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ABSTRACT

In this study, we document a functional regime
shift in stream inorganic nitrogen (N) processing
indicated by a major change in N export from a
forested watershed. Evidence from 36 years of data
following experimental clearcut logging at Coweeta
Hydrologic Laboratory, NC, suggests that forest
disturbance in this area can cause elevation of
dissolved inorganic N (DIN) loss lasting decades or
perhaps longer. This elevation of N export was
apparently caused by an initial pulse of organic
matter input, reduced vegetation uptake, increased
mineralization of soil organic N, and N fixation by
black locust-associated bacteria following clearcut
logging. In forested reference watersheds at
Coweeta, maximum DIN concentration occurs in
summer when base flow is low, but the clearcut

watershed shifted to a pattern of maximum winter
DIN concentration. The seasonal pattern of DIN
concentration and export from reference water-
sheds can be explained by terrestrial and in-stream
processes, but following clearcutting, elevated DIN
availability saturated both terrestrial and in-stream
uptake, and the N export regime became domi-
nated by hydrologic transport. We suggest that the
long-term elevation of stream DIN concentration
and export along with the changes in seasonality of
DIN export and the relationship between concen-
tration and discharge represent a functional regime
shift initiated by forest disturbance.

Key words: watershed; nitrogen; budget; regime
shift; clearcutting; stream.

INTRODUCTION

Ecosystem regime shift has been defined as a major
change to a new and fundamentally different state
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(for example, Pace and others 2013). However, we
use the term in a narrower sense to refer to a
change to a new domain of stability (Scheffer and
others 2001). Ecosystems are inherently stable in
the classical sense of the term—they will return
toward pre-disturbance conditions following a
small, acute disturbance (Waide and Webster 1976;
May 1977). This response is due to biological
feedback mechanisms in the ecosystem, or what
Standish and others (2014) describe as helpful re-
silience. For example, many forest ecosystems have
been described as nitrogen (N) saturated when N
export increases due to high N deposition (Aber
and others 1989). But following reduction in N
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deposition in forests in the central Appalachians, N
export from these forests began to decline (Eshle-
man and others 2013). Similar rapid recovery has
been shown in experimental studies of reduction of
N deposition (Bredemeier and others 1995; Corre
and Lamersdorf 2004). Also, many studies have
shown elevated N export from watersheds follow-
ing forest cutting (for example, Likens and others
1970), but recovery to near pre-disturbance N ex-
port is usually rapid (Bormann and Likens 1979b).
In this second example, the major feedback
mechanism responsible for N export recovery is
rapid vegetation regrowth and uptake of inorganic
N (Gholz and others 1985; Martin and others 2000;
Hornbeck and others 2014).

Ecosystems are not globally stable, and extreme
disturbances may cause an ecosystem to move
outside its domain of stability to an alternative state
(Lewontin 1969; Holling 1973; May 1977; Gun-
derson 2000). Examples include deposition of toxic
chemicals for copper smelting at Copper Hill, Ten-
nessee (Johnson 2002) and massive erosion due to
cotton farming in southeast United States (Richter
and Markewitz 2001). In these examples, the bio-
logical feedback mechanisms for recovery no longer
exist, preventing recovery to the original ecosys-
tem. However, recovery toward a more functional
ecosystem may occur through extensive manage-
ment intervention such as the planting of nearly 20
million trees and shrubs at Copper Hill (Johnson
2002). These permanent changes in ecosystems
have been referred to as changes in the domain of
stability, critical transitions, tipping points, ecolog-
ical thresholds, or regime shifts (for example, Hol-
ling 1973; Woodwell 1975; Gunderson 2000;
Groffman and others 2006; Patten 2014).

Ecosystem regime shifts have been well docu-
mented in lakes (Scheffer and others 1997; Car-
penter and others 1999), streams (Dent and others
2002; Robinson and Uehlinger 2008), and oceans
(Collie and others 2004) and suggested for a variety
of other ecosystems including coral reefs, wood-
lands, and deserts (Scheffer and others 2001). In
most of these examples, the regime shift was
identified by changes in the biotic assemblage. In
this study, we document a functional regime shift
indicated by change in N export from a forested
watershed, which occurred in response to clearcut
logging.

