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ABSTRACT: Nitrogen losses in drainage water from coastal forest plantations can constrain the Factors regulating temporal changes of N export

from a typical drained forest system

long term sustainability of the system and could negatively affect adjacent nutrient sensitive
coastal waters. Based on long-term (21 years) field measurements of hydrology and water
quality, we investigated the temporal variations and controlling factors of nitrate and dissolved
organic nitrogen (DON) export from an artificially drained coastal forest over various time scales
(interannual, seasonal, and storm events). According to results of stepwise multiple linear

regression analyses, the observed large interannual variations of nitrate flux and concentration e
from the drained forest were significantly (p < 0.004) controlled by annual mean water table ======-=---=----- —
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significant difference was observed between nitrogen (both nitrate and DON) export during
growing and nongrowing seasons. Nitrate exhibited distinguished export patterns during six
selected storm events. Peak nitrate concentrations during storm events were significantly (p <
0.003) related to 30-day antecedent precipitation index and the minimum water table depth during individual events. The
temporal variations of DON export within storm events did not follow a clear trend and its peak concentration during the storm
events was found to be significantly (p < 0.006) controlled by the short-term drying and rewetting cycles.

N Storm events Seasonal Inter-annual , /

B INTRODUCTION key factors controlling interannual DON fluxes in forest floor
leachates' and forest streams.” Due to the seasonal changes of
both biotic (plant and soil microbes retention) and abiotic
(hydrological transport) factors,” nitrate export from forests
typically follows distinct seasonal trends characterized by higher
concentrations and fluxes occurring during dormant seasons.”'*
In contrast, export of DON normally exhibits no significant
seasonal changes.“’14 Nevertheless, few exceptions to the
general trends of nitrate> and DON'® export have been
reported. A number of studies have also focused on N export
dynamics from forests during individual storm events. Peak
nitrate concentrations usually appear on the rising limb of
hydrographs, which is referred to as the “nitrate flushing”
phenomena.”®'” A somewhat similar trend was also observed
for DON export dynamics during storm events.'™"?

Existing studies on temporal variations and controlling
factors of N export from forests have mainly focused on
upland areas, and have largely ignored artificially drained
lowland forests, despite their large areas and proximity to

Nitrogen (N) export from forest ecosystems to surface waters is
much smaller compared to agricultural land receiving N
fertilizer.' However, natural and anthropogenic disturbances
to forest ecosystems, such as climate change, elevated
atmospheric N deposition, and silvicultural practices, raise
broad concerns about the potential rise in N leaching losses
from forests.” Quantifying temporal variations of N export from
forests and exploring the underlying mechanisms are important
to improve our understanding of the physical and biogeochem-
ical processes regulating N fate and transport at the interface
between forested lands and their adjacent surface waters.

The variations of nitrate and dissolved organic nitrogen
(DON) export from upland forests over various temporal scales
have been extensively investigated by hydrologists, ecologists,
and environmental engineers.s_8 In general, both nitrate and
DON export from ugland forests exhibit considerably large
interannual variability,”'® which has been commonly linked to
one or multli%)le climate factors, such as annual mean

temperature,”'" precipitation,’ soil freezing,'"”"" and other
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nutrient sensitive waters.”® Artificially drained lowland forests
are expected to be different from intensively studied upland
forests with respect to the temporal variations and controlling
factors of N export because of their distinct hydrological
processes. Drained coastal forests are mainly characterized by
soil matrix flow because of the combination of flat topography,
high surface water storage, and artificial drainage ditches.
Compared to outflow from higher gradient upland forests,
which is dominated by rapid overland flow and lateral interflow,
most of the outflow from drained lowland forests is moderate
subsurface flow to drainage ditches. Artificial drainage ditches
modify the hydrology of the lowland forest by providing
improved subsurface drainage and acting as short circuits that
enhance the subsurface movement of water and accompanying
solutes offsite. The objectives of this study were to characterize
and investigate the underlying controlling factors of the
interannual, seasonal, and within-storm event variations of N
(nitrate and DON) export from a typical lowland forest with
improved drainage.

B MATERIALS AND METHODS

Study Site. The study was conducted on a 25 ha loblolly
pine (Pinus taeda L.) plantation located in the Atlantic Lower
Coastal Plain of North Carolina, United States (34° 48’ N, 76°
42’ W). The site is relatively flat (less than 0.1% slope) and has
hydric soil. It is drained by four 1.2 m deep parallel lateral
ditches dug at 100-m spacing. The loblolly pine trees, planted
in 1974 at a density of 2100 trees ha™', were thinned in 1981 to
988 trees ha™' and in 1988 to 370 trees ha™". Nitrogen fertilizer
was applied in early 1989 at a rate of 195 kg Urea-N ha™".
Thereafter, the site had not been disturbed for 20 years until it
was clear-cut in 2009. The reader is referred to other
studies® ~** for a detailed description of the study site.

