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A better understanding of the role soil water dynamlcs, with respect to 
tillage methods, play in the transport of agricultural chemicals is needed to 
make management decisions that are economically sound and environmentally 
sensitive. The objectives of this research were to: (i) characterize the 
distribution of certain agricultural chemicals in representative Piedmont and 
Coastal Plain soils that have been subjected to continuous ti1 1 age practices 
for seven years and (ii) evaluate the potential for chemical transport, in 
re1 ation to tillage practices, using a sprinkling infil trometer to simulate 
rainfall of varying intensities. Results from the long-term tillage studies 
indicated higher soi 1 nitrate 1 eve1 s under conventional ti1 1 age (CT) compared 
to no-tillage (NT), primarily in the trafficked interrow area. With respect 
to residual soil herbicide levels, there were no detectable concentrations of 
atrazine or alachlor below 30 cm. A pattern of higher residual herbicide 
concentrations was observed with NT. Rainfall simulation experiments showed 
that both tillage system and rainfall intensity influenced runoff to a greater 
extent on a Piedmont compared to a Coastal Plain soil. The corresponding 
sediment load in runoff from the Piedmont soil was twenty-fold greater with CT 
compared to NT during the first rainfall simulation. A subsequent rainfall 
simulation with CT resulted in a four-fold increase in sediment load from the 
initial measurement. Concentrations of bromide, atrazine, and metol achlor in 
runoff were more affected by tillage system than rainfall intensity and 
primarily at the Piedmont 1 ocati on. In general, soi 1 herbicide concentrations 
after each rainfall simulation decreased with depth at each site and no 
herbicides were detected below a depth of 30 cm. 

(Key words: conventional till age, no-till age, runoff, infiltration, simulated 
rainfall, chemical transport, nitrate, bromide, atrazine, a1 achl or, 
metol achl or). 
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SUMMARY AND CONCLUSIONS 

Long-term tillage studies in Piedmont and Coastal Plain locations were used as 
a basis for evaluating the distribution of nitrate, atrazine, and alachlor in 
soil. The treatments included continuous conventional till age (CT) and . 
no-ti 11 age (NT) in continuous corn and corn-soybean rotational sequences. 
Over the first six years of research, these treatment combinations represented 
the greatest divergence with respect to infi 1 tration, runoff, and chemical 
appl ications. 

Soil nitrate levels in the top 75 cm of the untrafficked interrow were 
unaffected by tillage system at both locations but were higher under CT at 
deeper depths in the profile. Nevertheless, these values were re1 atively low 
and would be of little consequence with respect to crop performance or 
environmental concerns. A different pattern was evident in the trafficked 
interrow, however, with considerably higher nitrate levels under CT compared 
to NT. Moreover, the greatest nitrate concentration occurred at a depth 
generally considered beyond significant rooting activity. The higher nitrate 
accumulation in the traffi cked interrow may ref1 ect more of a long-term 
buildup compared to the untrafficked area. 

With respect to residual herbicide levels, there were no detectable 
concentrations of atrazine or alachlor below 30 cm. In general, there was 
also a greater frequency of residual levels of atrazine in soil than alachlor 
and, these levels tended to be higher in the Piedmont soil compared to the ' '3 Coastal Plain soil . A pattern of higher residual herbi cide concentrations was" 
observed with NT, presumably due to more organic matter available for 
herbicide binding. 

Rainfall simulation experiments at Coastal Plain and Piedmont locations 
provided information on the dynamics of runoff and chemical transport in 
re1 ation to ti 11 age system and rainfall intensity. During the ini ti a1 
rainfall simulations there was 1 ittle difference in runoff values between 
tillage systems at each location, although the actual amount from the Piedmont 
soil was considerably greater than that measured for the Coastal Plain soil 
(28 vs 6%). The impact of tillage system on runoff was more evident during a 
second rainfall simulation, most notably on the Piedmont soil. Averaged 
across initial rainfall simulations, runoff was 67% of that applied with CT 
and 48% with NT. The lower values with NT can be primarily attributed to the 
fact that surface residue cover fosters greater' infiltration on a crust-prone 
soil. 

The corresponding sediment load in runoff from the Norfolk soil was 
negligible. In contrast, total sediment in runoff from the Pacolet soil was 
strongly influenced by tillage system but unaffected by prior rainfall rate. 
The sediment load from the first runoff events was twenty-fold greater with CT 
compared to NT. During the second rainfall simylation, the sediment load 
averaqed 1640 kg ha-' with CT and only 70 kg ha- with NT. Moreover, the 1640 
kg ha sediment load with CT represents a four-fold increase from that 
measured during the at-pl anting rainfall simulation and il l  ustrates the 
compounding effect that soil crusting can have on subsequent water dynamics. 



In general, the bromide concentration in runoff was unaffected by any 
treatment at the Coastal Plain site but was higher for NT compared to CT at 
the Piedmont site. The higher bromide concentrations in runoff from the 
Piedmont soil under NT were offset by considerably higher soil bromide 
concentrations under CT, primarily in the upper 7.5 cm of soil. Below 15 cm, 
differences in bromide concentrations between till age systems were negl igibl e. 
Bromide movement at both sites was evident to a depth of 40 to 45 cm after the 
second rainfall simul ati on, with only minimal downward movement occurring 
after this date. 

Herbicide concentrations in runoff from both soils were higher with NT 
compared to CT and an initial high intensity rainfall generally reduced the 
total herbicide avail able for runoff during a subsequent rainfall event. Soil 
herbicide concentrations decreased with depth at each site and no herbicides 
were detected below a depth of 30 cm, irrespective of sampling date. Atrazine 
was found at deeper depths and higher concentrations than metolachlor. 
Similar to soil bromide results for the Pacolet soil, higher herbicide levels 
in the surface layer of soil were evident under CT compared to NT after each 
rainfall simulation. By the end of the growing season, however, only atrazine 
was present at detectable levels and there were no treatment effects in the 
various ti1 1 age systems. 



