.12 3.17 2.29
2002 85-93 18 WS2 T 4.0 0.10 3.23 2.22
2002 94-99 19 WS2 T 4.0 0.01 3.64 1.67
2002 100-109 20 WS2 T 3.8 0.37 5.60 2.23
2002 110-120 21 WS2 T 3.8 0.41 5.82 2.30
2002 241-248 22 WS2 T 3.7 0.12 3.94 2.07
2002 285-294 23 WS2 T
2002 303-308 24 WS2 T
2002 309-318 25 WS2 T 3.8 0.07 4.05 2.44
2002 319-337 26 WS2 T 3.8 0.06 1.36 2.27
2002 338-350 27 WS2 T 3.8 0.05 1.48 2.45
2002 351-365 28 WS2 T 3.8 0.03 2.18 1.73

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table D.  4.  Summary of event NH4-N, NO3-N, and TKN loads (kg/ha) for WS2 (control) 

for each event, for the calibration period (2000-2001), for the treatment period 

(2001-2002) and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* NH4-N NO3-N TKN
Days # Kg/ha Kg/ha Kg/ha

2000 70-105 1 WS2 C 0.0241 0.2850 0.475
2000 106-130 2 WS2 C 0.0334 0.2106 0.621
2000 247-276 3 WS2 C
2000 347-355 4 WS2 C 0.0000 0.0000 0.000
2001 1-24 5 WS2 C 0.0047 0.0087 0.017
2001 25-44 6 WS2 C 0.0045 0.0082 0.016
2001 50-55 7 WS2 C 0.0000 0.0406 0.045
2001 56-61 8 WS2 C 0.0136 0.0894 0.130
2001 62-71 9 WS2 C 0.0582 0.0425 0.169
2001 72-78 10 WS2 C 0.0001 0.0008 0.001
2001 79-97 11 WS2 C 0.0019 0.0157 0.016
2001 157-164 12 WS2 T
2001 165-174 13 WS2 T
2001 175-181 14 WS2 T
2002 56-70 15 WS2 T
2002 71-75 16 WS2 T 0.0000 0.0004 0.000
2002 76-84 17 WS2 T 0.0000 0.0001 0.000
2002 85-93 18 WS2 T 0.0178 0.5620 0.384
2002 94-99 19 WS2 T 0.0018 0.5385 0.247
2002 100-109 20 WS2 T 0.0093 0.1418 0.056
2002 110-120 21 WS2 T 0.0000 0.0000 0.000
2002 241-248 22 WS2 T 0.0251 0.8566 0.449
2002 285-294 23 WS2 T
2002 303-308 24 WS2 T
2002 309-318 25 WS2 T 0.0194 1.5463 0.767
2002 319-337 26 WS2 T 0.0267 0.5077 0.855
2002 338-350 27 WS2 T 0.0154 0.4198 0.695
2002 351-365 28 WS2 T 0.0034 0.2647 0.224

2000-2001 WS2 C 0.14 0.70 1.49
2001-2002 WS2 T 0.12 4.84 3.68
2000-2002 WS2 Overall 0.26 5.54 5.17

*  C = Calibration Period; T = Treatment Period

Nutrient Loads
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Table D. 5.  Summary of event average TP, OP, and TSS concentrations (mg/L) for 
WS5 (Thinning) for each event in the calibration and treatment periods and 
for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # mg/L mg/L mg/L

2000 70-105 1 WS5 C 0.023 0.013 11.8
2000 106-130 2 WS5 C 0.010 0.010 25.7
2000 247-276 3 WS5 C
2000 347-355 4 WS5 C 0.028 0.013 67.0
2000 1-24 5 WS5 C 0.039 0.011 85.0
2000 25-44 6 WS5 C 0.039 0.011 85.0
2000 50-55 7 WS5 C 0.039 0.011 85.0
2001 56-61 8 WS5 C 0.040 0.019 69.0
2001 62-71 9 WS5 C 0.027 0.024 46.6
2001 72-78 10 WS5 C 0.008 0.007 61.0
2001 79-97 11 WS5 C 0.008 0.007 61.0
2001 157-164 12 WS5 T 0.045 0.011 87.0
2001 165-174 13 WS5 T 0.043 0.006 73.8
2001 175-181 14 WS5 T 0.037 0.006 43.0
2001 56-70 15 WS5 T 0.041 0.007 12.9
2001 71-75 16 WS5 T 0.017 0.009 7.0
2001 76-84 17 WS5 T 0.015 0.006 5.0
2002 85-93 18 WS5 T 0.015 0.004 4.0
2002 94-99 19 WS5 T 0.035 0.010 4.0
2002 100-109 20 WS5 T 0.038 0.032 12.1
2002 110-120 21 WS5 T 0.038 0.035 13.0
2002 241-248 22 WS5 T 0.040 0.003 28.0
2002 285-294 23 WS5 T 0.040 0.003 30.4
2002 303-308 24 WS5 T 0.004 0.000 75.0
2002 309-318 25 WS5 T 0.004 0.000 72.0
2002 319-337 26 WS5 T 0.005 0.005 50.1
2002 338-350 27 WS5 T 0.011 0.005 57.0
2002 351-365 28 WS5 T 0.001 0.005 44.9

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table D. 6.  Summary of event TP, OP, and TSS loads (kg/ha) for WS5 (Thinning) for 
each event, for the calibration period (2000-2001), for the treatment period 
(2001-2002) and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* TP OP SED
Days # Kg/ha Kg/ha Kg/ha

2000 70-105 1 WS5 C 0.0088 0.0082 3.12
2000 106-130 2 WS5 C 0.0043 0.0043 8.66
2000 247-276 3 WS5 C
2000 347-355 4 WS5 C 0.0005 0.0004 1.02
2001 1-24 5 WS5 C 0.0000 0.0000 0.02
2001 25-44 6 WS5 C 0.0000 0.0000 0.04
2001 50-55 7 WS5 C 0.0005 0.0001 1.08
2001 56-61 8 WS5 C 0.0021 0.0010 3.80
2001 62-71 9 WS5 C 0.0029 0.0026 3.48
2001 72-78 10 WS5 C 0.0000 0.0000 0.22
2001 79-97 11 WS5 C 0.0001 0.0001 0.51
2001 157-164 12 WS5 T 0.0005 0.0001 0.96
2001 165-174 13 WS5 T 0.0051 0.0007 9.45
2001 175-181 14 WS5 T 0.0007 0.0001 0.86
2002 56-70 15 WS5 T 0.0076 0.0015 1.63
2002 71-75 16 WS5 T 0.0008 0.0016 0.00
2002 76-84 17 WS5 T 0.0007 0.0019 0.00
2002 85-93 18 WS5 T 0.0035 0.0059 0.23
2002 94-99 19 WS5 T 0.0099 0.0029 1.14
2002 100-109 20 WS5 T 0.0032 0.0026 0.96
2002 110-120 21 WS5 T 0.0002 0.0002 0.07
2002 241-248 22 WS5 T 0.0000 0.0000 0.00
2002 285-294 23 WS5 T 0.0000 0.0000 0.03
2002 303-308 24 WS5 T 0.0000 0.0000 0.61
2002 309-318 25 WS5 T 0.0000 0.0017 25.24
2002 319-337 26 WS5 T 0.0007 0.0032 29.29
2002 338-350 27 WS5 T 0.0043 0.0021 23.01
2002 351-365 28 WS5 T 0.0001 0.0009 8.10

2000-2001 WS5 C 0.019 0.017 21.9
2001-2002 WS5 T 0.037 0.025 101.6
2000-2002 WS5 Overall 0.057 0.042 123.5

*  C = Calibration Period; T = Treatment Period

Nutrient Loads
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Table D. 7.  Summary of event average NH4-N, NO3-N, and TKN concentrations (mg/L) 
for WS5 (Thinning) for each event in the calibration and treatment periods 
and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* pH NH4-N NO3-N TKN
Days # mg/L mg/L mg/L

2000 70-105 1 WS5 C 3.8 0.12 1.51 1.38
2000 106-130 2 WS5 C 3.8 0.20 1.59 2.05
2000 247-276 3 WS5 C
2000 347-355 4 WS5 C 3.7 0.32 2.75 2.04
2000 1-24 5 WS5 C 3.6 0.26 0.57 2.07
2000 25-44 6 WS5 C 3.6 0.26 0.57 2.07
2000 50-55 7 WS5 C 3.6 0.57 0.26 2.07
2001 56-61 8 WS5 C 3.6 0.51 0.65 2.08
2001 62-71 9 WS5 C 3.6 0.35 0.99 1.98
2001 72-78 10 WS5 C 3.5 0.25 0.36 1.79
2001 79-97 11 WS5 C 3.5 0.25 0.36 1.79
2001 157-164 12 WS5 T 3.4 0.31 1.80 2.52
2001 165-174 13 WS5 T 3.5 0.27 1.72 2.44
2001 175-181 14 WS5 T 3.6 0.15 1.02 1.82
2001 56-70 15 WS5 T 3.7 0.36 2.34 2.15
2001 71-75 16 WS5 T 3.7 0.07 1.59 2.17
2001 76-84 17 WS5 T 3.7 0.07 1.64 2.02
2002 85-93 18 WS5 T 3.7 0.07 1.66 1.94
2002 94-99 19 WS5 T 3.6 0.05 3.64 1.98
2002 100-109 20 WS5 T 3.9 0.06 1.24 1.82
2002 110-120 21 WS5 T 3.9 0.06 0.97 1.81
2002 241-248 22 WS5 T 3.8 0.07 0.07 1.35
2002 285-294 23 WS5 T 3.8 0.06 0.06 1.35
2002 303-308 24 WS5 T 3.6 0.09 0.24 2.05
2002 309-318 25 WS5 T 3.6 0.08 0.45 2.04
2002 319-337 26 WS5 T 3.6 0.06 1.52 1.92
2002 338-350 27 WS5 T 3.6 0.13 0.33 1.84
2002 351-365 28 WS5 T 3.7 0.04 0.05 1.58

*  C = Calibration Period; T = Treatment Period

Concentrations
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Table D. 8.  Summary of event NH4-N, NO3-N, and TKN loads (kg/ha) for WS5 

(Thinning) for each event, for the calibration period (2000-2001), for the 

treatment period (2001-2002) and for the entire study period, 2000-2002. 