Data Collection and Sample Processing. Onsite
collection of climatic, hydrologic, and water quality data has
continued since early 1988. Measured climatic variables
included precipitation (mm), air temperature (°C), relative
humidity (%), wind speed (m s™") and direction, and solar and
net radiation (W m™2). Drainage was estimated by water head
that was measured every 6 min upstream from a 120° V-notch
weir installed at the outlet of the collector ditch. Water table
depth (WTD) (cm) was calculated as the mean of water levels
that were measured every 15 min using two wells equipped
with automatic water level recorders, located at two
experimental plots midway between the inner field ditches of
the site. Details of these measurements are given elsewhere.”*

During the study period, automatic ISCO-2700 samplers
were used to collect drainage water samples every 2 h during
each storm event. From 1989 to 1994, four consecutive samples
were mixed together to make one composite sample for every
8-h period, which produced three water quality samples per
day. Since 1995, composite samples were collected at a 6-h
interval and mixed together to make one water sample every 2
weeks for lab analysis. Additionally, grab samples were collected
weekly or every 2 weeks during flow events for the whole study
period. Filtered water samples were analyzed for concentrations
of nitrate ([NO3"']) and nitrite, ammonium, and total Kjeldahl
nitrogen (TKN) according to U.S. Environmental Protection
Agency methods.”®> DON concentration ([DON]) was
calculated as the difference between measured concentrations
of TKN and ammonium. Detailed procedures of event
sampling and lab analyses are documented elsewhere.”*
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Data Analysis. Ammonium was excluded from this study
because it accounted for less than 1% of total N export from the
study site.”* Analysis of N export in this study was mostly based
upon composite sampling. Grab samples were only used when
composite samples were unavailable during about 11 months
throughout the entire 21 year data set. Annual and monthly
mean concentrations were calculated by averaging concen-
trations measured from composite samples. Nitrate and DON
fluxes during each 2-week interval were calculated as the
product of the measured flow during the interval and the
concentration based on the composite sample collected at the
end of the interval. Monthly and annual fluxes were calculated
by adding up the 2-week fluxes. Uncertainties with respect to
solute flux estimations using infrequent sampling were reported
in another study.*®

Field measurements from 1991 to 2008 were used to
investigate interannual N export dynamics. The first 2 years
(1989 and 1990) were excluded to eliminate the effects of the
1989 fertilizer application on the analysis. A multiple stepwise
linear regression procedure’” was used to identify subsets of
climatic and hydrologic factors regulating annual N export from
the drained forest. Model selection was based on Mallows” Cp
criteria.”” Candidate variables were annual mean water table
depth (MWTD), annual drainage flux (Q), annual mean
temperature (T), annual precipitation (P), and annual net
radiation (R). To make regression equations meaningful,
normalized values of dependent (concentration and flux) and
independent variables were used to conduct the statistical
analysis. The normalized values were obtained by dividing each
value of the variable by its long-term mean during the whole
study period. Collinearity diagnosis based on variance inflation
factor (VIF) was conducted to avoid high correlations between
selected factors used for the multiple stepwise linear
regressions. Statistical analyses were carried out using the
procedures GLMSELECT of the SAS statistical package (SAS
Institute, Cary, NC).

Seasonal variations of N export from the study site were
investigated by analyzing monthly mean concentration and flux
for the whole study period. Months with no drainage were
excluded from the analysis. Growing season of loblolly pine in
southeastern United States was defined as the period from
March to November.”® Two tailed student t-test was used to
determine the significance (at @ = 0.05) of difference between
N export during growing and nongrowing seasons.