Undisturbed forest watersheds are highly N
retentive (for example, Thompson and others
2011), and N export is largely biologically con-
trolled. However, accumulation of available N be-
yond what can be biologically immobilized results
in N saturation (Aber and others 1989), and N

export can move toward hydrologic control where
N export is closely related to hydrologic export. The
excess N inputs may result from atmospheric
deposition (for example, Dise and Wright 1995),
fertilization (Peterjohn and others 1996), defolia-
tion (for example, Swank and others 1981; Riscassi
and Scanlon 2009), other disturbances that in-
crease N mineralization (Bormann and Likens
1979a), or often a combination of processes (Aber
and others 2002). Elevated export of dissolved
inorganic N (DIN = nitrate + ammonium) is a
common watershed-scale response to these distur-
bances (for example, Likens and others 1970; Aber
and others 1989). Yet, forested ecosystems are
highly resilient, and, as noted above, DIN export
has usually been observed to recover rapidly as the
vegetation regrows.

The inference that DIN export is biologically
controlled arises from studies quantifying the
magnitude of export and how it changes following
vegetation manipulation and also from observa-
tional studies noting significant seasonality in
stream nutrient concentrations. Changes in the N
cycle caused by forest logging have been known for
over 100 years (Vitousek and Melillo 1979).
Experimental clearfelling followed by inhibition of
vegetation regrowth (Watershed 2) at Hubbard
Brook Experimental Forest (NH) resulted in very
high concentration of nitrate (up to 18 mg N L)
in the stream draining this watershed (Likens and
others 1970). Nitrogen losses from this experiment
were extreme, and most other studies have shown
significant but much smaller losses (for example,
Auberton and Patric 1974; Vitousek and Melillo
1979; Martin and others 1984; Van Miegroet and
others 1992; Adams and Kochendenfer 2014). In
some studies, researchers saw no increase in N
export or the increased export could be attributed
entirely to an increase in discharge (Ranger and
others 2007; Marchman and others 2013). Rhoades
and others (2013) saw no increase in N export in
response to heavy lodgepole pine mortality caused
by western pine beetle infestation, which they at-
tributed to compensatory growth of residual vege-
tation. Where elevated N export was observed,
recovery to more normal N loss was rapid, rein-
forcing the conclusion that DIN export is biologi-
cally controlled.

Observational studies across many ecosystems
have noted significant seasonality in stream nutri-
ent concentrations that corresponds directly to the
seasonality of biological processes. For example,
Vitousek and Reiners (1975) observed peak nitrate
concentration in winter and minimum in summer
in the White Mountains of New Hampshire, which
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they attributed to dormant or active terrestrial
vegetation. Goodale and others (2009) described
the winter peak in nitrate concentrations as the
conventional seasonal pattern for forested water-
sheds with snow-dominated hydrology throughout
much of the U.S. and Europe. These late winter
peaks may be the result of flushing of winter-ac-
cumulated nitrate during spring snowmelt (for
example, Creed and others 1996) and are followed
by spring and early summer declines in nitrate
concentrations that have been attributed, at least in
some streams, to uptake by periphyton (Webb and
Walling 1985; Walling and Webb 1986; Svendsen
and others 1995; Mulholland and Hill 1997, Sa-
bater and others 2000; Bernhardt and others 2003,
2005). Many watersheds, particularly those that
are not dominated by snow hydrology, do not fit
this pattern but rather are characterized by peak
stream nitrate concentrations in the summer. For
example, summer maximum nitrate concentrations
have been observed in Japan (Mitchell and others
1997; Ohte and others 2001; Ohte 2012), Balti-
more, MD (Tague and Band 2004), the Upper
Susquehanna River basin in New York (Goodale
and others 2009), eastern Tennessee (Lutz and
others 2012), and western North Carolina at
Coweeta Hydrologic Laboratory (Swank and Vose
1997; Worrall and others 2003). This summer peak
has generally been attributed to high soil microbial
nitrification under conditions of adequate soil wa-
ter availability and warm soil temperatures during
the growing season (Knoepp and Swank 1998;
Goodale and others 2009; Brookshire and others
2011; Ohte 2012). Band and others (2001) sug-
gested that this accumulated nitrate could then be
flushed from riparian zones during summer, a time
when there is also little overland flow to dilute
streamwater concentrations.

Streams with either winter or summer peak ni-
trate concentration often have a decline in con-
centration  after autumn leaf  abscission,
attributable to in-stream uptake of N by leaf-de-
composing fungi and bacteria (for example, Mul-
holland and Hill 1997; Burns 1998; Goodale and
others 2009; Bernal and others 2012; Sebestyen
and others 2014) as this is a time of maximum
heterotrophic production and N immobilization in
forest-covered streams (for example, Roberts and
Mulholland 2007; Roberts and others 2007; Valett
and others 2008). Modeling studies have also sug-
gested that in-stream biotic uptake and subsequent
mineralization can significantly modify N concen-
trations in forested watershed streams (Webster
and others 2009; Webster and others 2016). How-
ever, elevated N inputs to streams following dis-

turbance may exceed the uptake capacity of in-
stream processes helping to cause a shift in the
magnitude and seasonal timing of watershed N
export (Lin and others 2015).