RECOHHENDATIONS 

Results of studies on residual soil nitrate distribution patterns from long- 
term tillage indicated greater utilization of fertilizer N under no-till age 
(NT) compared to conventional till age (CT) . Moreover, there was no evidence 
of appreciable herbicide accumulations in these soils to any significant 
depth. Given these findings, and in conjunction with the long-term yield 
results from the Piedmont sites, NT should be the system of choice on similar 
upland Piedmont soils. The potential benefits from NT is less for the nearly 
level, well drained soils of the Coastal Plain. 

Specific recommendations based on one site year of data in the Coastal Plain 
and Piedmont rainfall simulation experiments are difficult to make. Given the 
dynamic role cl imate plays in field-oriented research, mu1 tiple year studies 
are required to properly assess treatment effects. This aspect of the study 
reported herein is still under investigation, with more conclusive results and 
summaries to be available later this year. Nevertheless, there are some 
parallels in these results and those from the long-term tillage studies, 
particularly with respect to elevated concentrations of bromide and nitrate in 
Piedmont soils under CT. In addition, the markedly higher sediment load in 
runoff with CT from the Piedmont soil provides further evidence of the 
importance surface residue cover plays in minimizing soil loss. Offsetting 
these results was the fact that higher bromide and herbicide concentrations in 
runoff from both soils were found with NT. Further investigation 1's warranted 
on soil physical properties governing water dynamics. 

Finally, the combination of weather, management, and soil factors affecting 
runoff and chemical transport represents an extremely dynamic system. Because 
of the complexity of such a system, some means of integrating the major 
factors infl uencins surface and subsurface water dynamics is needed. Analysis 

of a 
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of these interrelaiionships could be great 
model. In addition, a computer simulation 
probabflities and performing risk analyses 
a1 ternatives. 

ly enhanced through the use 
would be useful for establ 
for different management 



INTRODUCTION 
Rj\ ,? 

There are many cha l l enges facing agriculture re1 ated to sustai nab1 e production 
systems, water qual i ty initiatives, and conservation provisions of the 1985 
Food Security Act. Soil erosion, especially that caused by water, continues 
to be a major problem in North Carolina and is intimately linked to 
sedimentation in streams and water qual i ty concerns. Soil management 
practices can have a profound effect on the soil physical environment, 
influencing soil water dynamics and crop performance. Consequently, the 
aforementioned chal 1 enges can be addressed by understanding the role soi 1 
management plays in agricultural systems. 

Numerous studies have shown conservation tillage systems to enhance soil-water 
availability (Blevins et a1 . , 1971; Jones et a1 ., 1969; Van Doren et a1 . , 
1976). Wagger and Denton (1989a) in North Carolina attributed increased soil 
water avail abil i ty under no-ti1 1 age (NT) compared to conventional ti1 1 age (CT) 
systems to better infiltration resulting from more residue cover and less 
crusting in a NT system. On similar upland Piedmont soils, rainfall 
simulation studies by Freese (1989) demonstrated higher infiltration rates for 
conservation tillage treatments compared to a moldboard plow/disk system. In 
contrast, other studies have shown 1 ittle difference between till age systems 
on infiltration and runoff (She1 ton et a1 . , 1983). Lindstrom and Onstad 
(1984) in Minnesota reported that 3 yr of NT increased runoff on a nearly 
level site because the soil surface became compacted. Information on 
infiltration and runoff with regard to till age practices on Piedmont and 
Coastal Plain soils is 1 imited and warrants further investigation. 

Tillage effects on soil physical properties, which in turn affect soil water 
dynamics, have been contradictory (Bauder et a1 ., 1981; Hill and Cruse, 1985; 
Tollner et a1 . , 1984). No-tillage may have detrimental effects on soil bulk 
density, porosity, and saturated hydraul ic conductivity, particul arly in 
continuous NT systems. However, control 1 ed traffic can minimize these 
detrimental effects on soil physical properties (Wagger and Denton, l989b). 
Macropores created by plant roots and earthworm activity have been found to 
enhance water infiltration in long-term NT fields in Ohio (Edwards et a1 ., 
1988). Dick and Daniel (1987) concluded that infiltration increased in NT 
because, without ti1 1 age, continuous channels were not interrupted. 

The consequences of tillage practices on water quality have been less clear. 
Total nitrogen and phosphorus losses were found to decrease with increasing 
soil residue cover (Barisas et a1 . , 1978). However, soluble nutrient losses 
increased with increasing residue cover. Nitrate leaching in a Maury silt 
loam in Kentucky was greater in a NT sod than in a moldboard plow treatment 
(McMahon and Thomas, 1976). Baker and Laflen (1982) found greater ammonium 
and phosphate concentrations in runoff with unincorporated fertil izer, a 
practice common to conservation tillage systems. In cases where residual N 
from previous crop fertilization is of concern, Wagger and Mengel (1988) have 
suggested that nonleguminous cover crops can be utilized as a means of 
trapping residual N present in soils. 

Despite the benefits of conservation tillage, there is some concern that 
herbicide use may increase with conservation till age practices (Hell ing, 
1987). Most investigations have been conducted in the midwestern USA. 
Unfortunately, information on groundwater qual i ty based on actual field 
measurements is limited and somewhat contradictory. Data characterizing 



pesticide problems in agricultural fields and potential for transport with 
respect to soil management practices are extremely scarce for North Carolina 
soil and climatic conditions. 

Isensee et al. (1988) reported that atrazine, and to a lesser extent alachlor 
and cyanazine, leached into shallow groundwater under NT corn (Zea mavs L.). 
Macropores were suggested as contributing to early, rapid transport of 
atrazine in this Maryland study. In an Illinois study on coarse-textured 
sand, Bicki and Felsot (1988) found higher pesticide concentration in 
groundwater for chisel plow compared to NT treatments. A better understanding 
of tillage effects on pesticide movement is needed to more fully evaluate 
potenti a1 consequences with regard to water qua1 i ty. 

With the aforementioned factors in mind, the objectives of this research were 
to: (1) characterize the residual distribution of certain agricultural 
chemicals in Piedmont and Coastal Plain soils that have been subjected to 
seven years of continuous tillage practices and (2) evaluate soil physical 
properties, in relation to tillage practices, influencing the potential for 
chemical transport under simulated rainfall conditions. 