Six single storm events, which occurred in different seasons
from 1992 to 1994, were selected to quantify the short-term
variations of N export. Factors characterizing the antecedent
soil moisture condition and individual storm event were used as
candidate factors controlling peak nitrate and DON concen-
trations within storm events. Antecedent soil moisture
condition is characterized by 30-day antecedent mean water
table depth (MWTD;;) and 30-day antecedent precipitation
index (API,,).>*** The APL,, is defined as

30 P
APL, = 2 7
i=1

where P; (mm) is the total precipitation on the ith day before
the event. Uncertainties of using API;, to represent antecedent
soil moisture condition were reported elsewhere.”*”*° Key
storm characteristics (Table SI-2 in the Supporting Informa-
tion) included in the analysis are peak precipitation intensity
(cm hr™'), total precipitation amount (mm), the minimum
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water table depth (cm) during the event (WTD,;,), peak
drainage rate (m®s™"), and time to peak drainage (hr). Strength
(Person correlation coefficient) and significance (@ = 0.05) of
relationships between these selected factors and peak solute
concentration are reported.

B RESULTS AND DISCUSSION

Annual Dynamics of Nitrogen Export. Similar to results
obtained from upland forests in northeastern'® and south-
eastern® United States, and central Canada,'! annual nitrate
and DON export showed considerably large interannual
variation over the study period from 1991 to 2008 (Figure
1). The annual mean [NO3'] ranged from 0.08 mg L™" in 2001
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Figure 1. International dynamics of annual mean concentrations (top
figure) and fluxes (bottom figure) of nitrate and DON from the
drained forested site.

to 0.76 mg L™" in 2005 with a mean of 0.50 mg L™ and a
standard deviation (SD) of 0.28 mg L™ (Figure 1). The
smallest annual nitrate flux from the watershed was 0.04 kg ha™
in 2001 and the highest one was 4.4 kg ha™" in 1992. The long-
term mean annual nitrate flux was 2.6 kg ha™' and the SD was
1.48 kg ha™". Mean annual [DON] ranged from 0.32 mg L™" in
1991 to 1.09 mg L™" in 2000 with a mean and a SD of 0.65 and
0.32 mg L™, respectively. Annual DON flux was highest (4.2 kg
ha™") in 2000 and was lowest (0.03 kg N ha™") in 2001. Mean
annual DON flux was 2.5 kg ha™"' and the SD was 1.58 kg ha™".

According to the collinearity diagnosis, annual precipitation
and drainage showed strong collinear relationship (R* = 0.86
and VIF > 6.0). This suggests that only one of the two factors
can be used for the stepwise multiple regression analysis. The
full regression equations including all five candidate factors
(MWTD, T, R, P, or Q) are listed in Table SI-1. Comparisons
between field measurements and predicted solute concen-
trations and fluxes using the “best-fit” regression equations are
also shown in Figure 2. Coefficients of determination (R*) of
full regression equations in Table SI-1 are comparable to those
of selected “best-fit” regression equations in Figure 2,
suggesting that selected factors based on Mallows” Cp criteria
were reasonable.

Water table depth and annual precipitation or drainage are
the two key factors significantly regulating temporal changes of
annual [NO5'] and export (Table SI-1, Figure 2A and C).
Estimated annual mean [NO;3'] and fluxes using the regression
equations with MWTD and precipitation were in good
agreement with field measurements (Figure 2A and C). Daily
WTDs were less than 50 and 20 cm during 32.5% and 4.6% of
the whole study period, respectively. There was a significant
and negative relationship between MWTD and annual mean

3.0 T T T T T 3.0 T T T T T
[NO;'|=3.44-1.58MWID" 098P ,° [DON]=0.95 e
. 257 (R*=0.58, p=0.004) L7 b 259 (R*=0.00, p=0.001) 1
L < e
= 7
S 204 L7 // 1 204 -]
7z
2 e e
£ 154 L7 - 1 154 .
8 i ’ |} 7z g
3 104 "m an - { 101 |
3} s m -
= ’ [ ] ,
L 054 m m 4 4 0.5 E
o e
.7 (A) (B)
0.0 1 T T T T 0.0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3. 0.0 0.5 1.0 1.5 2.0 2.5 3.0
3.0 T T T T T T 3.0 T T T T T
55| Lo =068 0SSMWTD c111P” ’ Lygy =0.26+0.610" .7
R : 7z B 2 _ ’
" ®=058,p0.001) 251 ®=031.p=000) ]
2 204 o Pad L7
: o <71 i g
o 1.5 . s . . e
= ’ L s 1.5 - z i
5 1 " d ’
o 1.04 - - 1 P4 - - e
e
b5 - - uis "o 1.04 7 ] " 7 1
5 059 . 7 4 ™ ,
5 v .7 g
£ 0.0 s 1 0.5+ b . 4
-y d Pid 0 n PR
D
0.5 — 0.0 . 7 . . )
-0.5 0.0 05 1.0 1.5 20 25 30 00 0.5 1.0 1.5 2.0 2.5 3.0