The significance of biological processes in
watershed N dynamics is illustrated by the role of
terrestrial vegetation in determining the magnitude
of N export and the importance of both terrestrial
and stream processes in determining the seasonal-
ity of N export. When this biological control is
disrupted, export may be controlled more by the
hydrologic flux of water through a watershed
(transport limited) rather than by the availability of
N resulting from the net production by biological
and geochemical processes (source limited)
(Ocampo and others 2006; Basu and others 2010).

The relationship between stream chemical con-
centration (C) and discharge (Q) is often expressed
as a power function

C=aQ (1)

where a and b are fitted constants. For many
streams, concentration of most chemicals decreases
with discharge (that is, b is negative; Walling and
Webb 1986) indicating source limitation and bio-
logical or biogeochemical regulation of the chemi-
cal. The exponent may also be approximately zero
if there is chemostasis. This may occur for weath-
ering-derived chemicals or when there is a large
storage of the chemical within the watershed
(Godsey and others 2009; Thompson and others
2011). In some cases, chemical concentration may
increase with discharge, that is, » may be positive.
This suggests that during storms or snowmelt, wa-
ter is traveling along flowpaths where it encounters
high levels of the chemical. This is described as
flushing (Hornberger and others 1994; Creed and
others 1996) and occurs in undisturbed forest N
cycles during snowmelt where there is significant
snowpack accumulation and a build-up of available
soil N (Stoddard 1994). In watersheds without
snowpack, when b is positive and N concentration
increases with discharge, this relationship could
indicate excess N input into the watershed and a
shift toward hydrologic control of N export.

The original objective of the experimental
clearcutting study was to examine the stability of a
forested watershed following disturbance (Swank
and Webster 2014a). In the original 1974 proposal
to fund the research, it was predicted that the forest
would exhibit rapid recovery (Monk and others
1977; Webster and others 2014b). However,
20 years after the experimental clearcutting, it be-
came evident that the N dynamics of this watershed
were not exhibiting the expected rapid recovery
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(Swank and Vose 1997). In the current study, we
use long-term stream DIN data to test the predic-
tion of rapid recovery. We present evidence that
the stream N export response represents a func-
tional regime shift mediated by a change from
biological to hydrologic control of N export. We
examine data for three lines of evidence supporting
the conclusion of a regime shift: (1) long-term in-
crease in the magnitude of DIN concentration and
export compared to reference watersheds; (2) shift
in the peak of DIN concentration and export from
summer to winter; and (3) change in the relation-
ship between discharge and concentration from
source limited to transport limited. We use data
from a 42-year study of Watershed 7 (WS 7) at
Coweeta Hydrologic Laboratory. This time period
includes 4 years before clearcutting, 2 years when
roads were being built on the watershed and log-
ging was actually taking place, and 36 years after
cutting. WS 7 has been extensively studied (Swank
and Webster 2014a) and patterns of annual N ex-
port were reported by Adams and others (2014)
and Swank and others (2014). Here, we extend
these analyses to include seasonal and hydrologic
dynamics of N chemistry in comparison to a refer-
ence watershed.

METHODS
Site Description

Coweeta Hydrologic Laboratory is located in the
southern Appalachian Mountains of southwestern
North Carolina (Swank and Webster 2014b). Ele-
vation ranges from 679 to 1592 m. Mean annual
precipitation is about 200 cm and mean annual
temperature is 12.6°C. Precipitation at Coweeta
does not show much seasonal variation but is
slightly higher in winter and lower in late summer
to early fall (Swift and others 1988). Parent mate-
rials are metamorphosed granitic schist and gneiss.
Dominant hillslope soils are mesic Typic Dys-
trochrepts or Hapludults. Riparian and high eleva-
tion soils are mesic Typic Haplumbrepts. Soil depths
average 1 m and are underlain by a saprolite layer
up to 5 m deep. Watershed 2 (WS 2) is a 12.3-ha
reference watershed adjacent to WS 7 and drained
by Shope Branch. It has an altitude range from 709
to 1004 m and has been unmanaged since early 20th
century logging. Loss of American chestnut (Castanea
dentata) due to chestnut blight (Cryphonectria para-
sitica) in the 1930s and loss of eastern hemlock (Tsuga
canadensis) from hemlock woolly adelgid (Adelges
tsugae) infestation in the early 2000s (Ford and oth-
ers 2012) have been notable disturbances, which