MATERIALS AND METHODS 

Lonq-term tillaqe ex~eriments 

Long-term tillage studies at the Upper Piedmont Research Station in Reidsville 
and Upper Coastal Plain Research Station in Rocky Mount have evaluated the 
consequences of ti1 1 age practices and cropping systems on soil chemical, 
physical, and biological properties and their re1 ationship to crop 
performance. Within these experiments, both the frequency of tillage 
operations and appl ication of pesticides and fertil izers have been control 1 ed 
and documented. The predominant factor influencing crop performance over the 
years has been the differential pattern of soil water infiltration and runoff 
with regard to tillage practices. Consequently, these experiments provide an 
excellent resource in which to address the first objective. The soil types in 
these experiments were Pacolet and Wedowee sandy clay loams (clayey, 
kaolinitic, thermic Typic Hapludult) at the Piedmont location and an Eunola 
sandy loam (fine-loamy, siliceous, thermic Aquic Hap1 udul t) at the Coastal 
Plain location. Selected physical and chemical characteristics of the surface 
0.20 m of each soil prior to the initiation of the experiment were as follows: 

(1) Pacolet - 48% sand, 25% silt, 27% clay, 5.2 cmol kgg': CEC, and pH 5.7; 
(ii) Wedowee - 60% sand, 18% silt, 22% clay, 4.8 cmol kp- CEC, and pH 5.8; 
(ii i )  Eunola - 70% sand, 21% silt, 9% clay, 3.3 cmol kg- CEC, and pH6.1. 

Continuous CT and NT plots in continuous corn and corn-soybean rotational 
sequences served as a basis for characterizing the distribution of selected 
agrichemicals in each soil. The only exception was the Wedowee site, which 
had been in continuous corn only the previous six years. These treatment 
combinations represented the greatest divergence with respect to infi 1 tration, 
runoff, and frequency of chemical applications. The experimental design for 
each study was a randomized complete block with four replications. 

Conventional tillage for corn and soybean consisted of spring chisel plowing 
to a depth of 22 cm followed by disking to a nominal depth of 12 cm twice. 
No-till age planting was performed using a double disk opener planting assembly 
following a fluted coul ter. Controlled traffic (foot and machinery) were used 
and confined to a1 ternati ng i nterrow areas. 

Chemical applications were the same for both tillage treatments but differed 
between rotational sequences,. The continuous co5n treatment received annual 
applicatiys of 200 kg N ha' as NH,NO,, 3.5 L ha' (1.7 kg a.i.) alachlor, and 
4.7 L h a  (2.3 kg a.i .) atrazine. In contrast, the soybean crgp within the 
corn-soybean rotation received only an appl ication of 4.7 L ha- a1 achlor. 
Alachlor and atrazine are the most commonly used herbicides for these crops. 
Fertilizer N was banded, on the soil surface 10 cm from the row in split 
applications (34 kg ha- at planting and 166 kg ha- 4 to 5 wk after corn 
emergence). Alachlor and atrazine were broadcast sprayed on the soil surface 
at planting. 

Prior to planting and any chemical application in March 1990, soil samples 
were taken to a depth of 90 cm in the respective treatments using Gidding 
sampl i ng equipment . The sampl i ng scheme consisted of three cores (5-cm 
diameter) per plot representing the trafficked and untrafficked interrow 



areas. Cores from each plot were composited by depth into 0-15, 15-30, 30-60, 
and 60-90 cm increments. To insure no further soil chemical degradation, 
samples were frozen in plastic bags until assayed for alachlor, atrazine, and 
NO;. Residue analyses for alachlor and atrazine were performed at the NCSU 
Pesticide Residue Research Laboratory. Soil NO; concentration was determined 
by the steam distillation procedure following extraction with 2 M KC1 (Keeney 
and Nelson, 1982). 

eainfall simulation ex~eriments 

A sprinkling infil trometer (Fig. 1) capable of simulating rainfall events of 
varying intensities was used in newly established tillage (CT vs. NT) 
experiments at the Upper Piedmont Research Station in Reidsville and Lower 
Coastal Plain Research Station in Kinston. The soil types were a Pacolet 
sandy clay loam and Norfolk sandy loam (fine-loamy, sil iceous, thermic Typic 
Pal eudul t) at Piedmont and Coastal Plain 1 ocations, respectively. Selected 
physical and chemical characteristics of the surface 0.20 m of each soil prior 
to initiation of the experimpnt were as follows: (i) Pacolet-48% sand, 26% 
silt, 26% clay, 6.0 cmol kg- CfC, and pH 5.9; and (ii) Norfolk - 74% sand, 
18% silt, 8% clay, 3.1 cmol kg- CEC, and pH 5.9. 

The infiltrometer is a self-contained unit mounted on a trailer that can be 
transported on highways and maneuvered into field plots using a tractor. 
Accessory equipment, also mounted on the trailer and shown in Fig. 1, include 
a water tank, runoff collection tanks, gas01 ine-powered generator, jacks to 
level the infiltrometer in the field, and a hood to house the spray nozzles 
and pressure gauges. The hood is attached to a pair of steel arms which are 
extended over the soil study area where measurements are to be faken. The 
infiltrometer simulates rainfall over two study areas, each 1 m (Fig. 2). 
Natural raindrop characteristics are simulated and therefore yield data 
representative of field conditions. A nylon curtain can be extended from the 
hood to ground level to prevent distortion of the spray pattern from wind. 

A typical infiltration measurement is described as follows. After positioning 
the hood over the study area, water calibration pans are placed over each 
frame to verify nozzle output prior to each measurement. Calibration pans are 
then removed and the runoff collection system instal 1 ed. The coll ection 
system consists of perforated polyvinyl chl oride tubes (wands), placed at the 
lower edges of the study areas (Fig. 2), and connected by plastic tubing to a 
vacuum pump and collection tanks. These wands are 500 mm long with 3 mm holes 
spaced every 50 mm. An electronic timer sets the desired application rate. 
Water flowing to the lower edge of the study area is continuously drawn into 
the wands and conveyed into collection tanks. The water level i n the 
collection tanks are read every 2.5 minutes for a minimum of 30 minutes. 