Year Julian Event Watershed Period* NH4-N NO3-N TKN
Days # Kg/ha Kg/ha Kg/ha

2000 70-105 1 WS5 C 0.042 0.667 0.515
2000 106-130 2 WS5 C 0.072 1.152 0.836
2000 247-276 3 WS5 C
2000 347-355 4 WS5 C 0.007 0.090 0.038
2000 1-24 5 WS5 C 0.000 0.000 0.001
2000 25-44 6 WS5 C 0.000 0.000 0.001
2000 50-55 7 WS5 C 0.007 0.003 0.026
2001 56-61 8 WS5 C 0.028 0.032 0.111
2001 62-71 9 WS5 C 0.032 0.104 0.173
2001 72-78 10 WS5 C 0.001 0.001 0.006
2001 79-97 11 WS5 C 0.002 0.003 0.015
2001 157-164 12 WS5 T 0.004 0.021 0.029
2001 165-174 13 WS5 T 0.035 0.220 0.299
2001 175-181 14 WS5 T 0.003 0.020 0.036
2001 56-70 15 WS5 T 0.021 0.579 0.387
2001 71-75 16 WS5 T 0.007 0.150 0.204
2001 76-84 17 WS5 T 0.008 0.200 0.246
2002 85-93 18 WS5 T 0.027 0.817 0.821
2002 94-99 19 WS5 T 0.013 1.033 0.563
2002 100-109 20 WS5 T 0.005 0.122 0.155
2002 110-120 21 WS5 T 0.000 0.005 0.009
2002 241-248 22 WS5 T 0.000 0.000 0.000
2002 285-294 23 WS5 T 0.000 0.000 0.000
2002 303-308 24 WS5 T 0.001 0.002 0.017
2002 309-318 25 WS5 T 0.026 0.276 0.754
2002 319-337 26 WS5 T 0.010 1.385 1.246
2002 338-350 27 WS5 T 0.051 0.132 0.742
2002 351-365 28 WS5 T 0.007 0.010 0.284

2000-2001 WS5 C 0.19 2.05 1.72
2001-2002 WS5 T 0.22 4.97 5.79
2000-2002 WS5 Overall 0.41 7.03 7.52

*  C = Calibration Period; T = Treatment Period

Nutrient Loads
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Determination of “field effective” Soil Property Values 

INTRODUCTION 

DRAINMOD is a field scale water management model which was originally 

developed for design and evaluation of agricultural water table management systems 

(Skaggs, 1982).  DRAINMOD has gained worldwide acceptance as a quasi two-

dimensional model, which predicts soil water hydrologic variables on poorly drained 

soils.  Water management systems simulated by DRAINMOD include components of 

surface drainage, subsurface drainage, subirrigation, and sprinkler irrigation. The model 

is based on an hourly water balance of a unit surface area of soil located at the midpoint 

between adjacent drains extending from the surface to the impermeable layer. 

Modeling the hydrology of a site using computer models require an accurate 

assessment of the characteristics of the site under consideration.  Among the most 

difficult parameters to quantify in modeling attempts are soil property data.  Soils vary 

spatially in texture, structure, depth of horizons, and macropores, which can lead to a 

large variation in soil physical properties.  Large variations are generally found in soil 

property data due to the fact that sampling points only represent small portions of site 

under consideration.  Field variability is the most perplexing problem in modeling system 

performance using computer models.   

Hydraulic conductivity is an important soil property required to model the hydrology 

of a field.  The hydraulic conductivity is modeled as homogenous layers in the soil 

profile.  We know that the hydraulic conductivity is highly variable in an area as small as 

a square meter.  Hydraulic conductivity measurements based on soil cores only 

represent a fraction of highly variable field conditions.  Soil core samples only represent 



 

a small volume of soil at the point where the sample was taken.  Another popular 

hydraulic conductivity measurement technique is the auger hole test, which represents 

a much larger area than a core but still only represents a few square meters of the field.  

Often hydraulic conductivity measurements fail to accurately describe the field 

conditions.  

METHODS 

Volume Drained  

The procedure to determine volume drained involved performing a mass balance 

for rainfall events for the system as the water table changes from time T1 to time T2 

(shown in Figure E.1.).   

Water
TableT1T2

T3m3m2

m1

Water
TableT1T2

T3m3m2

m1

 

Figure E. 1.  Water table profile as the water table recedes during a drainage event. 
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The mass balance is given as: 

∆Va = D +ET - R 

where R is rainfall during the time period, D is the system drainage during the 

time period, ET is evapotranspiration losses, and Va is the volume drained during the 

time period.  Periods during and surrounding rain events were used in volume drained 

determinations because ET were minimized (reduced solar radiation and evaporation) 

during these periods.  The deep seepage term in the volume-drained equation was also 

excluded in this determination.  That is, deep seepage was assumed negligible.  The 

equation can also be expressed in terms of system flux and drainable porosity and is 

given by: 

ƒ∆WTD = q∆t - R 

or 

ƒ = R - q∆t / ∆WTD 

where ƒ is the drainable porosity, q is the system flux (cm/hr), ∆t  is change in time (T2 - 

T1) and ∆WTD is the incremental change in water table depth at the midpoint from time, 

T1, to time, T2 (illustrated in Figure E.1).   

In determining volume drained using the above relationships, a linear relationship 

is assumed (i.e. the hydraulic gradient above the water table is zero) and the 

unsaturated zone is drained to equilibrium with the water table at all times.  The 

assumption that the water content distribution at any time is similar to the distribution if 

the water table was stationery and the profile drained to equilibrium has been presented 

as valid by theoretical investigations (Skaggs and Tang 1976; Tang and Skaggs 1978).  

However, representing the water table profile as linear has a degree of error associated 



 

with the volume estimates as the water table recedes (development of the elliptical 

water table profile).  Under ponded surface conditions, there is a lag time (period before 

midpoint water table begins to recede) associated with midpoint water table change.  

Water stored (bank storage) in the initially flat water table drains first before the midpoint 

water table recedes as the water table takes on the ellipitical shape seen in Figures E.2-

6.  Drainage volumes can be underestimated by neglecting lag time and bank storage 

effects (McCarthy and Skaggs 1991).  Drainable porosities determined from the 

drainage rate and water table depth measurements in the relationships above can be 

underestimated due to the differences in the volume drained as the midpoint water table 

recedes under the condition presented in Figure E.2 (a) is less than that presented in 

Figure E.2 (b).   
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Figure E. 2.  Diagram of theoretical elliptical water table profile during a drainage event 
(a) and water table profile represented in the mass balance equations (b) 
based on assumptions in the mass balance. 
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The elliptical water table profile was observed from the watersheds in this 

investigation based on water table measurements at in the lateral ditch, 1-meter from 

the lateral ditch, 3-meters from the lateral ditch, and 50-meters from the lateral ditch 

(midpoint measurement).  Water table profile data are presented for WS5 watershed for 

four senarios: winter high water table condition (Figure E.3), winter low water table 

condition (Figure E.4), summer high water table condition (Figure E.5), and summer low 

water table conditions (Figure E.6). 
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Figure E. 3.  Water table profile for a winter high water table event.  Elliptical profile is 
sketched in consistent with drainage theory. 
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Figure E. 4.  Water table profile for a winter low water table event.  Elliptical profile is 
sketched in consistent with drainage theory. 
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Figure E. 5. Water table profile for a summer high water table event.  Elliptical profile is 
sketched in consistent with drainage theory. 
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Figure E. 6.  Water table profile for a summer high water table event.  Elliptical profile is 
sketched in consistent with drainage theory. 

 

Volume drained relationships based on water table and outflow measurements 

were determined and presented in an example spreadsheet (Table E.1).  The 

relationships between volume drained and change in water table depth for WS2 and 

WS5 over the 3-year study period are given in Figures E.7 – E.10.  Volume drained 

relationships for WS2 and WS5 were developed over a relatively narrow range of water 

table depths (45-85 cm).  The drainable porosity from the soil surface to a depth of 45 

cm was assumed linear, i.e. assumed to have the same porosity as the 45-85 cm range 

that the relationships characterize.  However, based on the relationships developed 
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from soil water characteristics the relationship between water table depths of 0 and 45 

cm is likely not linear and porosity closer to the soil surface are similar to those 

presented based on soil water characteristics.     
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Figure E. 7.  WS2 volume drained and water table depth relationships developed based 
on soil water characteristics (WS2_Core) and outflow and water table 
measurements (WS2_Field). 
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Figure E. 8.  WS5 volume drained and water table depth relationships developed based 
on soil water characteristics (WS5_Prethinned_Core and 
WS5_Thinned_Core) and outflow and water table measurements 
(WS5_Prethinned_Field and WS5_Thinned_Field). 

 
Volume drained values determine from soil water characteristics in Chapter 1 

were similar to those determined from field measurements to a depth of 40 cm; however 

field effective volume drained was 5 cm less than drained volumes determined from soil 

water characteristics at a water table depth of 85 cm.  Volume drained for WS2 and 

WS5 based on relationships developed here give drainable porosities of 0.14, 0.16, and 

0.14 for WS2, pre-thinned WS5, and post-thinned WS5, respectively.  Drainable 

porosities developed based on soil cores (Chapter 1, Figure 9) were 0.21 and 0.15 for 

  272



 

WS2 water table depth less than and greater than 60 cm (average of 0.18), 

respectively.  WS5 drainable porosities based on soil cores were 0.15 and 0.10 for 

water table depths less than and greater than 60 cm (average of 0.13), respectively.   
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Figure E. 9.  Relationship of field effective volume drained and change in water table 
depth from WS2 over the 3-year study period (2000-2002).  Field effective 
volume drained computed from measured water table drawdown 
relationship. 
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Figure E. 10. Relationship of field effective volume drained and change in water table 
depth from WS5 over the 3-year study period (2000-2002).  Field effective 
volume drained computed from measured water table drawdown 
relationship. 

 

  274



 

Table E. 1. Example spreadsheet used to determine drainable porosity (f) and volume 
drained relationships for WS2 and WS5 over the 3-year (2000-2002) study 
period. 

1-meter 3-meter
Ditch Well Well Average

Year Day Water Water Water Mid-point m de Drainage R
Level Level Level WTD ∆ Time Flux Rainfall del m f Va
cm cm cm cm cm cm hr cm/hr cm cm cm

2002 61.58 87 84 80 73 15 160
14.2 0.015 6.3 13 0.14 6.1

2002 62.17 59 52 51 30 28 188

2002 72.08 70 63 63 53 17 177
10.1 0.007 2.1 7 0.16 2.0

2002 72.50 63 57 57 40 24 184

2002 72.63 62 57 56 39 23 185
4.8 0.013 0.3 0 0.24 0.2

2002 72.83 61 56 55 38 23 186

2002 76.42 67 61 61 50 18 180
8.9 0.004 0.5 0 0.23 0.5

2002 76.79 66 61 60 48 18 181

2002 79.42 68 61 62 51 17 179
3.8 0.005 0.4 1 0.19 0.4

2002 79.58 68 61 61 49 18 179

2002 80.25 67 61 61 49 18 180
10.1 0.005 0.9 4 0.14 0.9

2002 80.67 65 58 58 43 22 182

2002 85.42 69 58 60 54 15 178
5.0 0.006 1.9 10 0.12 1.9

2002 85.63 64 57 57 38 25 183

2002 86.04 62 55 55 38 23 185
10.1 0.024 2.1 3 0.17 1.9

2002 86.46 53 50 49 27 26 194

2002 89.67 64 58 58 44 20 183
8.9 0.010 0.5 2 0.21 0.4

2002 90.04 64 58 58 42 22 183

2002 90.88 64 54 54 42 22 183
7.0 0.025 2.2 6 0.12 2.0

2002 91.17 53 49 47 25 28 194

2002 93.79 63 57 57 40 23 184
4.1 0.027 1.9 7 0.11 1.8

2002 93.96 54 50 48 24 30 193  
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The two methods used to develop volume drained relationships have their 

limitations.  The volume drained relationships developed from soil cores, as discussed 

in the field effective input parameters section, can misrepresent the site due to spatial 

variability of the soil medium.  However, determinations of volume drained relationships 

by this using observed drainage and water table response relationships are also limited 

by the drainage system characteristics.  That is, drained volumes due to changes in 

water table depth can only be determined when the water table depth is above the ditch 

depth in (in this case 85 cm below ground surface elevation).  The water table for both 

WS2 and WS5 ranged between 45 and 85 cm below average ground surface elevation 

during drainage events.  This limits the utility of developed relationships at depths 

shallower or deeper than the range given above. 