have influenced tree species composition in refer-
ence watersheds at Coweeta (Elliott and Swank
2008; Ford and others 2012) but have not caused
apparent changes in N dynamics (Swank and Vose
1997; Adams and others 2014). Vegetation on WS 2
is a diverse mixture of deciduous hardwood species
including oaks (Quercus spp.), hickories (Carya spp.),
yellow poplar (Liriodendron tulipifera), red maple
(Acer rubrum), and sweet birch (Betula lenta) with a
dense broadleaved understory of rhododendron
(Rhododendron maximum) along the stream and
mountain laurel (Kalmia latifolia) on dry slopes and
ridges.

WS 7, which is 59.5 ha and south facing, was
used for a woodland grazing experiment from 1941
to 1949, but there were no measurable effects of
this experiment on flow characteristics or stream
chemistry 25 years later (Swank and Douglass
1977). Altitude of WS 7 ranges from 722 to
1077 m, and it is drained by a second-order stream,
Big Hurricane Branch. Prior to clearcutting, the
forest vegetation on WS 7 was similar to the ref-
erence watershed, dominated by oaks, hickories,
red maple, yellow poplar, and sweet birch (Boring
and others 2014). This watershed was clearcut
logged in winter 1977 using a cable-logging system
to minimize soil disturbance (Swank and Webster
2014b). Cutting went to the stream edge with no
buffer strip, leaving an open canopy over the
stream. Tree regrowth was dominated by black lo-
cust (Robinia pseudoacacia) during early succession.
Within the first 10 years following cutting, black
locust made up 20-40% of the aboveground bio-
mass across the basin, but 10 to 15 years after
cutting the biomass of black locust began declining
due to mortality caused by locust stem borer (Me-
gacyllene robiniae), and yellow poplar and various
oak species now dominate the watershed (Boring
and others 2014).

Precipitation and Streamflow

We measured precipitation with a National
Weather Service standard rain gage located adja-
cent to WS 7 (Coweeta standard rain gage 20, SRG
20) (Laseter and others 2012). Stream discharge for
each watershed was measured using sharp-crested
90° V-notch weirs with continuous flow level re-
corders (Swift and others 1988; Swank and others
2014).

Nitrogen Input and Export

Weekly samples for chemical analysis were col-
lected above each weir and from an open-funnel
bulk precipitation collector located with SRG 20.



Regime Shift in Watershed Nitrogen Export 885

Inorganic N inputs (bulk = wet and dry deposition
combined) were measured on unfiltered precipita-
tion samples. Nitrate was determined by automated
cadmium reduction prior to 1990 and thereafter by
ion chromatography, and ammonium was deter-
mined by the automated alkaline phenol method
(Swank and Vose 1997; Miniat and others 2016).
All nitrate samples were analyzed by both cad-
mium reduction and ion chromatography for a year
to insure comparability before permanently
changing to ion chromatography.

To calculate monthly and annual mean concen-
trations, N concentrations were weighted by vol-
ume based on weekly precipitation or discharge at
the time of sample collection. DIN export for each
watershed was calculated using LOADEST (Runkel
and others 2004). For WS 2 and WS 7 before
clearcutting (1972-1975), we calibrated the DIN
versus discharge relationship using combined data
for all years (42 and 4 years respectively), but for
WS 7 post-cutting we calculated export each year
separately because of the changing conditions. We
used a linear model between log DIN and log dis-
charge. For WS 2 and WS 7 pre-cutting, October
and November were calculated separately. Export
was estimated daily using mean daily flow, and
daily values were summed to give monthly and
annual export.

The calculation of a centroid has been widely
used in hydrology as a means to compare the lag
between precipitation and stormflow response (for
example, Dunne and Leopold 1978; Leopold 1991;
Dingman 2015). We calculated a centroid as a way
to compare the seasonality of DIN concentration,
discharge, and DIN load between watersheds and
before and after clearcutting. To calculate the an-
nual centroid of concentration for each year, we
added the concentrations for each week and then
determined the date when half the concentration
sum occurred before that date and half occurred
after. The centroids for discharge and DIN export
are the dates when one half of the annual discharge
or export had occurred. All annual calculations and
graphs are based on calendar years.