Two widely used herpicides, metolachlor and atrazine, with a water solubil ity 
of 530 and 28 mg L- , respectively, were broadcast sprayed on the soil surface 
study areas (CT and NT) at recommended rates. A control treatment had no 
herbicide app1,ications. Potassium bromide was surface broadcast at a rate of 
300 kg Br- ha' to monitor soil water movement. Following chemical 



Fig. 1. The infiltrometer in the field after a run. 
Equipment components shown are: the water supply 
tank (W) , runoff coll ection tanks (R) , generator 
(G), water pressure gauges (P),  jacks (J), and 
the hood or the housing unit for the spray 
nozzles (H). The plot frames (F) are in the 
foreground. 



Fig. 2. Close-up of the plot frame area under the 
housing unit. Note the nylon curtain used to 
prevent wind distortion (N) , dividers separating 
trafficked and nontrafficked interrows (D), 
collection wands placed at the lower edges of 
the framed area (C), and hoses used to convey 
runoff into collection tanks (H). 



application, rainfall was simulated at two intensities (0.63 or 2.5 cm applied 
over a 30-minute period). The 2.5 cm application rate simulates a rainfall 
event likely to occur on a yearly basis in this region (U. S. Dept. of 
Commerce, 1961) and can result in considerable surface runoff. A second 
rainfall event (2.5 cm over a 30-minute period) was simulated approximately 1 
week later on the initial 0.63 and 2.5 cm application rates. Between the 
first and second rainfall simulations, the study areas were sheltered from 
natural rainfall but open enough to allow air circulation. This procedure 
allowed soil crusting to occur in certain treatments which, in turn, should 
foster greater runoff potential. Following these simulations, natural 
rainfall events were monitored with a recording rain gauge. 

Runoff sample col 1 ecti on (aqueous and sediment phase) was conducted during 
each simulated rainfall event and assayed for the respective herbicides in the 
same manner as previously described. Precaution was taken so that cross 
contamination did not occur between sample collections. Periodic soil 
sampling was conducted to an appropriate depth within the study areas in order 
to monitor chemical leaching from simulated and natural rainfall events. 
Bromide in runoff and soil samples was determined with a specific ion 
electrode. Soi 1 physical properties (surface roughness, residue cover, 
porosity, and surface crusting) influencing runoff and chemical transport were 
a1 so measured. 
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RESULTS AND DISCUSSION 

Long-term Ti 1 1  age Experiments 

Residual soil NO; distribution 

The imposition of continuous tillage practices from 1984-89 had a 
variable effect on soil NO; distribution at the three experimental sites by 
March 1990. For both Piedmont soils (Pacolet and Wedowee), NO; concentrations 
differed only slightly between tillage systems in the top 75 cm of the 
untrafficked interrow but were higher under CT compared to NT in the 75-90 cm 
depth interval (Figs. 3 and 4). Nevertheless, these values were relatively 
low at each site and would therefore be of 1 ittle consequence with respect to 
crop performance or environmental concerns. A different pattern emerges for 
the trafficked interrow area of the Pacolet so,il, however, as NO; 
concentrations ranging from 4.2 to 23.1 mg kp- were found under CT compared 
to concentrations between 0.8 and 2.6 mg kg- under NT (Fig. 5). Moreover, 
the highest NO; concentration under CT occurred in the 60-75 cm zone, a depth 
interval generally considered beyond significant rooting activity for most 
Piedmont soils. 

The distribution pattern of residual soil NO- in the untrafficked interrow for 
the Coastal Plain soi 1 (Eunol a) generally ref1 ected very 1 ow concentrations 
and no difference between tillage systems (Fig. 6). Similar to the Piedmont 
site, however, considerably higher NO; concentrations occurred in the 
trafficked interrow area under CT compared to NT (Fig. 7)-., Under CT, the 15- 
30 cm depth had the highest NO; concentration (29.3 mg kg ) and was 
approximately three-fold greater than the other depth intervals. 

The impact of tillage practices on residual soil NO; distribution can be put 
into perspective when one considers their role in governing soil water 
dynamics, and in turn, crop yields. Over the previous 6-yr cropping period in 
the Piedmont, NT corn grain yields averaged nearly 30 and 37% higher than CT 
for the Pacolet and Wedowee soils, respectively. The increase in corn yield 
with NT was associated with greater soil water availability, due primarily to 
surface residue cover from corn stover fostering greater infiltration on these 
crust-prone soils. Consequently, the 1 ower yield 1 eve1 s under CT 1 i kely 
contributed to lower fertilizer N- use efficiency and a subsequent 
accumulation of residual N in the respective soil profiles. In this regard, 
the higher NO; accumulation in the trafficked interrow, a compacted area 
restrictive to water movement and root activity, may reflect more of a long- 
term buildup compared to the untrafficked area. A somewhat similar pattern 
was observed in the Coastal Plain soil even though corn grain yield was only 
marginally higher in NT compared with CT over the same 6-yr period. 

Crop rotation apparently had no effect on residual NO' levels. This is 
illustrated in Fig. 8 for CT on the Pacolet soil and %.ypifies results obtained 
for NT and the Eunola soil. These findjngs were somewhat unexpected, given 
the annual applications of 200 kg N ha' in corn monocul ture and only 
a1 ternate year N appl ications in the corn-soybean rotation. In general, 
soybean residue decomposes more rapidly than corn residue and therefore may 
have contributed enough N to the soil inorganic pool to offset potential 
differences in residual NO; due to the frequency of N applications. 



NO,, mg kg-' 

Fig. 3. Nitrate concentration at four depth intervals of a 
Pacolet sandy clay loam after 6 yr of continuous 
CT  or NT in corn monoculture. Plots were sampled 
in March 1990 in the untrafficked interrow. The 
symbol NS indicates F test not significant at p>0.10. 



NO,, mg kg-' 

Fig. 4. Nitrate concentration at four depth intervals of a 
Wedowee sandy clay loam after 6 yr of continuous 
CT  or NT in corn monoculture. Plots were sampled 
in March 1990 in the untrafficked interrow. The 
symbol NS indicates F test not significant at p>0.10. 



Fig. 5. Nitrate concentration in the trafficked interrow 
at four depth intervals of a Pacolet sandy clay 
loam. Plots were sampled in March 1990 after 
6 yr of continuous CT or NT in corn monoculture. 
The symbols t and NS indicate F test significant 
at pc0.10 and not significant, respectively. 