 

Saturated Hydraulic Conductivity 

 
Field effective hydraulic conductivity values were determined using observed data 

from WS2 and WS5 during the study period.  Determination of field effective values for 

hydraulic conductivity involved back calculation using water table and flow rate 

measurements from WS2 and WS5.  The water table and flow measurements can be 

used to determine field effective hydraulic conductivity using the following equation 

derived by Hooghoudt:  

q = 8Kde m + 4 K m2 / L2

or 

K = q L2 / 4 m (2d + m) 
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where q is the flux (cm/h), de is the equivalent depth of the impermeable layer below the 

depth of the parallel drains (cm) (for ditches, de is the equivalent depth below the water 

surface in the ditches), L is the distance between parallel drains (cm), K is the effective 

lateral hydraulic conductivity (cm/h), and m is the height of the water table above the 

water in the parallel drains at the point midway between the drains (cm).  The water 

table profile characterized by the above equation has an elliptical shape as shown in 

Figure E.1.  In calculating hydraulic conductivity from water table and outflow 

measurements by this method, it is assumed that ET is negligible and steady state 

conditions exists, i.e. that the system changes slowly.  The application of using field 

measurements in the determination of field effective hydraulic conductivity relationships 

have been presented as valid for similar field scale drainage systems during periods of 

low ET (late fall and winter months in North Carolina) (Skaggs1976).  ET losses can 

cause overestimation of hydraulic conductivity relationships, which can be magnified by 

the extent of losses and the distance of the observation point from the lateral ditch 

(Skaggs 1976).  Minimizing the effect of ET on field effective values required 

concentrating calculations during fall and winter periods and/or during rainfall events.  

The typical water table profiles in which field effective hydraulic conductivity 

determinations were made are presented for winter and summer events E.3 – E.6. 

Field effective values for hydraulic conductivity were determined for the Parker 

Tract Field D2 near Plymouth, NC.  Three years of hydrology information (precipitation, 

water table depth, and flow rate) were collected from 2000 – 2002.  Graphical 

representation of this information is provided (Figures 32 – 37).  An example 

spreadsheet with the format of components used in the determination of field effective 
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hydraulic conductivity is given in Table E.2.  The water table depth versus field effective 

hydraulic conductivity relationships were plotted for the unthinned condition and thinned 

condition over the study period (Figure E.11).  Based on the field effective saturated 

hydraulic conductivity values represented in Figure E.11, the saturated hydraulic 

conductivity of the 0-80 cm layer for the unthinned and thinned condition were 

determined assuming the conductivity values obtained from soil cores in the deeper 

layers.  The conductivity above the range of flow measurements (0-40 cm for the 

unthinned condition and 0-30 cm for the thinned condition) were assumed similar to 

values in the adjacent layer (40-50 cm for the unthinned condition and 30-40 for the 

thinned condition) (Table E.3).  These assumptions are supported by: (1) the flow range 

is concentrated in the top 40-80 cm of the soil profile as presented in Figure E.11 and 

(2) results of hydraulic conductivity analysis in Chapter 1 indicated no differences in 

cores taken at the 5-15 cm and 30-45 cm depths.   



 

Table E. 2.  Example spreadsheet used to determine saturated hydraulic conductivity (K) 
for unthinned condition over the 3-year (2000-2002) study period. 

Ditch
Mid-point Water Drainage Approx.

Year Day WTD Level m de Flux ET Ke
(cm) (cm) (cm) (cm) (cm/hr) (cm/hr) (cm/hr)

2001 52.04 59 68 9 179 0.004 0.000 30
2001 52.08 59 68 8 179 0.004 0.000 34
2001 52.13 59 68 9 179 0.004 0.000 30
2001 52.17 59 68 9 179 0.004 0.000 30
2001 52.21 59 68 9 179 0.004 0.000 30
2001 52.25 59 68 9 179 0.004 0.000 31
2001 52.29 59 68 9 179 0.004 0.000 31
2001 52.33 59 68 9 179 0.004 0.000 31
2001 52.38 59 68 9 179 0.004 0.000 31
2001 52.42 59 68 9 179 0.004 0.000 30
2001 52.46 60 68 8 179 0.004 0.000 34
2001 52.50 60 68 8 179 0.004 0.000 33
2001 52.54 61 68 7 179 0.004 0.000 38
2001 52.58 61 68 7 179 0.004 0.000 38
2001 52.63 61 68 7 179 0.004 0.000 34
2001 52.67 61 68 7 179 0.004 0.000 34
2001 52.71 60 68 8 179 0.004 0.000 32
2001 52.75 60 68 8 179 0.004 0.000 32
2001 52.79 60 68 8 179 0.004 0.000 32
2001 52.83 60 69 9 178 0.004 0.000 29
2001 52.88 60 69 9 178 0.004 0.000 30
2001 52.92 61 69 8 178 0.004 0.000 33
2001 52.96 60 69 9 178 0.004 0.000 30
2001 53.00 61 69 8 178 0.004 0.000 37
2002 61.58 73 87 15 160 0.000 0.000 1
2002 62.17 30 59 28 188 0.030 0.000 65
2002 72.08 53 70 17 177 0.002 0.000 6
2002 72.50 40 63 24 184 0.012 0.000 31
2002 72.63 39 62 23 185 0.013 0.000 35
2002 72.83 38 61 23 186 0.014 0.000 39
2002 76.42 50 67 18 180 0.005 0.000 18
2002 76.79 48 66 18 181 0.004 0.000 14
2002 79.42 51 68 17 179 0.005 0.000 18
2002 79.58 49 68 18 179 0.005 0.000 17
2002 80.67 43 65 22 182 0.006 0.000 17
2002 85.42 54 69 15 178 0.004 0.000 17
2002 85.63 38 64 25 183 0.009 0.000 22
2002 86.04 38 62 23 185 0.013 0.000 35
2002 86.46 27 53 26 194 0.035 0.000 82  
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Unthinned_Ke = -4.84*WTD + 379

R2 = 0.76

Thinned_Ke = -2.28*WTD + 134

R2 = 0.89
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Figure E. 11.  Relationship of observed water table depth and computed field effective K 
for the unthinned condition and for the thinned condition.  Field effective K 
computed from water table and outflow measurements. 

 

The saturated hydraulic conductivity of the 0-80 cm layer is estimated at 840 

cm/hr and 500 cm/hr based on the field measurements for the unthinned and thinned 

condition, respectively.  These values are much greater than values obtained from soil 

cores and the auger-hole method which had mean conductivities of 100 and 80 cm/hr 

for unthinned condition, respectively.  Saturated hydraulic conductivities for the thinned 

condition were 32 and 17 cm/hr based on soil cores and the auger-hole method, 
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respectively.  The saturated hydraulic conductivities determined from these field 

measurements are also greater than values reported for similar soils in the Tidewater 

region which had values similar to those determined from soil cores in Chapter 1 

(Broadhead and Skaggs 1989).  The upper limit of saturated hydraulic conductivity 

values determined from soil cores by the constant head method and the auger-hole 

method was 500 and 170 cm/hr for these watersheds, respectively.  The field effective 

saturated hydraulic conductivity for the unthinned watershed is likely in the range 

determined from soil cores by the constant head method (4 to 500 cm/hr) and the auger 

hole method (2 – 170 cm/hr). 

The differences between the field-based saturated hydraulic conductivity values 

and the other two methods used (constant head method and auger-hole method) may 

be a result of heterogeneity of soils discussed in Chapter 3 (field effective input 

parameters section) or overestimations in the field effective results.  Both these factors 

likely contributed to the observed differences in methods; however, the values 

determined from the auger-hole method and constant head method are similar (within 

20 percent).  The field based values may be overestimated due to the influence of ET 

(or deep seepage) which was assumed negligible in determining field effective 

saturated hydraulic conductivities from field measurement as discussed earlier.  Skaggs 

(1976) presented vertical losses (ET and deep seepage) as components that can cause 

significant overestimation errors in determinations from these field based measures.  ET 

losses in the determinations made here was negligible; however ET losses may have 

been greater than approximated during the periods.  The errors created by ET losses 

would likely result higher hydraulic conductivities as seen in these calculations.  



 

The field effective saturated hydraulic conductivity values determined from water 

table and outflow measurements are likely significantly overestimated (2 to 8 fold) 

based on results from conductivities from the constant head method and the auger-hole 

method.  However, field effective values were used as an alternative to the model 

described in Chapter 3 to evaluate the effect of using (overestimated) field effective 

values described here in lieu of values in the range of estimates from the soil cores and 

auger holes.  Model predictions using field effective values discussed above are 

presented in Figures E.12 and E.13.   
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. Observed and predicted WS2 cumulative outflow, daily outflow, 
and daily water table depth during the study period.  
Predictions based on field effective volume drained and 
saturated hydraulic conductivity relationships. 
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. Observed and predicted WS5 cumulative outflow, daily outflow, 
and daily water table depth during the study period.  Predictions 
based on field effective volume drained and saturated hydraulic 
conductivity relationships. 
d cumulative outflow based on field effective relationships was 268 and 

S2 and WS5, respectively.  This represents a 19 percent underprediction 

 percent underprediction for WS2 during the 3-year study period based 

s determined from the field effective analysis.  The difference between 

observed outflow was greater during 2000 and 2001 for WS2.  For 

 was a 35 percent underprediction in WS2 outflow during 2000 and no 
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flow was predicted during 2001when 20 mm of outflow was observed.  During the last 

120 days of 2002, WS2 outflow was overpredicted by 30 percent as a result of the 

storms in late fall of 2002.  WS5 outflow predictions were in better agreement over the 

study period in comparison to WS2 predictions based on field effective inputs.  There 

was an 8 percent underprediction in WS5 cumulative outflow over the 3-year period.  

However, in contrast to the model presented in Chapter 3, peak daily outflows for WS5 

were in closer agreement over the study period.  In fact, following thinning predicted 

peak outflows were similar to observed peak outflows for WS5. 

Field effective inputs resulted in reasonable predictions for daily and cumulative 

outflow for both watersheds.  However, the effect of the high saturated hydraulic 

conductivity values determined using outflow and water table depth measurements is 

evident in Figures E.12 and E.13.  The water table remains deeper on the watersheds 

throughout the 3-year period.  Predicted water table depths were seldom as close to the 

surface as observed during the period during outflow events.  Observed water table 

depths were 20 cm closer to the surface than predicted during the primary flow season.  

This effect was more pronounced on WS5 during the primary flow season.  The 

observed water table depth remained closer to the surface for longer periods during the 

primary flow season than predicted.    

Based on saturated hydraulic conductivity values determined by the constant 

head and auger-hole methods, the field effective conductivity values were presented as 

likely overestimated as discussed earlier.   The predictions using the field effective 

saturated hydraulic conductivities presented here appear to support this assumption.  

The saturated hydraulic conductivity values determined as field effective values resulted 
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in a much deeper water table for the majority of the study period for both watersheds.  

The saturated hydraulic conductivity of the surface soil layer lies between the values 

determined from the small scale tests (constant head and auger-hole methods) and the 

field effective values presented.  However, the values are likely closer to the first than 

the latter.  Due to this large variation in the saturated hydraulic conductivity values from 

the different methods, saturated hydraulic conductivity was a critical calibration 

parameter in this modeling effort. 
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APPENDIX 7 
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******************************************************************************* 
 
                              D R A I N M O D  5.1                
 
                Copyright 1980-99 North Carolina State University 
                             LAST UPDATE: SEPT 1999               
                               LANGUAGE FORTRAN 77/90             
 
            DRAINMOD IS A FIELD-SCALE HYDROLOGIC MODEL DEVELOPED FOR 
            THE DESIGN OF SUBSURFACE DRAINAGE SYSTEMS. THE MODEL WAS 
            DEVELOPED BY RESEARCHERS AT THE DEPT. OF BIOLOGICAL AND 
            AGRICULTURAL ENGINEERING, NORTH CAROLINA STATE UNIVERSITY 
            UNDER THE DIRECTION OF R. W. SKAGGS. 
 