Statistical Analyses

We tested for differences in before versus after
clearcutting concentrations and export using the
paired watershed technique (Hewlett and others
1969). We used linear regression of weekly nitrate,
ammonium, and DIN concentrations to establish
pre-clearcutting relationships between WS 2 and
WS 7. These regression equations were significant

(p < 0.001) with * = 0.45, * = 0.48, r* = 0.44, for
nitrate, ammonium, and DIN, respectively. These
relationships were used to predict post-logging
concentrations for WS 7. Predicted and actual
concentrations were then compared using paired t-
tests of weekly concentrations for each year.

We also calculated the linear relationship be-
tween pre-clearcutting daily DIN export (g/ha) for
WS 2 and WS 7 (WS 7=0.635*(WS 2)+
0.863*(WS 2) + 0.02, r* = 0.97, p < 0.0001). This
regression equation was used to predict post-log-
ging daily export for WS 7. Statistical differences in
DIN export between actual and predicted values for
WS 7 were calculated annually using paired ¢ test
comparison of daily values. Differences in centroids
were also tested using paired t-tests of annual val-
ues or, if the data were not normal, Wilcoxon
signed-rank tests were used.

We tested for significant temporal trends in
average monthly and annual concentrations, pre-
cipitation, stream discharge, N fluxes (export and
input), and centroids for each watershed using
Mann-Kendall non-parametric test for trend or
Seasonal Kendall non-parametric test for trend
with correction for serial correlation (Hirsch and
Slack 1984; Helsel and Hirsch 2002; Helsel and
others 2006). We used simple linear regression and
non-linear regression to test for relationships be-
tween variables, and we used dummy variable
analysis to compare slopes of linear regression lines.

REsuLTs
Climate and Hydrology

Over the 42-year period, precipitation averaged
187 cm y ', and had no evidence of trend over
time (Figure 1, Seasonal Kendall, 7= —0.022,
p = 0.552) despite several very wet years and sev-
eral periods of drought (for example, 1985-1988).
Average discharge for WS 2 was 82.5 cm y~ ' and
showed no significant trend over time (Figure 1,
Seasonal Kendall, 1 = —0.074, p = 0.325). Long-
term discharge generally followed the precipitation
pattern but was highly seasonal, reflecting the
seasonal transpiration of the deciduous forest.
Discharge from WS 7 was consistently higher than
WS 2, averaging 99.9 cm y~'. This was true during
both the pre-cutting (1966-1976) and post-cutting
periods and may be because a greater proportion of
WS 7 is at a higher altitude than WS 2. WS 14,
which is a reference watershed and has very similar
area and altitude as WS 7, had average discharge of
99.4 cm y~ ! for the period. For WS 7 there was no
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Figure 1. Annual precipitation for Rain Gage 20 and
discharge for WS 7 and WS 2 over the past 42 years.

significant trend in discharge with time (Seasonal
Kendall, T = —0.154, p = 0.0594).

Nitrogen Inputs

Nitrogen inputs varied both seasonally and long
term. The total inorganic N concentration of bulk
precipitation averaged 337 ug L™', peaking in the
mid-1990s and generally declining since then. Pre-
cipitation N was made up fairly equally of nitrate
(average = 162 ug N L") and ammonium (aver-
age = 148 ug N L"), but the trends of these two
constituents were different. Nitrate concentration
began decreasing in 1990 (Seasonal Kendall, t =
—0.246, p = 0.0004) coinciding with the passage of
the 1990 amendment to the Clean Air Act, while
ammonium plateaued and has not changed signifi-
cantly since that time (Seasonal Kendall, t = 0.038,
p = 0.710). Total inorganic nitrogen deposition
(precipitation concentration times precipitation
amount) averaged 5.7 kg N ha~! y ™!, peaked in the
1990s at over 7 kg N ha™' y~!, and has declined
since that time to about 6 kg N ha™' y~' (Seasonal
Kendall, t = —0.099, p = 0.0106). Nitrogen con-
centration in precipitation varies seasonally, peaking
in spring/early summer with low concentrations in
fall/early winter. Depositional N input to the
watersheds was highest in late winter/early spring
and lowest in October.