Fig. 6. Nitrate concentration at four depth intervals 
of a Eunola sandy loam after 6 yr of continuous 
CT or NT in corn monoculture. Plots were 
sampled in March 1990 in the untrafficked 
interrow. The symbol NS indicates F test not 
significant at p>0.10. 



Fig. 7. Nitrate concentration in the trafficked interrow 
at four depth intervals of a Eunola sandy loam. 
Plots were sampled in March 1990 after 6 yr 
of continuous CT or NT in corn monoculture. 
The symbols t and NS indicate F test significant 
at pc0.10 and not significant, respectively. 



O-O Corn monoculture 
~ornlsoybean 

90 
Fig. 8. Nitrate concentration at four de th intervals 

of a Pacolet sandy clay loam a f' ter 6 yr of 
continuous corn monoculture or corn rotated 
annually with so bean and under continuous 
CT managemen r . Plots were sam led in March 
1990 in the untrafficked interrow. he s mbols t 
and NS indicate F test significant at p< .10 
and not significant, respectively. 
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Distribution of atrazine and alachlor 

Residual concentrations of atrazine and alachlor were confined to the upper 30 
cm of soil, with the highest concentrations and number of detections occurring 
in the 0 to 15 cm layer (Table 1). It is also of note that the mean values 
shown in Table 1 represented detectable concentrations in all rep1 icates for 
only a few treatments. In general, there was a greater frequency of residual 
concentrations of atrazine in soil than alachlor, and these levels tended to 
be higher in the Piedmont soils compared to the Eunola soil. Given the 
shallow distribution and low concentrations (4 ppm) of both herbicides in 
these soils, there would be no environmental risk associated with these 
residual 1 eve1 s. 

With respect to tillage system, there was a pattern of higher residual 
herbicide concentrations with NT at all sites. This difference in herbicide 
retention between NT and CT was presumably due to more soil organic matter 
available for herbicide binding in NT systems. The higher concentration of 
atrazine in corn monoculture compared to a corn/soybean rotation reflects the 
annual application of this herbicide in a corn production system. 

Rainfall Simul ati on Experiments 
Runoff 

Rainfall simulation experiments at Coastal Plain and Piedmont locations 
provided insight on the dynamics of runoff potential and chemical transport in 
relation to tillage system and rainfall intensity. There was no runoff from 
an initial rainfall application of 0.63 cm over a 30-minute period at either 
Coastal Plain (Table 2) or Piedmont (Fig. 9) sites. Runoff values from a 2.5 
cm rainfall, expressed as a percentage of the total water applied, were only 
3% with CT and 8% with NT on a Norfolk sandy loam (Table 2). Similarly, there 
was 1 ittle difference in runoff between tillage systems on the Piedmont soil, 
although the actual amount (28%) was considerably greater than that measured 
for the Coastal Plain soil. 

Treatment differences were more evident when another 2.5 cm rainfall was 
applied 7 d after the initial 0.63 or 2.5 cm simulations. On the Norfolk soil 
under CT, the previous rainfall intensity had little effect on runoff from a 
second rainfall event, averaging approximately 12% of the total applied 
(Table 2). With NT, however, there was nearly a two-fold increase when the 
second rainfall event followed an initial 2.5 cm rainfall compared to a low 
intensity rainfall simulation. Differences in runoff between CT and NT with 
respect to prior rainfall amounts probably reflect a higher soil water content 
under NT by the second rainfall event due to reduced soil water evaporation. 

In contrast to the Norfolk soil, runoff patterns from the Pacolet soil during 
a second rainfall event provided evidence of the role residue cover plays in 
governing infiltration dynamics on this Piedmont soil. Runoff from CT plots 
was higher than NT when the second rainfall event followed either a 0.63 or 
2.5 cm initial rainfall (Fig. 9). The magnitude of this difference between 
ti1 lage systems, however, was greater when the second rainfall event followed 
an initial high intensity (2.5 cm) rainfall. Averaged across initial rainfall 
treatments, runoff during the second rainfall simulation was 67% of that 



Table 1. Residual atrazine and alachlor concentrations at two soil depths 
after 6 yr of continuous crop rotation/tillage sequences in each 
experiment. Samples were collected from the untrafficked interrow in 

~trazi neq A1 achl orq 

Rotationltil laae seauencet 0-15 cm 15-30 cm 0-15 cm 15-30 cm 

Pacol et sandv cl av 1 oam 

Eunola sandv loam 

CC = Corn grown in continuous moncul ture, CS = 2-yr rotation of corn and 
soybean, CT = conventional tillage, NT = no-tillage. 
Detectable limits for atrazine and alachlor were 0.001 and 0.005 mg kgm1, 
respectively. 
The number in parentheses represents the replications (out of 4) with a 
herbicide concentration above detectable limits. Unless otherwise noted, 
all rep1 ications were above detection 1 imits. 
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Table 2. Runoff as aff 
ginpa"ft .'f&sltY 

on a Norfolk sandy loam. 

Ti 1 1  aae Rainfall Runoff 

cm cm 

At ~l anting 

Treatment effects: 

Tillage (T) 
Rainfall (R) 
T x R  

Treatment effects: 

T 
R 
T x R  

7 d after Dlantinaf 

' Values in parentheses are runoff, expressed as a percentage of the total 
water applied, for a given rainfall simulation. 

' A 2.5 cm rainfall was simulated on the same plots receiving 0.63 or 2.5 cm 
rainfall at planting. 

ignificant at the 0.10 and 0.05 levels of probability, respectively; 
NS-nonsignificant. 
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Conventional tillage 
No-tillage 

Date 1 : 2.5 cm rain 

200 

Date 2: 0.63 cm + 2.5 cm rain Date 2: 2.5 cm + 2.5 cm rain 

Fig. 9. Bromide concentration in surface runoff from a Pacolet 
sandy loam as affected by tillage and rainfall intensity. Date 1 
represents the first rainfall treatment of 2.5 cm only, as no 
runoff occurred with the 0.63 cm rainfall. Date 2 represents 
a 2.5 cm rainfall applied 1 week later to the same plots receiving 
an initial 0.63 or 2.5 cm rainfall. Bars within each date and 
and rainfall intensity with the same letter are not significantly 
different at p>0.01. 



appl ied  w i t h  CT and 48% w i t h  NT. From t h e  f i r s t  t o  the  second r a i n f a l l  events 
f o r  the  2.5 cm r a t e  only, r u n o f f  values increased approximately t h r e e - f o l d  
w i t h  CT and two- fo ld  w i t h  NT. The lower r u n o f f  values w i t h  NT can be 
p r i m a r i l y  a t t r i b u t e d  t o  surface residue cover from corn s tover  f o s t e r i n g  
g rea te r  i n f i l t r a t i o n  on a  crust-prone s o i l .  