******************************************************************************* 
 
 
 
 DATA READ FROM INPUT FILE: C:\Drainmod51\inputs\ParkerD2.prj                
 Cream selector (0=no, 1=yes) =  0 
 
                         TITLE OF RUN 
                         ************ 
 
 
 Parker Tract Watershed D2 (WS2), Conventional Drainage,  Parker BelhavenA Soil   
 PLYMOUTH,NC WEATHER DATA  96-02  -- (unthinned) Loblolly Pine                    
 
 
 
                        CLIMATE INPUTS 
                        ******* ****** 
 
      DESCRIPTION                               (VARIABLE)     VALUE   UNIT 
 ------------------------------------------------------------------------------- 
 FILE FOR RAINDATA ..............C:\DRAINMOD51\WEATHER\R69602.RAI                 
 FILE FOR TEMPERATURE/PET DATA ..C:\DRAINMOD51\WEATHER\PK9902F.TEM                
 RAINFALL STATION NUMBER..........................(RAINID)     320006 
 TEMPERATURE/PET STATION NUMBER...................(TEMPID)         42 
 STARTING YEAR OF SIMULATION..................(START YEAR)       1999   YEAR 
 STARTING MONTH OF SIMULATION................(START MONTH)          1   MONTH 
 ENDING YEAR OF SIMULATION......................(END YEAR)       2002   YEAR 
 ENDING MONTH OF SIMULATION....................(END MONTH)         12   MONTH 
 TEMPERATURE STATION LATITUDE...................(TEMP LAT)      35.43   DEG.MIN 
 HEAT INDEX..........................................(HID)      76.00 
 
 
 
 ET MULTIPLICATION FACTOR FOR EACH MONTH 
    6.99  4.61  2.38  1.50  1.51  1.15  1.09  1.13  1.17  2.23  3.50  3.55 
 
 
                                DRAINAGE SYSTEM DESIGN 
                                 ********************** 
 
                               *** CONVENTIONAL DRAINAGE *** 
 
          JOB TITLE: 
 
                   Parker Tract Watershed D2 (WS2), Conventional Drainage,  Par 
                   PLYMOUTH,NC WEATHER DATA  96-02  -- (unthinned) Loblolly Pin 
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                    STMAX =15.00 CM                   SOIL SURFACE 
+         __/)____________________________________________________________/)__ 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
           ADEPTH =250. CM                                   DDRAIN = 85. CM 
                :                                                   : 
                :                                                   : 
                :     O-------------SDRAIN =10000. CM -----------O  - 
                :     *                                             : 
                : EFFRAD =**** CM                                   : 
                :                                            HDRAIN =163. CM 
                :                                                   : 
                :                                                   : 
          - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
                : 
                : 
                : 
                :                                    IMPERMEABLE LAYER 
+         ___________________________________________________________________ 
          /////////////////////////////////////////////////////////////////// 
 
 
 
                      DEPTH      SATURATED HYDRAULIC CONDUCTIVITY 
                      (CM)                    (CM/HR) 
 
                     .0 -   80.0             170.000 
                   80.0 -  114.0               5.000 
                  114.0 -  163.0               4.000 
                  163.0 -  250.0                .500 
 
 
 
 DEPTH TO DRAIN =  85.0 CM 
 EFFECTIVE DEPTH FROM DRAIN TO IMPERMEABLE LAYER = 162.8 CM 
 DISTANCE BETWEEN DRAINS = 10000.0 CM 
 MAXIMUM DEPTH OF SURFACE PONDING = 15.00 CM 
 EFFECTIVE DEPTH TO IMPERMEABLE LAYER =  247.8 CM 
 DRAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET) =  2.50 CM/DAY 
 MAXIMUM PUMPING CAPACITY (SUBIRRIGATION MODE) =   2.50 CM/DAY 
 ACTUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER = 250.0 CM 
 SURFACE STORAGE THAT MUST BE FILLED BEFORE WATER 
   CAN MOVE TO DRAIN =30.00 CM 
 FACTOR -G- IN KIRKHAM EQ. 2-17 = 3.21 
   
   *** SEEPAGE LOSS INPUTS *** 
   
    No seepage due to field slope  
   
    No seepage due to vertical deep seepage  
   
    No seepage due to lateral deep seepage  
   
  *** end of seepage inputs *** 
 
 WIDTH OF DITCH BOTTOM = 300.0 CM 
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 SIDE SLOPE OF DITCH (HORIZ:VERT) =   .30 : 1.00 
 
 INITIAL WATER TABLE DEPTH =  87.0 CM 
 
 
     DEPTH OF WEIR FROM THE SURFACE 
     ------------------------------ 
 DATE         1/  1   2/  1   3/  1   4/  1   5/  1   6/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 DATE         7/  1   8/  1   9/  1   10/  1  11/  1  12/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 
 
                                   SOIL INPUTS 
                                   *********** 
 
 
 
                                     TABLE 1 
 
                                  DRAINAGE TABLE 
                          VOID VOLUME   WATER TABLE DEPTH 
                              (CM)             (CM) 
                                .0               .0 
                               1.0             14.3 
                               2.0             20.4 
                               3.0             25.4 
                               4.0             30.0 
                               5.0             34.4 
                               6.0             38.5 
                               7.0             42.5 
                               8.0             46.4 
                               9.0             50.1 
                              10.0             53.9 
                              11.0             57.6 
                              12.0             61.5 
                              13.0             65.6 
                              14.0             69.7 
                              15.0             73.8 
                              16.0             78.3 
                              17.0             83.0 
                              18.0             87.7 
                              19.0            101.2 
                              20.0            113.7 
                              21.0            124.0 
                              22.0            132.1 
                              23.0            140.2 
                              24.0            148.3 
                              25.0            176.5 
                              26.0            179.4 
                              27.0            182.3 
                              28.0            185.2 
                              29.0            188.1 
                              30.0            191.1 
                              35.0            213.9 
                              40.0            249.7 
                              45.0            285.4 
                              50.0            321.2 
                              60.0            392.7 
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                              70.0            464.2 
                              80.0            600.0 
                              90.0            800.0 
1                                    TABLE 2 
 
              SOIL WATER CHARACTERISTIC VS VOID VOLUME VS UPFLUX 
 
                HEAD      WATER CONTENT   VOID VOLUME     UPFLUX 
                (CM)        (CM/CM)           (CM)        (CM/HR) 
                  .0          .7160            .00          .5000 
                10.0          .6240            .52          .5000 
                20.0          .5250           1.93          .3635 
                30.0          .4940           3.99          .1366 
                40.0          .4640           6.36          .0723 
                50.0          .4525           8.97          .0438 
                60.0          .4410          11.63          .0239 
                70.0          .4295          14.07          .0160 
                80.0          .4180          16.36          .0102 
                90.0          .4100          18.50          .0067 
               100.0          .4020          18.90          .0038 
               110.0          .3975          19.70          .0030 
               120.0          .3930          20.50          .0023 
               130.0          .3885          21.74          .0019 
               140.0          .3840          22.98          .0014 
               150.0          .3818          24.21          .0010 
               160.0          .3797          24.33          .0008 
               170.0          .3775          24.44          .0006 
               180.0          .3753          26.21          .0004 
               190.0          .3732          29.63          .0003 
               200.0          .3710          33.06          .0001 
               210.0          .3698          34.45          .0001 
               220.0          .3686          35.85          .0001 
               230.0          .3674          37.25          .0001 
               240.0          .3662          38.65          .0001 
               250.0          .3650          40.05          .0001 
               260.0          .3638          41.44          .0001 
               270.0          .3626          42.84          .0001 
               280.0          .3614          44.24          .0001 
               290.0          .3602          45.64          .0001 
               300.0          .3590          47.04          .0001 
               350.0          .3562          54.03          .0000 
               400.0          .3535          61.02          .0000 
               450.0          .3507          68.01          .0000 
               500.0          .3480          75.00          .0000 
               600.0          .3504          80.00          .0000 
               700.0          .3528          85.00          .0000 
               800.0          .3552          90.00          .0000 
               900.0          .3576          95.00          .0000 
 
 
 
                   GREEN AMPT INFILTRATION PARAMETERS 
                      W.T.D.         A         B 
                       (CM)        (CM)      (CM) 
                        .000       .000     80.000 
                      10.000     12.760     80.000 
                      20.000     26.200     80.000 
                      40.000     34.540     80.000 
                      60.000     37.850     80.000 
                      80.000     40.930     80.000 
                     100.000     43.040     80.000 
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                     150.000     48.170     80.000 
                     200.000     48.170     80.000 
                    1000.000     48.170     80.000 
 
                               TRAFFICABILITY 
                               ************** 
 
                                                             FIRST       SECOND 
    REQUIREMENTS                                             PERIOD      PERIOD 
       -MINIMUM AIR VOLUME IN SOIL (CM):                      3.90        3.90 
       -MAXIMUM ALLOWABLE DAILY RAINFALL(CM):                 1.20        1.20 
       -MINIMUM TIME AFTER RAIN BEFORE TILLING CAN CONTINUE:  2.00        2.00 
 
    WORKING TIMES  
       -DATE TO BEGIN COUNTING WORK DAYS:                     4/ 1       12/32 
       -DATE TO STOP COUNTING WORK DAYS:                      5/ 1       12/32 
       -FIRST WORK HOUR OF THE DAY:                            8           8 
       -LAST WORK HOUR OF THE DAY:                            20          20 
 
 
 
                                    CROP 
                                    **** 
 
 SOIL MOISTURE AT  WILTING POINT =    .50 
 
 HIGH WATER STRESS:  BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
                     CROP IS IN STRESS WHEN WATER TABLE IS ABOVE  40.0 CM 
 
 DROUGHT STRESS:     BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
 
 
 
 
                              MO   DAY   ROOTING DEPTH(CM) 
                               1    1        40.0 
                              12   31        40.0 
 
 
 
                              WASTEWATER IRRIGATION 
                              ********************* 
 
 
     NO WASTEWATER IRRIGATION SCHEDULED: 
     ----------------------------------- 
 
 
   ***** No Wetlands Criteria ****** 
 
 
Fixed Monthly Pet Values 
 
    1  .00    2  .00    3  .00    4  .00    5  .00    6  .00    7  .00    8  .00    9  
.00   10  .00   11  .00   12  .00 
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   Mrank indicator =  1 
 
 
 
 
 ****************************** END OF INPUTS ****************************** 
 
  ----------RUN STATISTICS ----------          time:  2/22/2004  @ 18:44 
 input file:   C:\Drainmod51\inputs\ParkerD2.prj                
 parameters:    free drainage              and yields not calculated  
 
               drain spacing =   10000. cm   drain depth =   85.0 cm 
------------------------------------------------------------------------ 
 
 FOR  4/2000, NUMBER DAYS MISSING TEMPERATURE=     1 
 
 FOR 12/2000, NUMBER DAYS MISSING TEMPERATURE=     2 
 
 
 
 
 
 
**> Computational Statistics       <** 
**> Start Computations    =1124.270 
**> End Computations      =1124.274 
**> Total simulation time =      .3 seconds. 
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******************************************************************************* 
 
                              D R A I N M O D  5.1                
 
                Copyright 1980-99 North Carolina State University 
                             LAST UPDATE: SEPT 1999               
                               LANGUAGE FORTRAN 77/90             
 
            DRAINMOD IS A FIELD-SCALE HYDROLOGIC MODEL DEVELOPED FOR 
            THE DESIGN OF SUBSURFACE DRAINAGE SYSTEMS. THE MODEL WAS 
            DEVELOPED BY RESEARCHERS AT THE DEPT. OF BIOLOGICAL AND 
            AGRICULTURAL ENGINEERING, NORTH CAROLINA STATE UNIVERSITY 
            UNDER THE DIRECTION OF R. W. SKAGGS. 
 