Nitrogen Export

For the pre-logging years (1972-1975), average
nitrate—N concentration was significantly higher in
WS 2in 1972 (4.3 vs. 1.9 ug N L™}, paired ¢ test of
weekly concentrations, p = 0.03), but for the other
three pre-logging years, nitrate concentrations
were not significantly different (paired ¢ tests for
each year, p > 0.05). Ammonium-N and DIN
concentrations were not significantly different be-
tween WS 7 and WS 2 during the pre-logging years
(paired t tests for each year, p > 0.05). Over the
whole study period, DIN concentration in WS 2
averaged 9 ug L' and consisted of slightly more
nitrate (average = 5 ug N L™!) than ammonium
(average = 4 pg N L™'). There was a small but sig-
nificant increasing trend in DIN concentration over
the 42-year period (Figure 2, Seasonal Kendall,
7=0.314, p = 0.0001).

Following clearcutting, WS 7 DIN concentration
increased to about 100 pg N L™' followed by the
expected recovery (Figure 2). However, since 1982
there has been a long-term increase in DIN con-
centration (Seasonal Kendall, t©=0.236, p=
0.0372) with considerable variability (Figure 2).
This increase in DIN was largely due to an increase
in nitrate (Figure 2) as ammonium did not change.
For all post-logging years, nitrate and DIN con-
centrations were significantly higher in WS 7 than
the predicted concentrations (paired f tests for each
year, p < 0.0001). Ammonium concentrations
were slightly lower than predicted (3.9 vs.
4.5 ug N L") over the whole post-logging period,
significantly lower most years from 1978 through
2003 (paired ¢ tests for each year).

DIN export before clearcutting was slightly but
significantly higher from WS 7 than from WS 2
(73.6 vs. 67.1 g N ha~' y~!, paired ¢ test each year,
p < 0.0001) because of higher area-normalized
discharge. After clearcutting (1978-2013), export
from WS 7 was always higher than from WS 2
(998.0 vs. 73.5gNha 'y ') and significantly
higher each year than the predicted export based
on the paired watershed approach (Figure 3, paired
t-test each year, p < 0.0001). This difference was
primarily due to the difference in DIN concentra-
tion, since discharge for WS 7 was only elevated for
a few years (Figure 1).

Coweeta streams exhibit a strong seasonal pat-
tern in DIN concentration. In WS 2, DIN was lowest
in winter, increased in spring to a peak in late
summer, and then decreased rapidly with leaf fall
in autumn (Figure 4). Before clearcutting, the
pattern in WS 7 was similar, but since clearcutting
there has been a pattern of high winter—spring DIN
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Figure 2. Annual average flow-weighted streamwater
nitrate (upper panel), ammonium (middle panel), and DIN
concentration (lower panel) over the past 42 years. In
each panel, the solid symbols are measured concentra-
tions in WS 7, and the open symbols are measured
concentrations in WS 2. The red x’s are the predicted
post-logging concentrations for WS 7 based on the pre-
logging relationship between WS 7 and WS 2.

concentration and a late summer/fall decline fol-
lowed immediately by rapidly increasing concen-
tration (Figure 4).

The centroids of DIN concentration occurred in
mid/late-summer for reference WS 2 and there was
no evidence of a long-term trend in the data (Fig-
ure 5, Mann-Kendall, p > 0.05). Before cutting,
the pattern in WS 7 was similar, but after cutting,
the DIN concentration centroid shifted to a signif-
icantly earlier date than WS 2 (Figure 5, Wilcoxon
signed-rank test, p < 0.001). From 1979 to 1983,
the centroid for WS 7 concentration moved to later
in the year (Figure 5, Mann-Kendall, 7 = 0.348,
p = 0.0034). Since 1984, there has been no signif-
icant trend in the DIN concentration centroid for
WS 7 (Mann-Kendall, T = 0.149, p = 0.25).
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Figure 3. Upper panel annual DIN export for WS 2 and
WS 7 over the past 42 years and WS 7 predicted for the
post-logging period. Most of the points for WS 7 pre-
dicted are hidden behind the WS 2 points. Lower panel
DIN export for WS 2 and WS 7 as a function of discharge.
Lines are regression lines (WS 2: y =32.8 + 0.489%,
”=0.98,p < 0.001; WS7:y=—199 + 15.0x, > = 0.56,
p < 0.001). The red symbols are pre-cutting years for WS
7 and were not included in the regression.

The centroids for stream discharge were similar
for both WS 2 and WS 7 before and after
clearcutting, (Figure 5). The WS 7 discharge cen-
troid averaged 12 days earlier than WS 2 (Wil-
coxon Signed-Rank test, p < 0.001); however,
there was no change following clearcutting.

Before logging, the centroids of DIN export for
WS 7 and WS 2 were not significantly different
(paired ¢ test, p = 0.14). Following clearcutting,
more of the DIN export occurred earlier in the year
(Figure 5) and the centroid for WS 7 export was
significantly earlier than that of WS 2 (paired ¢ test,
p < 0.0001).