The corresponding sediment l oad  i n  r u n o f f  i s  a l so  o f  i n t e r e s t ,  p a r t i c u l a r l y  as 
i t  r e l a t e d  t o  chemical t ranspor t .  Because o f  the  coarse sur face t e x t u r e  o f  
the  N o r f o l k  s o i l  and r e l a t i v e l y  low r u n o f f  t o t a l s ,  sediment concentrat ion i n  
r u n o f f  was n e g l i g i b l e  (data no t  presented). I n  contrast ,  t o t a l  sediment i n  
r u n o f f  from the  Pacolet s o i l  was s t rong ly  in f luenced by t i l l a g e  system bu t  was 
unaf fec ted by p r i o r  r a i n f a l l  r a t e  (Table 3).  The sediment l oad  from t h e  f i r s t  
was r u n o f f  events was twenty- fo ld  greater  w i t h  CT compared t o  NT. By t h e  
second r a i n f a l l  s imulat ion,  and averaged over ,both i n i t i a l  r a i n f a l l  
i n t e n s i t i e s ,  t h e  sediment load was 1640 kg ha- w i t h  CT and on ly  70 kg ha" 
w i t h  NT. Moreover, t h e  1640 kg ha- sediment l oad  w i t h  CT represents a  four -  
f o l d  increase from t h a t  measured dur ing the  a t -p l  an t ing  r a i n f a l l  s imula t ion  
and i l l u s t r a t e s  the  compounding e f f e c t  t h a t  s o i l  c rus t ing  can have on 
subsequent water dynamics. 

Bromide i n  r u n o f f  

The use o f  a  nonreact ive t r a c e r  such as bromide enables the  moni tor ing  o f  s o i l  
water movement as a f fec ted  by t i l l a g e  system and r a i n f a l l  pa t terns .  I n  
add i t ion ,  inferences can be made, t o  some extent ,  on the movement o f  another 
anion o f  g reater  i n t e r e s t - - n i t r a t e .  

The i n i t i a l  2.5 cm r a i n f a l l  a t  the Piedmont s i t e  resu l ted  i n  a  considerably 
h igher bromide concentrat ion i n  surface r u n o f f  f o r  NT compared t o  CT, even 
though r u n o f f  t o t a l s  were s i m i l a r  (Fig. 9). Because the  potassium bromide was 
app l ied  as a  dry, g ranu lar  form, granules may have been p a r t i a l l y  impeded from 
reaching t h e  s o i l  sur face by the  crop residue i n  NT p l o t s  and thereby more 
suscept ib le  t o  movement w i t h  the r u n o f f  water. Bromide concentrat ions i n  
r u n o f f  from the  second r a i n f a l l  s imulat ions were reduced from those obtained 
i n  t h e  f i r s t  r a i n f a l l  event, most notably f o r  NT, r e f l e c t i n g  both a  d i l u t i o n  
e f f e c t  from the  h igher  r u n o f f  volume and l e s s  bromide present on t h e  microp lo t  
surface. 

A t  t h e  Coastal P l a i n  s i t e ,  given the  low r u n o f f  t o t a l s  dur ing  t h e  f i r s t  
r a i n f a l l  s imulat ion,  bromide concentrat ions i n  r u n o f f  were lower than those 
found f o r  t h e  Piedmont s o i l  and unaf fected by t i l l a g e  system (data not  
presented). Bromide concentrat ions i n  r u n o f f  from the Nor fo l  k  s o i l  dur ing  the 
second r a i n f a l l  s imulat ions averaged 41 mg kg- f o r  a l l  t reatments except the  
CT treatment t h a t  received an i n i t i a l  2.5 cm ra in fa l l , .  For t h i s  treatment, 
t h e  bromide concentrat ion i n  r u n o f f  was on ly  7  mg kg- . 
Bromide t ranspor t  i n  s o i l  

The higher bromide concentrat ions i n  r u n o f f  from the Piedmont s o i l  under NT 
were o f f s e t  by considerably h igher soi  1  bromide concentrat ions under CT (Fig. 
10). I n  general, t h e  h igher  bromide l e v e l s  w i t h  CT compared t o  NT were mainly 
conf ined t o  the  upper 7.5 cm o f  s o i l .  Below 15 cm, d i f fe rences i n  bromide 
concentrat ions between t i  11 age systems were negl i g i  b l  e. The on ly  exception 
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Table 3. Total sediment' iii r frhm a '~Gtt'ibt sandy 
by tillage system a infall intensity. 

Ti 11 age Rainfall Sediment 

Treatment effects : 

Till age (T) 
Rainfall (R) - - 
T x R  

Jreatment effects : 

T 
R 
T x R  

At Plantfna 

7 d after olantina' 

' No runoff occurred with the low rainfall rate applied at planting. 
' A 2.5 cm rainfall was simulated on the same plots receiving 0.63 or 

2.5 cm rainfall at planting. 

*,** Significant at the 0.05 and 0.01 levels of probability, respectively; 
NS = nonsignificant, ,- 4~-':~' 'A - - 7 y g p $ 5  

< - . , >  
I *  _ \  . .*-G$. 