******************************************************************************* 
 
 
 
 DATA READ FROM INPUT FILE: C:\Drainmod51\inputs\ParkerD5.prj                
 Cream selector (0=no, 1=yes) =  0 
 
                         TITLE OF RUN 
                         ************ 
 
 
 Parker Tract D5 Watershed (WS5), Conventional Drainage,  Parker BelhavenB Soil   
 PLYMOUTH,NC WEATHER DATA  96-02  -- WS5 (unthinned) Loblolly Pine                
 
 
 
                        CLIMATE INPUTS 
                        ******* ****** 
 
      DESCRIPTION                               (VARIABLE)     VALUE   UNIT 
 ------------------------------------------------------------------------------- 
 FILE FOR RAINDATA ..............C:\DRAINMOD51\WEATHER\R69602.RAI                 
 FILE FOR TEMPERATURE/PET DATA ..C:\DRAINMOD51\WEATHER\PK9902F.TEM                
 RAINFALL STATION NUMBER..........................(RAINID)     320006 
 TEMPERATURE/PET STATION NUMBER...................(TEMPID)         42 
 STARTING YEAR OF SIMULATION..................(START YEAR)       1999   YEAR 
 STARTING MONTH OF SIMULATION................(START MONTH)          1   MONTH 
 ENDING YEAR OF SIMULATION......................(END YEAR)       2001   YEAR 
 ENDING MONTH OF SIMULATION....................(END MONTH)          4   MONTH 
 TEMPERATURE STATION LATITUDE...................(TEMP LAT)      35.43   DEG.MIN 
 HEAT INDEX..........................................(HID)      76.00 
 
 
 
 ET MULTIPLICATION FACTOR FOR EACH MONTH 
    1.94  2.32  2.09  1.73  1.23  1.02   .89   .84   .95  1.07  1.23  1.38 
 
 
                                DRAINAGE SYSTEM DESIGN 
                                 ********************** 
 
                               *** CONVENTIONAL DRAINAGE *** 
 
          JOB TITLE: 
 
                   Parker Tract D5 Watershed (WS5), Conventional Drainage,  Par 
                   PLYMOUTH,NC WEATHER DATA  96-02  -- WS5 (unthinned) Loblolly 
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                    STMAX =15.00 CM                   SOIL SURFACE 
+         __/)____________________________________________________________/)__ 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
           ADEPTH =250. CM                                   DDRAIN = 85. CM 
                :                                                   : 
                :                                                   : 
                :     O-------------SDRAIN =10000. CM -----------O  - 
                :     *                                             : 
                : EFFRAD =**** CM                                   : 
                :                                            HDRAIN =163. CM 
                :                                                   : 
                :                                                   : 
          - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
                : 
                : 
                : 
                :                                    IMPERMEABLE LAYER 
+         ___________________________________________________________________ 
          /////////////////////////////////////////////////////////////////// 
 
 
 
                      DEPTH      SATURATED HYDRAULIC CONDUCTIVITY 
                      (CM)                    (CM/HR) 
 
                     .0 -   80.0             170.000 
                   80.0 -  114.0               5.000 
                  114.0 -  163.0               3.000 
                  163.0 -  250.0                .500 
 
 
 
 DEPTH TO DRAIN =  85.0 CM 
 EFFECTIVE DEPTH FROM DRAIN TO IMPERMEABLE LAYER = 162.8 CM 
 DISTANCE BETWEEN DRAINS = 10000.0 CM 
 MAXIMUM DEPTH OF SURFACE PONDING = 15.00 CM 
 EFFECTIVE DEPTH TO IMPERMEABLE LAYER =  247.8 CM 
 DRAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET) =  2.50 CM/DAY 
 MAXIMUM PUMPING CAPACITY (SUBIRRIGATION MODE) =   2.50 CM/DAY 
 ACTUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER = 250.0 CM 
 SURFACE STORAGE THAT MUST BE FILLED BEFORE WATER 
   CAN MOVE TO DRAIN =30.00 CM 
 FACTOR -G- IN KIRKHAM EQ. 2-17 = 3.21 
   
   *** SEEPAGE LOSS INPUTS *** 
   
    No seepage due to field slope  
   
    No seepage due to vertical deep seepage  
   
    No seepage due to lateral deep seepage  
   
  *** end of seepage inputs *** 
 
 WIDTH OF DITCH BOTTOM = 300.0 CM 
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 SIDE SLOPE OF DITCH (HORIZ:VERT) =   .30 : 1.00 
 
 INITIAL WATER TABLE DEPTH =  62.0 CM 
 
 
     DEPTH OF WEIR FROM THE SURFACE 
     ------------------------------ 
 DATE         1/  1   2/  1   3/  1   4/  1   5/  1   6/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 DATE         7/  1   8/  1   9/  1   10/  1  11/  1  12/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 
 
                                   SOIL INPUTS 
                                   *********** 
 
 
 
                                     TABLE 1 
 
                                  DRAINAGE TABLE 
                          VOID VOLUME   WATER TABLE DEPTH 
                              (CM)             (CM) 
                                .0               .0 
                               1.0             14.3 
                               2.0             20.4 
                               3.0             25.4 
                               4.0             30.0 
                               5.0             34.4 
                               6.0             38.5 
                               7.0             42.5 
                               8.0             46.4 
                               9.0             50.1 
                              10.0             53.9 
                              11.0             57.6 
                              12.0             61.5 
                              13.0             65.6 
                              14.0             69.7 
                              15.0             73.8 
                              16.0             78.3 
                              17.0             83.0 
                              18.0             87.7 
                              19.0            101.2 
                              20.0            113.7 
                              21.0            124.0 
                              22.0            132.1 
                              23.0            140.2 
                              24.0            148.3 
                              25.0            176.5 
                              26.0            179.4 
                              27.0            182.3 
                              28.0            185.2 
                              29.0            188.1 
                              30.0            191.1 
                              35.0            213.9 
                              40.0            249.7 
                              45.0            285.4 
                              50.0            321.2 
                              60.0            392.7 
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                              70.0            464.2 
                              80.0            600.0 
                              90.0            800.0 
1                                    TABLE 2 
 
              SOIL WATER CHARACTERISTIC VS VOID VOLUME VS UPFLUX 
 
                HEAD      WATER CONTENT   VOID VOLUME     UPFLUX 
                (CM)        (CM/CM)           (CM)        (CM/HR) 
                  .0          .7160            .00          .5000 
                10.0          .6240            .52          .5000 
                20.0          .5250           1.93          .3635 
                30.0          .4940           3.99          .1366 
                40.0          .4640           6.36          .0723 
                50.0          .4525           8.97          .0438 
                60.0          .4410          11.63          .0239 
                70.0          .4295          14.07          .0160 
                80.0          .4180          16.36          .0102 
                90.0          .4100          18.50          .0067 
               100.0          .4020          18.90          .0038 
               110.0          .3975          19.70          .0030 
               120.0          .3930          20.50          .0023 
               130.0          .3885          21.74          .0019 
               140.0          .3840          22.98          .0014 
               150.0          .3818          24.21          .0010 
               160.0          .3797          24.33          .0008 
               170.0          .3775          24.44          .0006 
               180.0          .3753          26.21          .0004 
               190.0          .3732          29.63          .0003 
               200.0          .3710          33.06          .0001 
               210.0          .3698          34.45          .0001 
               220.0          .3686          35.85          .0001 
               230.0          .3674          37.25          .0001 
               240.0          .3662          38.65          .0001 
               250.0          .3650          40.05          .0001 
               260.0          .3638          41.44          .0001 
               270.0          .3626          42.84          .0001 
               280.0          .3614          44.24          .0001 
               290.0          .3602          45.64          .0001 
               300.0          .3590          47.04          .0001 
               350.0          .3562          54.03          .0000 
               400.0          .3535          61.02          .0000 
               450.0          .3507          68.01          .0000 
               500.0          .3480          75.00          .0000 
               600.0          .3504          80.00          .0000 
               700.0          .3528          85.00          .0000 
               800.0          .3552          90.00          .0000 
               900.0          .3576          95.00          .0000 
 
 
 
                   GREEN AMPT INFILTRATION PARAMETERS 
                      W.T.D.         A         B 
                       (CM)        (CM)      (CM) 
                        .000       .000     80.000 
                      10.000     12.760     80.000 
                      20.000     26.200     80.000 
                      40.000     34.540     80.000 
                      60.000     37.850     80.000 
                      80.000     40.930     80.000 
                     100.000     43.040     80.000 
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                     150.000     48.170     80.000 
                     200.000     48.170     80.000 
                    1000.000     48.170     80.000 
 
                               TRAFFICABILITY 
                               ************** 
 
                                                             FIRST       SECOND 
    REQUIREMENTS                                             PERIOD      PERIOD 
       -MINIMUM AIR VOLUME IN SOIL (CM):                      3.90        3.90 
       -MAXIMUM ALLOWABLE DAILY RAINFALL(CM):                 1.20        1.20 
       -MINIMUM TIME AFTER RAIN BEFORE TILLING CAN CONTINUE:  2.00        2.00 
 
    WORKING TIMES  
       -DATE TO BEGIN COUNTING WORK DAYS:                     4/ 1       12/32 
       -DATE TO STOP COUNTING WORK DAYS:                      5/ 1       12/32 
       -FIRST WORK HOUR OF THE DAY:                            8           8 
       -LAST WORK HOUR OF THE DAY:                            20          20 
 
 
 
                                    CROP 
                                    **** 
 
 SOIL MOISTURE AT  WILTING POINT =    .50 
 
 HIGH WATER STRESS:  BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
                     CROP IS IN STRESS WHEN WATER TABLE IS ABOVE  30.0 CM 
 
 DROUGHT STRESS:     BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
 
 
 
 
                              MO   DAY   ROOTING DEPTH(CM) 
                               1    1        40.0 
                              12   31        40.0 
 
 
 
                              WASTEWATER IRRIGATION 
                              ********************* 
 
 
     NO WASTEWATER IRRIGATION SCHEDULED: 
     ----------------------------------- 
 
 
   ***** No Wetlands Criteria ****** 
 
 
Fixed Monthly Pet Values 
 
    1  .00    2  .00    3  .00    4  .00    5  .00    6  .00    7  .00    8  .00    9  
.00   10  .00   11  .00   12  .00 
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   Mrank indicator =  1 
 
 
 
 
 ****************************** END OF INPUTS ****************************** 
 
  ----------RUN STATISTICS ----------          time:  2/22/2004  @ 18:36 
 input file:   C:\Drainmod51\inputs\ParkerD5.prj                
 parameters:    free drainage              and yields not calculated  
 
               drain spacing =   10000. cm   drain depth =   85.0 cm 
------------------------------------------------------------------------ 
 
 FOR  4/2000, NUMBER DAYS MISSING TEMPERATURE=     1 
 
 FOR 12/2000, NUMBER DAYS MISSING TEMPERATURE=     2 
 
 
 
 
 
 
**> Computational Statistics       <** 
**> Start Computations    =1116.464 
**> End Computations      =1116.467 
**> Total simulation time =      .2 seconds. 
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APPENDIX 9 
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******************************************************************************* 
 
                              D R A I N M O D  5.1                
 
                Copyright 1980-99 North Carolina State University 
                             LAST UPDATE: SEPT 1999               
                               LANGUAGE FORTRAN 77/90             
 
            DRAINMOD IS A FIELD-SCALE HYDROLOGIC MODEL DEVELOPED FOR 
            THE DESIGN OF SUBSURFACE DRAINAGE SYSTEMS. THE MODEL WAS 
            DEVELOPED BY RESEARCHERS AT THE DEPT. OF BIOLOGICAL AND 
            AGRICULTURAL ENGINEERING, NORTH CAROLINA STATE UNIVERSITY 
            UNDER THE DIRECTION OF R. W. SKAGGS. 
 