Measured relative values

Measured relative values

Figure 2. Comparisons between measured and predicted nitrogen export on an annual basis with 95% prediction confidence intervals as covered by
dashed lines. (A) Annual mean nitrate concentration ([NO3']); (B) annual mean DON concentration ([DON]); (C) annual nitrate loading
(Lno;"); (D) annual DON loading (Lpoy). The calibrated equations using selected parameters based on the Mallows” C,, criteria are listed under

each figure. T is annual mean temperature, R is annual radiation, Q is annual drainage, MWTD is annual mean water table depth, P is annual
precipitation. The asterisks indicates significance level of individual factor (*p < 0.0S, **p < 0.01,***p < 0.00S, n = 18 for nitrate, n = 17 for DON).
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Figure 3. Seasonality of nitrogen export and hydrological dynamics represented by monthly values from 1989 to 2008. (A) Monthly nitrate flux
(L_NO3"); (B) monthly mean nitrate concentration ([NO3']); (C) monthly dissolved organic nitrogen flux (L_DON); (D) monthly mean DON
concentration ([DON]); (E) measured monthly drainage (Q); (F) precipitation (P).

[NO3'] (p = 0.009), as well as between MWTD and annual
nitrate flux (p = 0.03), suggesting that shallow water table could
lead to higher annual mean [NOj3"'] and export. This is because
shallow water table in these drained soils not only indicates
high hydraulic gradient and drainage flux, but also increases the
vulnerability of soil nitrate, which mainly accumulates in top
soil profile, to be leached out. Moreover, smaller MWTD
indicates higher soil moisture in the vadose zone, which favors
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net mineralization and nitrate availability in the soil profile.®
The similar effects of water table dynamics on nitrate export
were observed for drained agricultural land with relatively flat
topography.® Previous studies on upland forests rarely
investigated impacts of WID on nitrate losses.

Annual precipitation or drainage flux showed positive
impacts on annual nitrate fluxes (p < 0.008), but negative
impacts on annual mean [NO3'] (p = 0.04) because of dilution
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Figure 4. Hydrograph (solid line) and concentrations (mg L") of nitrate (solid line with circle) and DON (line with triangle) during the six storms

selected between 1992 and 1994.

effects. The long-term measurements of precipitation and
drainage were reported in other publications.’***** The
positive impacts of annual precipitation and/or runoff on
annual nitrate fluxes were reported in several studies of upland
forests.”***> The negative impacts of annual runoff on annual
mean [NOj3'] was also repor‘ced.19 Because of its effects on soil
N mineralization,”” temperature has been regarded as one of
the main factors influencing the temporal dynamics of annual
nitrate export.m’u’36 However, we did not find significant
impacts of annual mean temperature on nitrate export. This is
mainly caused by the relatively low interannual fluctuations of
annual mean temperature, as indicated by the low SD of 0.5 °C,
compared to the long-term mean of 16.4 °C.

Statistical analysis indicated that annual drainage (Figure 2D)
was strongly related with DON fluxes with significant
relationship. This result was comparable to findings of several
studies in temperate upland forests.">'®'" However, none of
the factors included in the analysis was identified as statistically
significant variable regulating the interannual variation of
[DON] (SI-1, Figure 2B). The unclear relationship between
DON export in forest streams and a single climatic or
hydrologic factor was also reported for a number of upland
temperate forests.'> This is mainly because none of the
candidate factors can quantify the dominant role of adsorption/
desorption processes in regulating the release of DON from
soil. However, a few studies in upland forests showed that
drainage posed a positive impact on mean annual [DON]."

Seasonal Dynamics. Large temporal variations were
observed in monthly [NO3'] (mean = 0.5 mg L™" and SD =
0.46 mg L™") and flux (mean = 0.22 kg ha™' mo™" and SD =0.5
kg ha™' mo™"). High nitrate fluxes and concentrations occurred
in all seasons except during late spring and early summer
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(Figure 3A and B) when plant uptake depletes most of the
nitrate-N in the shallow soil profile. Monthly DON flux (Figure
3C) and concentration (Figure 3D) exhibited a seasonal trend
similar to that of nitrate but with smaller seasonal variations.
Mean and SD of monthly [DON] were 0.64 and 0.67 mg L™/,
while mean and SD of monthly DON flux were 0.21 and 0.35
kg ha™' mo™'. The clear overlap of the “hot” moments of
elevated nitrate and DON export during large drainage period
(Figure 3E) indicates that monthly drainage is a strong
predictor for monthly nitrate (R* = 0.63, p = 0.02) and DON
(R* = 0.56, p = 0.03) export. However, there is a lack of
correlation between monthly drainage and [NO3'] (R* = 0.26,
p=021) or [DON] (R*=0.15, p = 0.23). This is because small
to medium precipitation events (e.g, Aug to Sept 1998 and
1999, Oct 2005) usually trigger leaching losses of nitrate and
DON accumulated in the top soil profile, while large tropical
storm events of the summer often dilute the concentration
(e.g., hurricane Fran with 447 mm of rain in Sept 1996, and the
abnormal Atlantic hurricane season in 2003).