B i  (mg kg-') 
0 - 200 400 600 

l ' l ' l ' l ' l '  

(a) 0.63 cm 

611 7/91 

l ' l ' l ' l ' l '  
0 

-0 

(c) 0.63 + 2.5 cm 

6/25/91 

(e) at harvest 

(d) 2.5 + 2.5 cm 

6/25/91 

Fig. 10. Soil bromide distribution in a Pacolet sandy clay loam 
as affected by tillage system and rainfall intensity 
Graphs (a), (c), and (e) represent an initial 0.63 cm 
rainfall, followed by a 2.5 cm rainfall, and an end of 
season sampling, respectively. Graphs (b), (d),. and 
(f) represent an initial 2.5 cm rainfall, followed by a 2.5 
cm rainfall, and an end of season sampling, respectively. 
A significant (p < 0.10) tillage effect occurred only in 
the 0 to 7.5 cm layer for each graph. 



was the occurrence of slightly higher bromide levels in the 20 to 40 cm depth 
interval under NT receiving an initial low intensity rainfall application. 
Bromide movement in both tillage systems was evident to a depth of 40 to 45 cm 
after the second rainfall simulation, with only minimal downward movement 
occurring after this date. The main consequence of a higher rainfall 
intensity was to reduce the bromide concentration in the surface layer, most 
notably for CT. 

A somewhat different pattern emerges in soil bromide distribution for the 
Coastal Plain soil (Table 4). There was a trend toward higher soil bromide 
levels under CT compared to NT after the first rainfall simulation; however, 
the magnitude of these differences was 15- to 25- fold less than that observed 
for the Piedmont soil. Following the second rainfall simulation, there was 
1 i ttle difference in soil bromide levels between ti1 1 age systems. A1 though 
concentrations were low, there also was some evidence of higher bromide levels 
in the 15 to 30 and 30 to 45 cm depth intervals on plots receiving an initial 
high intensity rainfall application. 

Herbicides in runoff 

Concentrations of atrazine and metolachlor in runoff were markedly affected by 
tillage system and rainfall intensity at both sites. Runoff from the Norfolk 
soil during the first rainfall event had nearly three times the level of 
atrazine and nearly 30% more metolachlor for NT compared to CT (Table 5). A 
similar trend was evident for only atrazine during the second rainfall event, 
although concentrations of each herbicide were considerably less than those 
found during the first runoff event. As might be expected, herbicide 
concentrations in runoff from the second rainfall event were lower when 
preceded by a high intensity rainfall. The respective herbicide 
concentrations in sediment were a1 1 below detectable 1 imi ts (data not 
presented). 

Similar patterns with respect to tillage system and rainfall intensity were 
evident for herbicide concentrations in runoff from the Pacolet soil ; however, 
treatment differences were more distinct at this site (Table 6). In general, 
concentrations of atrazine and metolachlor in runoff were also higher than 
the Coastal Plain results, reflecting the greater potential for herbicide 
movement on a soil with more limited infiltration capacity. Another notable 
difference between sites was the associated herbicide binding to sediment in 
runoff from the Pacolet soil. Herbicide concentrations were much lower than 
those found in the aqueous phase, however, and the principal treatment 
difference was that of lower values when the second rainfall event followed an 
initial high intensity rainfall. Across both soils and all treatment 
combinations, the amount of each herbicide in runoff ranged from 2 to 4% of 
the total application rate. 

Given the relatively large runoff volumes and sediment loads from the Piedmont 
soil, it is also of interest to calculate the amount (mass) of each herbicide 
for the respective treatment combinations. During the first runoff event, the 
total mass of atrazine increased by 90% and metolachlor by 36% for NT compared 
to CT (Table 7). Results from the second runoff event indicated little 
difference in total mass of atrazine between tillage systems and somewhat 
lower levels of metolachlor with NT. An initial high intensity rainfall 



Table 4. Soil bromide distribution as affected by tillage system and 
rainfall intensity on a Norfolk sandy loam. 

Ti 11 age Rainfall 
Soil depth. cm 

0-7.5 7.5-15 15-30 30-45 45-60 

Treatment effects: 

Tillage (T) 
Rainfall (R) 
T x R  

Treatment effects: 

T 
R 
T x R  

fit olantinq 

7 d after olantinal 

A 2.5 cm rainfall was simulated on the same plots receiving 0.63 or 2.5 cm 
rainfall at planting. 

Significant at the 0.10 level of probability; NS-nonsignificant. 



Table 5. Eff6cts of tillage system and r a i n h l  inteiisity on concentrations 
of atrazine and metblachlor in runoff from a Norfolk sandy loam. 

Tillage Rainfall Atrazine Met01 achl or 

Jreatment effects: 

Tillage (T) 
Rainfall (R) 
T x R  

Jreatment effects: 

R 
T x R  

At ~l anti ng 
'I 

0.390 

7 d after ~lantina' 

~ - 

No runoff occurred with the low rainfall rate applied at planting. 

' A 2.5 cm rainfall was simulated on the same plots receiving 0.63 or 2.5 cm 
rainfall at planting. 

t,* Significant at the 0.10 and 0.05 levels of probability, respectively; 
Nslnonsignificant. 



Table 6. Effects of tillage system, rainfall intensity, and rainfall 
sequence on concentrations of atrazine and metolachlor in runoff 
(aqueous and sediment) from a Pacolet sandy clay loam. 

Aaueous Sediment Aaueous Sediment 
Ti 11 age Rainfall Atrazine Met01 achl or 

Jreatment effects: 

Tillage (T) 

Treatment effects: 

At olantinq 

7 d after olantinaP 

Tillage (T) t +* * ** 
Rainfall (R) X* * ** * 
T x R  NS * NS t 

'NO runoff occurred with the low rainfall rate applied at planting. 

'A 2.5 cm rainfall was simulated on the same plots receiving 0.63 or 2.5 cm 
rainfall at planting. 

t,*,** Significant at the 0.10, 0.05, and 0.01 levels of probabil 
respectively; NS=nonsignificant. 



Table 7. ~ o t a l  mass of atrazfne and metolachlor ~n runorr (aqueous ana 
sediment) from a Pacolet sandy clay loam as affected by tillage 
system and rainfall intensity. 

Runoff 

Aaueous Sediment Total - .-.- baueous .- - 
7.x 5' T, 

Sediment Total 
+. 

Tillage Rainfall Atrazi ne Met01 achlor 

At ~l anti nq 

7 d after ~lantinq' 

~~ ~ 

'NO runoff occurred with the low rainfall rate applied at planting. 