******************************************************************************* 
 
 
 
 DATA READ FROM INPUT FILE: C:\Drainmod51\inputs\ParkD5P.prj                 
 Cream selector (0=no, 1=yes) =  0 
 
                         TITLE OF RUN 
                         ************ 
 
 
 Parker Tract D5 Watershed (WS5), Conventional Drainage,  Parker BelhavenC Soil   
 PLYMOUTH,NC WEATHER DATA 96-02  --  Thinned Loblolly Pine.                       
 
 
 
                        CLIMATE INPUTS 
                        ******* ****** 
 
      DESCRIPTION                               (VARIABLE)     VALUE   UNIT 
 ------------------------------------------------------------------------------- 
 FILE FOR RAINDATA ..............C:\DRAINMOD51\WEATHER\R69602.RAI                 
 FILE FOR TEMPERATURE/PET DATA ..C:\DRAINMOD51\WEATHER\PK9902F.TEM                
 RAINFALL STATION NUMBER..........................(RAINID)     320006 
 TEMPERATURE/PET STATION NUMBER...................(TEMPID)         42 
 STARTING YEAR OF SIMULATION..................(START YEAR)       2001   YEAR 
 STARTING MONTH OF SIMULATION................(START MONTH)          1   MONTH 
 ENDING YEAR OF SIMULATION......................(END YEAR)       2002   YEAR 
 ENDING MONTH OF SIMULATION....................(END MONTH)         12   MONTH 
 TEMPERATURE STATION LATITUDE...................(TEMP LAT)      35.43   DEG.MIN 
 HEAT INDEX..........................................(HID)      76.00 
 
 
 
 ET MULTIPLICATION FACTOR FOR EACH MONTH 
    1.94  2.32  2.09  1.73  1.23  1.02   .89   .84   .95  1.07  1.23  1.38 
 
 
                                DRAINAGE SYSTEM DESIGN 
                                 ********************** 
 
                               *** CONVENTIONAL DRAINAGE *** 
 
          JOB TITLE: 
 
                   Parker Tract D5 Watershed (WS5), Conventional Drainage,  Par 
                   PLYMOUTH,NC WEATHER DATA 96-02  --  Thinned Loblolly Pine.   
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                    STMAX =15.00 CM                   SOIL SURFACE 
+         __/)____________________________________________________________/)__ 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
           ADEPTH =250. CM                                   DDRAIN = 85. CM 
                :                                                   : 
                :                                                   : 
                :     O-------------SDRAIN =10000. CM -----------O  - 
                :     *                                             : 
                : EFFRAD =**** CM                                   : 
                :                                            HDRAIN =163. CM 
                :                                                   : 
                :                                                   : 
          - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
                : 
                : 
                : 
                :                                    IMPERMEABLE LAYER 
+         ___________________________________________________________________ 
          /////////////////////////////////////////////////////////////////// 
 
 
 
                      DEPTH      SATURATED HYDRAULIC CONDUCTIVITY 
                      (CM)                    (CM/HR) 
 
                     .0 -   80.0             100.000 
                   80.0 -  114.0               4.000 
                  114.0 -  163.0               3.000 
                  163.0 -  250.0                .500 
 
 
 
 DEPTH TO DRAIN =  85.0 CM 
 EFFECTIVE DEPTH FROM DRAIN TO IMPERMEABLE LAYER = 162.8 CM 
 DISTANCE BETWEEN DRAINS = 10000.0 CM 
 MAXIMUM DEPTH OF SURFACE PONDING = 15.00 CM 
 EFFECTIVE DEPTH TO IMPERMEABLE LAYER =  247.8 CM 
 DRAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET) =  2.50 CM/DAY 
 MAXIMUM PUMPING CAPACITY (SUBIRRIGATION MODE) =   2.50 CM/DAY 
 ACTUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER = 250.0 CM 
 SURFACE STORAGE THAT MUST BE FILLED BEFORE WATER 
   CAN MOVE TO DRAIN =30.00 CM 
 FACTOR -G- IN KIRKHAM EQ. 2-17 = 3.21 
   
   *** SEEPAGE LOSS INPUTS *** 
   
    No seepage due to field slope  
   
    No seepage due to vertical deep seepage  
   
    No seepage due to lateral deep seepage  
   
  *** end of seepage inputs *** 
 
 WIDTH OF DITCH BOTTOM = 300.0 CM 
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 SIDE SLOPE OF DITCH (HORIZ:VERT) =   .30 : 1.00 
 
 INITIAL WATER TABLE DEPTH =  64.0 CM 
 
 
     DEPTH OF WEIR FROM THE SURFACE 
     ------------------------------ 
 DATE         1/  1   2/  1   3/  1   4/  1   5/  1   6/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 DATE         7/  1   8/  1   9/  1   10/  1  11/  1  12/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 
 
                                   SOIL INPUTS 
                                   *********** 
 
 
 
                                     TABLE 1 
 
                                  DRAINAGE TABLE 
                          VOID VOLUME   WATER TABLE DEPTH 
                              (CM)             (CM) 
                                .0               .0 
                               1.0             14.3 
                               2.0             20.4 
                               3.0             25.4 
                               4.0             30.0 
                               5.0             34.4 
                               6.0             38.5 
                               7.0             45.8 
                               8.0             48.1 
                               9.0             50.3 
                              10.0             52.5 
                              11.0             54.8 
                              12.0             57.0 
                              13.0             59.3 
                              14.0             65.1 
                              15.0             72.7 
                              16.0             83.8 
                              17.0            119.8 
                              18.0            152.7 
                              19.0            156.1 
                              20.0            159.6 
                              21.0            163.0 
                              22.0            166.4 
                              23.0            169.9 
                              24.0            173.3 
                              25.0            176.5 
                              26.0            179.4 
                              27.0            182.3 
                              28.0            185.2 
                              29.0            188.1 
                              30.0            191.1 
                              35.0            213.9 
                              40.0            249.7 
                              45.0            285.4 
                              50.0            321.2 
                              60.0            392.7 
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                              70.0            464.2 
                              80.0            600.0 
                              90.0            800.0 
1                                    TABLE 2 
 
              SOIL WATER CHARACTERISTIC VS VOID VOLUME VS UPFLUX 
 
                HEAD      WATER CONTENT   VOID VOLUME     UPFLUX 
                (CM)        (CM/CM)           (CM)        (CM/HR) 
                  .0          .7160            .00          .5000 
                10.0          .6240            .52          .5000 
                20.0          .5250           1.93          .3635 
                30.0          .4940           3.99          .1366 
                40.0          .4640           6.36          .0723 
                50.0          .4525           8.87          .0398 
                60.0          .4410          13.33          .0119 
                70.0          .4295          14.64          .0073 
                80.0          .4180          15.70          .0045 
                90.0          .4100          16.50          .0035 
               100.0          .4020          16.70          .0015 
               110.0          .3975          16.85          .0009 
               120.0          .3930          17.00          .0003 
               130.0          .3885          17.07          .0002 
               140.0          .3840          17.14          .0002 
               150.0          .3818          17.21          .0001 
               160.0          .3797          20.13          .0001 
               170.0          .3775          23.04          .0001 
               180.0          .3753          26.21          .0001 
               190.0          .3732          29.63          .0001 
               200.0          .3710          33.06          .0001 
               210.0          .3698          34.45          .0001 
               220.0          .3686          35.85          .0001 
               230.0          .3674          37.25          .0001 
               240.0          .3662          38.65          .0001 
               250.0          .3650          40.05          .0001 
               260.0          .3638          41.44          .0001 
               270.0          .3626          42.84          .0001 
               280.0          .3614          44.24          .0001 
               290.0          .3602          45.64          .0001 
               300.0          .3590          47.04          .0001 
               350.0          .3562          54.03          .0000 
               400.0          .3535          61.02          .0000 
               450.0          .3507          68.01          .0000 
               500.0          .3480          75.00          .0000 
               600.0          .3464          80.00          .0000 
               700.0          .3448          85.00          .0000 
               800.0          .3432          90.00          .0000 
               900.0          .3416          95.00          .0000 
 
 
 
                   GREEN AMPT INFILTRATION PARAMETERS 
                      W.T.D.         A         B 
                       (CM)        (CM)      (CM) 
                        .000       .000     80.000 
                      10.000     12.760     80.000 
                      20.000     26.200     80.000 
                      40.000     34.540     80.000 
                      60.000     37.850     80.000 
                      80.000     40.930     80.000 
                     100.000     43.040     80.000 
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                     150.000     48.170     80.000 
                     200.000     48.170     80.000 
                    1000.000     48.170     80.000 
 
                               TRAFFICABILITY 
                               ************** 
 
                                                             FIRST       SECOND 
    REQUIREMENTS                                             PERIOD      PERIOD 
       -MINIMUM AIR VOLUME IN SOIL (CM):                      3.90        3.90 
       -MAXIMUM ALLOWABLE DAILY RAINFALL(CM):                 1.20        1.20 
       -MINIMUM TIME AFTER RAIN BEFORE TILLING CAN CONTINUE:  2.00        2.00 
 
    WORKING TIMES  
       -DATE TO BEGIN COUNTING WORK DAYS:                     4/ 1       12/32 
       -DATE TO STOP COUNTING WORK DAYS:                      5/ 1       12/32 
       -FIRST WORK HOUR OF THE DAY:                            8           8 
       -LAST WORK HOUR OF THE DAY:                            20          20 
 
 
 
                                    CROP 
                                    **** 
 
 SOIL MOISTURE AT  WILTING POINT =    .50 
 
 HIGH WATER STRESS:  BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
                     CROP IS IN STRESS WHEN WATER TABLE IS ABOVE  30.0 CM 
 
 DROUGHT STRESS:     BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
 
 
 
 
                              MO   DAY   ROOTING DEPTH(CM) 
                               1    1        50.0 
                              12   31        50.0 
 
 
 
                              WASTEWATER IRRIGATION 
                              ********************* 
 
 
     NO WASTEWATER IRRIGATION SCHEDULED: 
     ----------------------------------- 
 
 
   ***** No Wetlands Criteria ****** 
 
 
Fixed Monthly Pet Values 
 
    1  .00    2  .00    3  .00    4  .00    5  .00    6  .00    7  .00    8  .00    9  
.00   10  .00   11  .00   12  .00 
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   Mrank indicator =  1 
 
 
 
 
 ****************************** END OF INPUTS ****************************** 
 
  ----------RUN STATISTICS ----------          time:  2/22/2004  @ 10:14 
 input file:   C:\Drainmod51\inputs\ParkD5P.prj                 
 parameters:    free drainage              and yields not calculated  
 
               drain spacing =   10000. cm   drain depth =   85.0 cm 
------------------------------------------------------------------------ 
 
 
 
 
 
**> Computational Statistics       <** 
**> Start Computations    = 614.616 
**> End Computations      = 614.618 
**> Total simulation time =      .1 seconds. 
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APPENDIX 10 
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Long-Term Simulation for Unthinned WS5 
******************************************************************************* 
 
                              D R A I N M O D  5.1                
 
                Copyright 1980-99 North Carolina State University 
                             LAST UPDATE: SEPT 1999               
                               LANGUAGE FORTRAN 77/90             
 
            DRAINMOD IS A FIELD-SCALE HYDROLOGIC MODEL DEVELOPED FOR 
            THE DESIGN OF SUBSURFACE DRAINAGE SYSTEMS. THE MODEL WAS 
            DEVELOPED BY RESEARCHERS AT THE DEPT. OF BIOLOGICAL AND 
            AGRICULTURAL ENGINEERING, NORTH CAROLINA STATE UNIVERSITY 
            UNDER THE DIRECTION OF R. W. SKAGGS. 
 