Relationship between DIN Concentration
and Export and Discharge

We found a distinct change in the relationship
between annual DIN export and annual discharge
(Figure 3). DIN export was calculated using stream
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Figure 4. Average (£SE) flow-weighted monthly DIN
concentration for WS 2 and WS 7 before clearcutting
(1972-1975, upper panel) and for the most recent
10 years (20042013, lower panel). Error bars for WS 2 in
the lower panel are mostly smaller than the symbols.

Mean monthly flow-weighted DIN concentration (ugN L"1)

discharge; therefore, the relationships between
export and discharge were significantly positive for
both WS 2 and WS 7; however, the slopes were
very different (dummy variable analysis,
p < 0.0001). For WS 2, annual DIN export in-
creased 0.5 ¢ N ha~' for every 1 cm increase in
discharge, and the export-discharge relationship
for WS 7 was very similar before clearcutting
(Figure 3). In contrast, after clearcutting DIN ex-
port from WS 7 increased by 15 g¢ N ha™! for every
1 cm increase in discharge.

We tested for a change in the stream discharge
and DIN concentration relationship from being
source limited (negative b coefficient) to transport
limited (positive b coefficient) by fitting equa-
tion (1) to weekly DIN concentration and discharge
(area normalized) for the entire 42-year period in
WS 2 and for the post-clearcutting period (1978-
2013) WS 7. For WS 2, the slope of the log-log DIN
concentration—discharge relationship was negative
(Figure 6, non-linear regression, b= —0.423,
” =0.176, p < 0.0001). However, for WS 7, the
DIN concentration—discharge relationship had a
significant  positive  relationship  (non-linear
regression for post-cutting 1978-2013 data,
b=0.462, r* =0.289, p < 0.0001). The slope of
the concentration—discharge relationship for WS 7

300 -

200 -

100

300 Discharge

200 A

100 -

Julian date of centriod

300

200 -

100 4

0

1970 /T‘ 1980 1990 2000 2010
Logging

Figure 5. Julian dates of the centroids of DIN concen-
tration, discharge, and DIN export for WS 7 and WS 2
over the past 42 years.
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Figure 6. Concentration—discharge graphs for WS 7 and
WS 2. Each point is a weekly measurement of DIN and
the discharge at the time of sample collection. WS 2 data
are from 1972 through 2013. WS 7 data only include the
post-clearcutting period, 1978-2013. Discharge is nor-
malized to watershed area.
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was significantly different than the slope for WS 2
(post-cut data only, dummy variable analysis on
log-transformed concentration and discharge data,
p < 0.0001).

DiscussioN

In many ways, the recovery of WS 7 from clearcut
logging was rapid. For example, trees grew back
rapidly—within 10 years, leaf area index was sim-
ilar to pre-logging, and within 30 years total
aboveground biomass exceeded precut estimates
(Boring and others 2014). Similarly, the canopy
coverage of the stream recovered rapidly with al-
lochthonous inputs reaching that of reference
streams within 10 years (Webster and others
2014a). Also, the paired watershed technique
(Hewlett and others 1969) showed that annual
discharge increased 30 mm above predicted levels
immediately following cutting in 1977 and re-
mained elevated for several years. But as vegeta-
tion regrowth occurred, discharge declined and had
returned to predicted levels within about 7 years
(Swank and others 2014), consistent with other
studies at Coweeta (Swift and Swank 1981; Swank
and others 1988). However, discharge since 1985
has been both greater than and less than expected,
suggesting that either structural changes of the
regrowing vegetation, species compositional chan-
ges, or both are affecting evapotranspiration in WS
7 (Ford and others 2011). In addition, stream N
export remains elevated with no indication of
returning to pre-logging levels, seasonal N export
patterns are different than before clearcutting, and
N export appears to be hydrologically controlled
rather than biologically controlled.

Effect of Clearcutting on DIN Export

Based on previous studies (for example, Likens and
others 1977; Hornbeck and others 2014), we ex-
pected the increased export of N from WS 7 in the
first few years after cutting (Figure 3), followed by
a rapid recovery and perhaps even a mid-succes-
sional period when N export would be even less
than that of a reference watershed due to the ra-
pidly aggrading forest (Vitousek and Reiners 1975;
Martin and others 2000). Such mid-successional
retention of nutrients has been seen in studies of
cation budgets for Coweeta watersheds (Johnson
and Swank 1973). After peak N export, we saw the
expected trend of decreasing DIN (Swank 1986),
but then, approximately 10 years after cutting, DIN
export increased, reaching levels well above the
initial response to cutting (Figure 3).