There is no significant difference (p = 0.3, df = 146) between
the [NO3'] during growing and nongrowing seasons of 1989 to
2008. Nevertheless, monthly mean [NO3'] was found to be
significantly higher (marginally) (p = 0.07, df = 33) during
nongrowing seasons than during growing seasons of 1989 to
1994. This shift of seasonality of nitrate export could be
attributed to a couple of causes. The mean drainage amount
during the growing seasons of the years 1989—1994 was 184
mm, much lower than the mean drainage during the growing
seasons for the whole study period (264 mm). The relatively
drier growing seasons during 1989—1994 (Figure 3E and F)
could be a main cause since soil moisture is usually the primary
constraint for N mineralization in temperate forests.> Mean-
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while, the decline of loblolly pine growth rate, usually starting at
tree age between 15 and 20 years (around 1994 in the study
site) in Southeastern United States,’ might weaken the
dominant role of plant uptake in regulating seasonal variations
of nitrate export. The impact of stand succession on nitrate
export has also been observed in some upland forests.*"* In
contrast to nitrate, we did not find similar shift of seasonal
export dynamics of DON from the lowland forest over the
study period.

Monthly [DON] and DON fluxes during growing seasons
were also not significantly different (p > 0.25, df = 131) from
those during nongrowing seasons. The absence of significant
difference of DON export during growing and nongrowing
seasons observed in this study and other studies”'*'”*” can be
partially explained by two main reasons. First, DON is less
accessible and hard to be assimilated directly by plants; thus it
is less controlled by seasonal changes in plant uptake.40 Second,
the DON release is mainly controlled by soil sorption, which
does not exhibit seasonal change.**~*

Nitrogen Export at the Storm-Event Scale. Nitrate
Export Dynamics during Storm Events. Initial [NO3'] prior
to the rising limbs of storm hydrographs ranged from 0.13 to
0.53 mg L™ (the mean concentration = 0.29 mg L™") with the
lowest concentration occurred during the March 1994 storm
(Figure 4). During all six storms, [NO3"] initially increased as
the drainage rate increased until it reached peak concentration
prior to or after the appearance of peak drainage, followed by a
decline in concentration during the hydrological recession
periods. This decline in [NO3'] during the falling limbs of the
hydrographs was gradual and usually took 6—14 days for the
[NO;3"'] to return to their initial values prior to storm events
(Figure 4). Peak [NOj3"'] ranged from 0.59 to 2.2 mg L™" and
these peak concentrations were 2—4 times the corresponding
initial concentrations (Figure 4). Peak [NO3'] occurred after
peak hydrograph of storms 1, 2, and 4. Because of limitations of
our sampling method, it is difficult to conclude with confidence
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that peak concentrations occurred prior to peak drainage for
storms 3 and 6, which had lag times between peak [NO3'] and
peak hydrograph of less than 8 h. Only the fifth storm event
clearly displayed the so-called “nitrate flushing” phenomenon
because peak [NOj'] occurred 1.5 days prior to the peak
drainage. The lack of nitrate “flushing” phenomenon in other
five selected storm events is contrary to other studies.*** This
probably resulted from the relatively rapid hydrological
response to precipitation events (SI-2) in the study site due
to the existence of the drainage ditches and the small size of the
watershed. Previous studies showing nitrate “flushing”
phenomenon wusually had relatively longer time to peak
drainage. For instance, time to peak drainage was about 10
and 7 days in some upland forest watersheds with large
drainage area (usually >100 ha),**° comparable to 5 days for
the storm exhibiting “flushing” phenomenon (Storm S, Figure
4). In contrast, studies that did not report nitrate “flushing”
usually reported relatively short time to peak drainage such as
less than 2 days (Storms 1, 2, and 4) in our study, less than 1
day,’® and less than half a day.® An exception was McHale et al.®
who found nitrate “flushing” occurred even at less than 1 day
time to peak drainage.