******************************************************************************* 
 
 
 
 DATA READ FROM INPUT FILE: C:\Drainmod51\inputs\PARKD5LTf.prj               
 Cream selector (0=no, 1=yes) =  0 
 
                         TITLE OF RUN 
                         ************ 
 
 
 Long-Term Simulation for Parker Tract D5 (WS5), Conventional Drainage,  Parker B 
 PLYMOUTH,NC WEATHER DATA   1951-2000  -- Unthinned Loblolly Pine Condition       
 
 
 
                        CLIMATE INPUTS 
                        ******* ****** 
 
      DESCRIPTION                               (VARIABLE)     VALUE   UNIT 
 ------------------------------------------------------------------------------- 
 FILE FOR RAINDATA ..............C:\DRAINMOD51\WEATHER\PLYE3300.RAI               
 FILE FOR TEMPERATURE/PET DATA ..C:\DRAINMOD51\WEATHER\PLYE3300.TEM               
 RAINFALL STATION NUMBER..........................(RAINID)     111111 
 TEMPERATURE/PET STATION NUMBER...................(TEMPID)     111111 
 STARTING YEAR OF SIMULATION..................(START YEAR)       1951   YEAR 
 STARTING MONTH OF SIMULATION................(START MONTH)          1   MONTH 
 ENDING YEAR OF SIMULATION......................(END YEAR)       2000   YEAR 
 ENDING MONTH OF SIMULATION....................(END MONTH)         12   MONTH 
 TEMPERATURE STATION LATITUDE...................(TEMP LAT)      35.43   DEG.MIN 
 HEAT INDEX..........................................(HID)      76.00 
 
 
 
 ET MULTIPLICATION FACTOR FOR EACH MONTH 
    3.13  2.44  1.62   .91  1.30  1.15  1.18  1.27  1.16  2.10  2.84  2.57 
 
 
                                DRAINAGE SYSTEM DESIGN 
                                 ********************** 
 
                               *** CONVENTIONAL DRAINAGE *** 
 
          JOB TITLE: 
 
                   Long-Term Simulation for Parker Tract D5 (WS5), Conventional 
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                   PLYMOUTH,NC WEATHER DATA   1951-2000  -- Unthinned Loblolly  
 
 
                    STMAX =15.00 CM                   SOIL SURFACE 
+         __/)____________________________________________________________/)__ 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
           ADEPTH =250. CM                                   DDRAIN = 85. CM 
                :                                                   : 
                :                                                   : 
                :     O-------------SDRAIN =10000. CM -----------O  - 
                :     *                                             : 
                : EFFRAD =**** CM                                   : 
                :                                            HDRAIN =163. CM 
                :                                                   : 
                :                                                   : 
          - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
                : 
                : 
                : 
                :                                    IMPERMEABLE LAYER 
+         ___________________________________________________________________ 
          /////////////////////////////////////////////////////////////////// 
 
 
 
                      DEPTH      SATURATED HYDRAULIC CONDUCTIVITY 
                      (CM)                    (CM/HR) 
 
                     .0 -   80.0             170.000 
                   80.0 -  114.0               5.000 
                  114.0 -  163.0               3.000 
                  163.0 -  250.0                .500 
 
 
 
 DEPTH TO DRAIN =  85.0 CM 
 EFFECTIVE DEPTH FROM DRAIN TO IMPERMEABLE LAYER = 162.8 CM 
 DISTANCE BETWEEN DRAINS = 10000.0 CM 
 MAXIMUM DEPTH OF SURFACE PONDING = 15.00 CM 
 EFFECTIVE DEPTH TO IMPERMEABLE LAYER =  247.8 CM 
 DRAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET) =  2.50 CM/DAY 
 MAXIMUM PUMPING CAPACITY (SUBIRRIGATION MODE) =   2.50 CM/DAY 
 ACTUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER = 250.0 CM 
 SURFACE STORAGE THAT MUST BE FILLED BEFORE WATER 
   CAN MOVE TO DRAIN =30.00 CM 
 FACTOR -G- IN KIRKHAM EQ. 2-17 = 3.21 
   
   *** SEEPAGE LOSS INPUTS *** 
   
    No seepage due to field slope  
   
    No seepage due to vertical deep seepage  
   
    No seepage due to lateral deep seepage  
   
  *** end of seepage inputs *** 
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 WIDTH OF DITCH BOTTOM = 300.0 CM 
 SIDE SLOPE OF DITCH (HORIZ:VERT) =   .30 : 1.00 
 
 INITIAL WATER TABLE DEPTH =  62.0 CM 
 
 
     DEPTH OF WEIR FROM THE SURFACE 
     ------------------------------ 
 DATE         1/  1   2/  1   3/  1   4/  1   5/  1   6/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 DATE         7/  1   8/  1   9/  1   10/  1  11/  1  12/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 
 
                                   SOIL INPUTS 
                                   *********** 
 
 
 
                                     TABLE 1 
 
                                  DRAINAGE TABLE 
                          VOID VOLUME   WATER TABLE DEPTH 
                              (CM)             (CM) 
                                .0               .0 
                               1.0             14.3 
                               2.0             20.4 
                               3.0             25.4 
                               4.0             30.0 
                               5.0             34.4 
                               6.0             38.5 
                               7.0             42.5 
                               8.0             46.4 
                               9.0             50.1 
                              10.0             53.9 
                              11.0             57.6 
                              12.0             61.5 
                              13.0             65.6 
                              14.0             69.7 
                              15.0             73.8 
                              16.0             78.3 
                              17.0             83.0 
                              18.0             87.7 
                              19.0            101.2 
                              20.0            113.7 
                              21.0            124.0 
                              22.0            132.1 
                              23.0            140.2 
                              24.0            148.3 
                              25.0            176.5 
                              26.0            179.4 
                              27.0            182.3 
                              28.0            185.2 
                              29.0            188.1 
                              30.0            191.1 
                              35.0            213.9 
                              40.0            249.7 
                              45.0            285.4 
                              50.0            321.2 
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                              60.0            392.7 
                              70.0            464.2 
                              80.0            600.0 
                              90.0            800.0 
1                                    TABLE 2 
 
              SOIL WATER CHARACTERISTIC VS VOID VOLUME VS UPFLUX 
 
                HEAD      WATER CONTENT   VOID VOLUME     UPFLUX 
                (CM)        (CM/CM)           (CM)        (CM/HR) 
                  .0          .7160            .00          .5000 
                10.0          .6240            .52          .5000 
                20.0          .5250           1.93          .3635 
                30.0          .4940           3.99          .1366 
                40.0          .4640           6.36          .0723 
                50.0          .4525           8.97          .0438 
                60.0          .4410          11.63          .0239 
                70.0          .4295          14.07          .0160 
                80.0          .4180          16.36          .0102 
                90.0          .4100          18.50          .0067 
               100.0          .4020          18.90          .0038 
               110.0          .3975          19.70          .0030 
               120.0          .3930          20.50          .0023 
               130.0          .3885          21.74          .0019 
               140.0          .3840          22.98          .0014 
               150.0          .3818          24.21          .0010 
               160.0          .3797          24.33          .0008 
               170.0          .3775          24.44          .0006 
               180.0          .3753          26.21          .0004 
               190.0          .3732          29.63          .0003 
               200.0          .3710          33.06          .0001 
               210.0          .3698          34.45          .0001 
               220.0          .3686          35.85          .0001 
               230.0          .3674          37.25          .0001 
               240.0          .3662          38.65          .0001 
               250.0          .3650          40.05          .0001 
               260.0          .3638          41.44          .0001 
               270.0          .3626          42.84          .0001 
               280.0          .3614          44.24          .0001 
               290.0          .3602          45.64          .0001 
               300.0          .3590          47.04          .0001 
               350.0          .3562          54.03          .0000 
               400.0          .3535          61.02          .0000 
               450.0          .3507          68.01          .0000 
               500.0          .3480          75.00          .0000 
               600.0          .3504          80.00          .0000 
               700.0          .3528          85.00          .0000 
               800.0          .3552          90.00          .0000 
               900.0          .3576          95.00          .0000 
 
 
 
                   GREEN AMPT INFILTRATION PARAMETERS 
                      W.T.D.         A         B 
                       (CM)        (CM)      (CM) 
                        .000       .000     80.000 
                      10.000     12.760     80.000 
                      20.000     26.200     80.000 
                      40.000     34.540     80.000 
                      60.000     37.850     80.000 
                      80.000     40.930     80.000 
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                     100.000     43.040     80.000 
                     150.000     48.170     80.000 
                     200.000     48.170     80.000 
                    1000.000     48.170     80.000 
 
                               TRAFFICABILITY 
                               ************** 
 
                                                             FIRST       SECOND 
    REQUIREMENTS                                             PERIOD      PERIOD 
       -MINIMUM AIR VOLUME IN SOIL (CM):                      3.90        3.90 
       -MAXIMUM ALLOWABLE DAILY RAINFALL(CM):                 1.20        1.20 
       -MINIMUM TIME AFTER RAIN BEFORE TILLING CAN CONTINUE:  2.00        2.00 
 
    WORKING TIMES  
       -DATE TO BEGIN COUNTING WORK DAYS:                     4/ 1       12/32 
       -DATE TO STOP COUNTING WORK DAYS:                      5/ 1       12/32 
       -FIRST WORK HOUR OF THE DAY:                            8           8 
       -LAST WORK HOUR OF THE DAY:                            20          20 
 
 
 
                                    CROP 
                                    **** 
 
 SOIL MOISTURE AT  WILTING POINT =    .50 
 
 HIGH WATER STRESS:  BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
                     CROP IS IN STRESS WHEN WATER TABLE IS ABOVE  30.0 CM 
 
 DROUGHT STRESS:     BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
 
 
 
 
                              MO   DAY   ROOTING DEPTH(CM) 
                               1    1        40.0 
                              12   31        40.0 
 
 
 
                              WASTEWATER IRRIGATION 
                              ********************* 
 
 
     NO WASTEWATER IRRIGATION SCHEDULED: 
     ----------------------------------- 
 
 
   ***** No Wetlands Criteria ****** 
 
 
Fixed Monthly Pet Values 
 
    1 1.00    2 1.00    3 1.00    4 1.00    5 1.00    6 1.00    7 1.00    8 1.00    9 
1.00   10 1.00   11 1.00   12 1.00 
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   Mrank indicator =  1 
 
 
 
 
 ****************************** END OF INPUTS ****************************** 
 
  ----------RUN STATISTICS ----------          time:  2/23/2004  @  0:47 
 input file:   C:\Drainmod51\inputs\PARKD5LTf.prj               
 parameters:    free drainage              and yields not calculated  
 
               drain spacing =   10000. cm   drain depth =   85.0 cm 
------------------------------------------------------------------------ 
 
 FOR  2/1951, NUMBER DAYS MISSING TEMPERATURE=     8 
 
 FOR  4/1954, NUMBER DAYS MISSING TEMPERATURE=     1 
 
 
 TERMINATE SIMULATION DUE TO END OF LOOP  
 
 
 
 
**> Computational Statistics       <** 
**> Start Computations    =  47.049 
**> End Computations      =  47.090 
**> Total simulation time =     2.4 seconds. 
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Long-Term Simulation for Thinned WS5 

******************************************************************************* 
 
                              D R A I N M O D  5.1                
 
                Copyright 1980-99 North Carolina State University 
                             LAST UPDATE: SEPT 1999               
                               LANGUAGE FORTRAN 77/90             
 
            DRAINMOD IS A FIELD-SCALE HYDROLOGIC MODEL DEVELOPED FOR 
            THE DESIGN OF SUBSURFACE DRAINAGE SYSTEMS. THE MODEL WAS 
            DEVELOPED BY RESEARCHERS AT THE DEPT. OF BIOLOGICAL AND 
            AGRICULTURAL ENGINEERING, NORTH CAROLINA STATE UNIVERSITY 
            UNDER THE DIRECTION OF R. W. SKAGGS. 
 