'A 2.5 cm rainfall was simulated on the same plots receiving 0.63 or 2.5 cm 
rainfall at plantin . .C . , .  .. 

; - 
. .. j I ( 

$. ,*:; . . 
L : +/,.-. , 



generally reduced the total herbicide available for runoff during a subsequent 
rainfall event. When these values are summed over both runoff events, the 
total mass of atrazine was 61% higher and metolachor was 18% higher for NT 
compared to CT. 

Herbicide trans~ort in soil 

In general, soil herbicide concentrations decreased with depth at each site 
and no herbicides were detected below a depth of 30 cm, irrespective of 
sampling date. Within this depth range, there was also more movement of 
atrazine to deeper depths and at higher concentrations than metolachlor. 

The effects of tillage system and rainfall intensity revealed no consistent 
pattern for atrazine levels in the Norfolk soil (Tables 8 and 9). Moreover, 
detectable concentrations below the 15 cm depth were only found in 
approximately 60% of the samples, averaged over both dates. Detectable Table 
concentrations of metolachlor after each rainfall simulation were confined to 
the upper 15 cm of soil. Unlike atrazine, however, higher concentrations of 
metolachlor were associated with CT rather than NT. By the end of the growing 
season, concentrations of atrazine and met01 achl or were be1 ow detectable 
limits for all treatments at every depth interval (data not presented). 

Following the first rainfall simulation on the Pacolet soil, higher 
concentrations of atrazine and metolachlor were found in CT compared to NT 
plots (Table 10). This difference between tillage systems was limited to the 
surface 7.5 cm of soil and was also evident at the second sampling date (Table 
11). With respect to rainfall intensity, herbicides concentrations were 
unaffected in a NT system but were considerably higher for the CT treatment 
receiving an initial low intensity rainfall compared to CT receiving high 
intensity rainfall (s) (Tables 10 and 11). There was little change in 
concentrations of atrazine and metolachlor between sampling dates that 
followed the rainfall simulations. By the end of the growing season, however, 
only atrazine was present at detectable limits and at concentrations 
considerably lower than those from earlier sampling dates (Table 12). There 
was no evidence of any treatment effects at the last sampling date. 

It should be noted that because the first rainfall simulation was initiated 
immediately following herbicide application, there was essentially no 
potential for 1 osses due to vol atil ization or microbi a1 degradation. 
Consequently, our approach represented a worst-case scenario with respect to 
herbicide transport via surface runoff or leaching. With only a week interval 
between the first and second rainfall events, chemical or microbial 
degradation of the respective herbicides was also minimized. As previously 
mentioned, this aspect is evident in surface 1 ayer herbicide concentrations 
after the second rainfall event showing little change from those following the 
first rainfall event. 



' $ 1  
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~trazine' Met01 achl orq 

Rainfall 0-15cm 15-30cm 0-15 15-30 cm 

cm ----------------- mg kg-' --------------- 

0.63 0.43 0.04 0.65 <0.05 
2.5 0.25 0.05 0.44 t0.05 
0.63 0.31 0.01(l)~ 0.11(2) <0.05 
2.5 0.60 0.04(1) 0.42 t0.05 

L * 

be%tfiirnt e f f e c t s  : 

I 



Table 9. Effdct 6 f  tillage system and prior rainfall on concentrations of 
atrazine and metolachlor in a Norfolk sandy loam at two depths 
following a simulated rainfall of 2.5 cm seven days after the 
initial rainfall simulations. 

Pri or ~ t r a z i n e ~  Metol achl orq 
Ti 1 1  age rainfall 0-15 cm 15-30 cm 0-15 cm 15-30 cm 

" Till age (T) 
Rainfall (R) 

1 T x R  
I . %  . . 

n parentheses represents the replications (out of 3) with a 
hwbicide concentration above detectable 1 imi ts. Unless otherwise noted, 

I a11 rep1,ications were above detection limits. 
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ak .: Concentrations o f  atrazine and metolachlor wi th  depth i n  a Pacolet sandy c lay loam as affected 
.. 

. . .  .- ..... 
> '  ' 3 by t i l l a g e  system and r a i n f a l l  in tens i ty .  2s: -,: , ,,,.:'~.% 

At raz i  ne Metolachlor 
T i l l age  Ra in fa l l  0-7.5 cm 7.5-15 cm 15-22.5 cm 22.5-30 cm 0-7.5 cm 7.5-15 cm 15-22.5 cm 22.5-30 cm 

Treatment ef fects:  

T i l l age  (T) t NS NS NS t 
Ra in fa l l  (R) NS NS NS NS NS 
T x R  NS NS NS NS NS 

I ~ e l  ow detectable 1 i m i  ts .  

*s ign i f i can t  a t  the 0.10 leve l  o f  probabil i ty; NS~nonsignif icant. 



Table 11. Effect of tillage system and prior rainfall on concentrations of atrazine and metolachlor with depth 
i +  - in a Pacolet sandy clay loam following a simulated rainfall of 2.5 cm seven days after the initial 

rainfall simulations. 

Prior Atrazine Met01 achl or 
Ti1 lage rainfall 0-7.5 cm 7.5-15 cm 15-22.5 cm 22.5-30 cm 38-37.5 cm 0-7.5 cm 7.5-15 cm 

Treatment effects: 

Tillage (T) * NS NS NS NS * 
Rainfall (R) t NS NS NS NS t 
T x R  NS NS NS NS NS NS 

%elow detectable 1 imi ts. 

t,* Significant at the 0.10 and 0.05 levels of probability, respectively; NSsnonsignificant. 



Table 12. Concentration of atrazine at various depths in a Pacolet sandy clay 
loam by the end of the growing season for each till age and simulated 
rainfall combination. 

Soil depth. cm 
Tillage Rai nfal 1 

cm ------ Atrazine, mg kg" - 
CT 0.63 

Treatment effects: 

Tillage (T) 
Rainfall (R) 
T x R  

NSlnonsigni ficant. 
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Abbrevi at 

GLOSSA 

units of measurement) 

mi 11 igrams per 1 i ter 

milligrams per kilogram 

1 iters per hectare 

ki 1 ograms per hectare 

centimeter 

microgram 

parts per million 

day 

year 