Only API;, and WTD,;, during an individual storm event
have significant effects on peak [NO3'] for the six storm events
(Figure SA and B). The significant positive linear relationship
between APLy, and the peak [NOj3"'] (Figure SA) suggests that
soil moisture is a key factor regulating the peak [NO3'] during
storm events. Compared to the MWTDj;,, API;, was found to
be a better indicator of antecedent soil moisture (Figure SA).

The logarithmic relationship between WTD,;, and peak
[NO;3"] is strong and significant (Figure SB). Peak [NO3'] was
much higher when the peak water table reached the soil surface,
and it dropped quickly once the peak water table starts to
decline. The negative effect of the WID,,;, on [NOj3"] further
supported our explanation and conclusions obtained from
analysis on annual nitrate export. The logarithmic rather than
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linear relationship between [NO3'] and the WTD,;, during the
storm event is consistent with the widely observed exponential
decline of soil nitrate with depth.*’

DON Export Dynamics during Storm Events. Unlike
nitrate, the fluctuations of the [DON] during the six storms
were relatively smaller (Figure 4). The maximum [DON] of
these storms ranged from 0.48 to 1.35 mg L™" and were less
than 2.3 times the lowest [DON] before each storm. The
highest concentration of DON occurred prior to or after the
peak drainage and did not follow hydrograph patterns as nitrate
did.

We did not find clear temporal trends of DON export during
storm events (Figure 4), in contrast to previous studies that
found [DON] consistently peaked at or before peak drainage
during storm events in upland forests."®”'* Overland flow and
shallow subsurface interflow were found to be dominant flow
paths for transporting soil DON to streams in upland
forests."®'”'? The lack of clear temporal trends in our study
was mainly attributed to the absence of lateral water flow paths
either through overland flow or interflow. The DON in soil—
water can only be transported through soil matrix and
macropore flow, during which the rate limited soil desorp-
tion/adsorption process was the controlling factor.**

In contrast to nitrate, the API;; was not a strong indicator for
maximum [DON] for these storms as indicated by the weak
linear relationship in Figure SA. The WTD,,;, had no effect on
peak [DON] as shown in Figure 5B (R* = 0.0006 and p =
0.96). Both MWTD;, and precipitation during storm events
displayed significant positive effects on peak [DON] during
storm events (Figure SC and D), suggesting the drying (large
MWTD,,) and rewetting (precipitation) events increased
DON export from the drained forest. It is also known that
drying and rewetting of soils could temporarily result in a
pronounced increase in soil soluble organic compounds.*® The
well-recognized physiological stress for the microbial commun-
ity and destruction of soil aggregates caused by drying and
rewetting events were common explanations of increased DON
losses following these events.*

B IMPLICATIONS OF THIS STUDY

Based on 21-year field measurements of weather, hydrology,
and water quality from an artificially drained pine plantation,
this study elucidated the temporal dynamics of N (nitrate and
DON) export from a typical managed lowland forest and
investigated the underlying controlling factors. Results from
this study improved our understanding of N export from
lowland forests by highlighting both similarities and differences
between N export from a typical drained lowland forest and
other upland forests. The observed different temporal dynamics
(e.g, lack of temporal trend of [DON] during storm events)
and controlling factors (e.g, impacts of WID on nitrate
export) of N export from this artificially drained lowland forest
implied the dominant role of hydrologic paths in regulating N
losses from forest ecosystems. Findings from this study are of
important implication for adjusting the timing of N fertilizer
application in the lowland pine plantations to minimize N
leaching losses. This study also points to the need for further
investigations of N, especially DON, export from lowland
forests to extend and refine our findings.

Among climatic factors, precipitation was found to be a key
driver regulating N export from both upland and lowland forest
ecosystems. The projected future changes of precipitation
pattern in the southeastern United States*® will influence the
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temporal trend of N export from lowland drained forests.
Specifically, the seasonal shift of precipitation trend (increasing
autumn precipitation and decreasing spring and summer
precipitation) may fundamentally change seasonal export
dynamics of both nitrate and DON from lowland forests.
Since drying and rewetting cycling is a key factor regulating
DON export, future DON export from these drained lowland
forests may be accelerated due to the projected increase of
frequency, duration, and intensity of drought events, as well as
increasing intensities of Atlantic hurricanes.*® However, the
long-term impacts of the projected climate change on N cycling
in these lowland forests needs further investigations.

B ASSOCIATED CONTENT
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Multiple linear regressions between nitrogen export in drainage
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