******************************************************************************* 
 
 
 
 DATA READ FROM INPUT FILE: C:\Drainmod51\inputs\ParkD5PLTf.prj              
 Cream selector (0=no, 1=yes) =  0 
 
                         TITLE OF RUN 
                         ************ 
 
 
 Long-Term Simlation of Parker Tract D5 Watershed (WS5), Conventional Drainage,   
 PLYMOUTH,NC WEATHER DATA 1951-2000  -- Thinned Loblolly Pine Condition           
 
 
 
                        CLIMATE INPUTS 
                        ******* ****** 
 
      DESCRIPTION                               (VARIABLE)     VALUE   UNIT 
 ------------------------------------------------------------------------------- 
 FILE FOR RAINDATA ..............C:\DRAINMOD51\WEATHER\PLYE3300.RAI               
 FILE FOR TEMPERATURE/PET DATA ..C:\DRAINMOD51\WEATHER\PLYE3300.TEM               
 RAINFALL STATION NUMBER..........................(RAINID)     111111 
 TEMPERATURE/PET STATION NUMBER...................(TEMPID)     111111 
 STARTING YEAR OF SIMULATION..................(START YEAR)       1951   YEAR 
 STARTING MONTH OF SIMULATION................(START MONTH)          1   MONTH 
 ENDING YEAR OF SIMULATION......................(END YEAR)       2000   YEAR 
 ENDING MONTH OF SIMULATION....................(END MONTH)         12   MONTH 
 TEMPERATURE STATION LATITUDE...................(TEMP LAT)      35.43   DEG.MIN 
 HEAT INDEX..........................................(HID)      76.00 
 
 
 
 ET MULTIPLICATION FACTOR FOR EACH MONTH 
    3.26  3.70  1.16  1.06  1.02   .89   .89   .93  1.00  1.35  2.60  2.22 
 
 
                                DRAINAGE SYSTEM DESIGN 
                                 ********************** 
 
                               *** CONVENTIONAL DRAINAGE *** 
 
          JOB TITLE: 
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                   Long-Term Simlation of Parker Tract D5 Watershed (WS5), Conv 
                   PLYMOUTH,NC WEATHER DATA 1951-2000  -- Thinned Loblolly Pine 
 
 
                    STMAX =15.00 CM                   SOIL SURFACE 
+         __/)____________________________________________________________/)__ 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
                :                                                   : 
           ADEPTH =250. CM                                   DDRAIN = 85. CM 
                :                                                   : 
                :                                                   : 
                :     O-------------SDRAIN =10000. CM -----------O  - 
                :     *                                             : 
                : EFFRAD =**** CM                                   : 
                :                                            HDRAIN =163. CM 
                :                                                   : 
                :                                                   : 
          - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
                : 
                : 
                : 
                :                                    IMPERMEABLE LAYER 
+         ___________________________________________________________________ 
          /////////////////////////////////////////////////////////////////// 
 
 
 
                      DEPTH      SATURATED HYDRAULIC CONDUCTIVITY 
                      (CM)                    (CM/HR) 
 
                     .0 -   80.0             100.000 
                   80.0 -  114.0               4.000 
                  114.0 -  163.0               3.000 
                  163.0 -  250.0                .500 
 
 
 
 DEPTH TO DRAIN =  85.0 CM 
 EFFECTIVE DEPTH FROM DRAIN TO IMPERMEABLE LAYER = 162.8 CM 
 DISTANCE BETWEEN DRAINS = 10000.0 CM 
 MAXIMUM DEPTH OF SURFACE PONDING = 15.00 CM 
 EFFECTIVE DEPTH TO IMPERMEABLE LAYER =  247.8 CM 
 DRAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET) =  2.50 CM/DAY 
 MAXIMUM PUMPING CAPACITY (SUBIRRIGATION MODE) =   2.50 CM/DAY 
 ACTUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER = 250.0 CM 
 SURFACE STORAGE THAT MUST BE FILLED BEFORE WATER 
   CAN MOVE TO DRAIN =30.00 CM 
 FACTOR -G- IN KIRKHAM EQ. 2-17 = 3.21 
   
   *** SEEPAGE LOSS INPUTS *** 
   
    No seepage due to field slope  
   
    No seepage due to vertical deep seepage  
   
    No seepage due to lateral deep seepage  
   
  *** end of seepage inputs *** 
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 WIDTH OF DITCH BOTTOM = 300.0 CM 
 SIDE SLOPE OF DITCH (HORIZ:VERT) =   .30 : 1.00 
 
 INITIAL WATER TABLE DEPTH =  64.0 CM 
 
 
     DEPTH OF WEIR FROM THE SURFACE 
     ------------------------------ 
 DATE         1/  1   2/  1   3/  1   4/  1   5/  1   6/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 DATE         7/  1   8/  1   9/  1   10/  1  11/  1  12/  1 
 WEIR DEPTH    85.0    85.0    85.0    85.0    85.0    85.0 
 
 
 
                                   SOIL INPUTS 
                                   *********** 
 
 
 
                                     TABLE 1 
 
                                  DRAINAGE TABLE 
                          VOID VOLUME   WATER TABLE DEPTH 
                              (CM)             (CM) 
                                .0               .0 
                               1.0             14.3 
                               2.0             20.4 
                               3.0             25.4 
                               4.0             30.0 
                               5.0             34.4 
                               6.0             38.5 
                               7.0             45.8 
                               8.0             48.1 
                               9.0             50.3 
                              10.0             52.5 
                              11.0             54.8 
                              12.0             57.0 
                              13.0             59.3 
                              14.0             65.1 
                              15.0             72.7 
                              16.0             83.8 
                              17.0            119.8 
                              18.0            152.7 
                              19.0            156.1 
                              20.0            159.6 
                              21.0            163.0 
                              22.0            166.4 
                              23.0            169.9 
                              24.0            173.3 
                              25.0            176.5 
                              26.0            179.4 
                              27.0            182.3 
                              28.0            185.2 
                              29.0            188.1 
                              30.0            191.1 
                              35.0            213.9 
                              40.0            249.7 
                              45.0            285.4 
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                              50.0            321.2 
                              60.0            392.7 
                              70.0            464.2 
                              80.0            600.0 
                              90.0            800.0 
1                                    TABLE 2 
 
              SOIL WATER CHARACTERISTIC VS VOID VOLUME VS UPFLUX 
 
                HEAD      WATER CONTENT   VOID VOLUME     UPFLUX 
                (CM)        (CM/CM)           (CM)        (CM/HR) 
                  .0          .7160            .00          .5000 
                10.0          .6240            .52          .5000 
                20.0          .5250           1.93          .3635 
                30.0          .4940           3.99          .1366 
                40.0          .4640           6.36          .0723 
                50.0          .4525           8.87          .0398 
                60.0          .4410          13.33          .0119 
                70.0          .4295          14.64          .0073 
                80.0          .4180          15.70          .0045 
                90.0          .4100          16.50          .0035 
               100.0          .4020          16.70          .0015 
               110.0          .3975          16.85          .0009 
               120.0          .3930          17.00          .0003 
               130.0          .3885          17.07          .0002 
               140.0          .3840          17.14          .0002 
               150.0          .3818          17.21          .0001 
               160.0          .3797          20.13          .0001 
               170.0          .3775          23.04          .0001 
               180.0          .3753          26.21          .0001 
               190.0          .3732          29.63          .0001 
               200.0          .3710          33.06          .0001 
               210.0          .3698          34.45          .0001 
               220.0          .3686          35.85          .0001 
               230.0          .3674          37.25          .0001 
               240.0          .3662          38.65          .0001 
               250.0          .3650          40.05          .0001 
               260.0          .3638          41.44          .0001 
               270.0          .3626          42.84          .0001 
               280.0          .3614          44.24          .0001 
               290.0          .3602          45.64          .0001 
               300.0          .3590          47.04          .0001 
               350.0          .3562          54.03          .0000 
               400.0          .3535          61.02          .0000 
               450.0          .3507          68.01          .0000 
               500.0          .3480          75.00          .0000 
               600.0          .3464          80.00          .0000 
               700.0          .3448          85.00          .0000 
               800.0          .3432          90.00          .0000 
               900.0          .3416          95.00          .0000 
 
 
 
                   GREEN AMPT INFILTRATION PARAMETERS 
                      W.T.D.         A         B 
                       (CM)        (CM)      (CM) 
                        .000       .000     80.000 
                      10.000     12.760     80.000 
                      20.000     26.200     80.000 
                      40.000     34.540     80.000 
                      60.000     37.850     80.000 
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                      80.000     40.930     80.000 
                     100.000     43.040     80.000 
                     150.000     48.170     80.000 
                     200.000     48.170     80.000 
                    1000.000     48.170     80.000 
 
                               TRAFFICABILITY 
                               ************** 
 
                                                             FIRST       SECOND 
    REQUIREMENTS                                             PERIOD      PERIOD 
       -MINIMUM AIR VOLUME IN SOIL (CM):                      3.90        3.90 
       -MAXIMUM ALLOWABLE DAILY RAINFALL(CM):                 1.20        1.20 
       -MINIMUM TIME AFTER RAIN BEFORE TILLING CAN CONTINUE:  2.00        2.00 
 
    WORKING TIMES  
       -DATE TO BEGIN COUNTING WORK DAYS:                     4/ 1       12/32 
       -DATE TO STOP COUNTING WORK DAYS:                      5/ 1       12/32 
       -FIRST WORK HOUR OF THE DAY:                            8           8 
       -LAST WORK HOUR OF THE DAY:                            20          20 
 
 
 
                                    CROP 
                                    **** 
 
 SOIL MOISTURE AT  WILTING POINT =    .50 
 
 HIGH WATER STRESS:  BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
                     CROP IS IN STRESS WHEN WATER TABLE IS ABOVE  30.0 CM 
 
 DROUGHT STRESS:     BEGIN STRESS PERIOD ON   4/15 
                     END STRESS PERIOD ON     7/18 
 
 
 
 
                              MO   DAY   ROOTING DEPTH(CM) 
                               1    1        50.0 
                              12   31        50.0 
 
 
 
                              WASTEWATER IRRIGATION 
                              ********************* 
 
 
     NO WASTEWATER IRRIGATION SCHEDULED: 
     ----------------------------------- 
 
 
   ***** No Wetlands Criteria ****** 
 
 
Fixed Monthly Pet Values 
 
    1 1.00    2 1.00    3 1.00    4 1.00    5 1.00    6 1.00    7 1.00    8 1.00    9 
1.00   10 1.00   11 1.00   12 1.00 
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   Mrank indicator =  1 
 
 
 
 
 ****************************** END OF INPUTS ****************************** 
 
  ----------RUN STATISTICS ----------          time:  2/23/2004  @  0:48 
 input file:   C:\Drainmod51\inputs\ParkD5PLTf.prj              
 parameters:    free drainage              and yields not calculated  
 
               drain spacing =   10000. cm   drain depth =   85.0 cm 
------------------------------------------------------------------------ 
 
 FOR  2/1951, NUMBER DAYS MISSING TEMPERATURE=     8 
 
 FOR  4/1954, NUMBER DAYS MISSING TEMPERATURE=     1 
 
 
 TERMINATE SIMULATION DUE TO END OF LOOP  
 
 
 
 
**> Computational Statistics       <** 
**> Start Computations    =  48.927 
**> End Computations      =  48.971 
**> Total simulation time =     2.6 seconds. 

 