Other watersheds at Coweeta that were defor-
ested through intensive experimental treatments
also suggest a regime shift in DIN export. All trees
on WS 6 were cut in 1958, and the logging residue
was stacked and burned. The watershed was plan-
ted with pasture grasses, limed, and fertilized, and
the grass was maintained through 1967. When the
site was then herbicided and allowed to go through
old field succession, the vegetation was dominated
by black locust for the next 30 years (Johnson and
Swank 1973; Swank 1986; Swank and Vose 1997).
Stream nitrate concentration in this watershed has
consistently been in the range of 500 to
1000 pg N L' (Swank 1986; Swank and Vose
1997; Davidson and Swank 1986) and increased
significantly from 1972 through 1994 (Swank and
Vose 1997). Another example is WS 17, which was
clearfelled without wood removal in 1940, repeat-
edly cleared from 1941 to 1956, and then planted
in white pine. DIN concentration in the stream
draining WS 17 remains well above the adjacent
reference watershed, and the long-term pattern of
DIN export is almost identical to that of WS 7
(Adams and others 2014).

Part of the explanation for the high export of DIN
from WS 7 is the high level of input from N fixing
bacteria associated with black locust. Based on
studies of black locust leatf decomposition, White
and others (1988) concluded that much of the
symbiotically fixed N ends up as recalcitrant soil
organic matter. The importance of N fixation in
watershed studies has been noted for watersheds
with high density of red alder (Van Miegroet and
Cole 1985; Bechtold and others 2003; Perakis and
Sinkhorn 2011) and abundant lichens (Sollins and
others 1980). Additionally, Perakis and others
(2015) found that patterns of §'°N in the Oregon
Cascade Mountains were clearly related to the le-
gacy of N fixation associated with snowbush
(Ceanothus velutinus) dominance following logging.
Boring and others (1988) estimated that N fixation
in WS 7 was as much as 200 kg N ha™' over the
approximate 20-year lifespan of black locust.
However, this input of N has been approximately
balanced by forest growth during this time
period—Boring and others (2014) reported an in-
crease in aboveground vegetation of 198 kg N ha™'
between 1979 and 1997. In 2002, Knoepp and
others (2015) estimated that black locust continued
to contribute approximately 3.9 kg ha™!' y~! to the
forest floor. Following logging, there was also a
slash residue of 314 kg N ha™' left on the forest
floor (Boring and others 2014). The N in the upper
30 cm of soil increased by about 360 kg N ha™' just
2 years after logging (Knoepp and others 2014)
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presumably a result of decomposition of this log-
ging debris and roots mortality coupled with a lack
of autotrophic uptake. Since that peak in 1979,
total soil N has decreased substantially (Knoepp
and others 2014). Examination of patterns of §'°N
in the soil profile showed that this organic matter
has moved through the soil profile (Knoepp and
others 2015). We submit that the large pulse of
nitrogen lost from the upper 30 cm of soil moved
into deep soil layers (>30 cm) and that this N is
slowly moving to the stream.

Lovett and Goodale (2011) suggested using a
mass balance approach to quantify forest N satu-
ration by examining N inputs, N accumulation in
soils and vegetation, and N losses. They suggested
that N saturation occurs both when N input rates
exceed rates of N accumulation (kinetic saturation)
and when sinks reach their capacity for N accu-
mulation (capacity saturation). For WS 7, the N
inputs from logging slash residue, roots, and soil
organic matter, black locust N fixation, and atmo-
spheric deposition significantly exceed soil reten-
tion and vegetation uptake resulting in increased
stream export and clearly suggesting kinetic N sat-
uration. The movement of this N to the stream is
dependent on hillslope to stream hydrologic con-
nectivity (Jencso and others 2009). The change in
both the source of N, from surface to deep soils, and
the role of hydrologic connectivity between the
soils and the stream is suggested by the altered
relationship between export and discharge (Fig-
ure 3).

Effect of Clearcutting on the Seasonal
Pattern of DIN Concentration and Export

Stoddard (1994) and Ohte (2012) suggested that
seasonality of stream DIN concentration and export
is an important diagnostic indicator of watershed
nitrogen dynamics. Before clearcutting, WS 7 had a
pattern of winter low and summer high DIN con-
centrations similar to reference watersheds at
Coweeta, but we found very clear changes in DIN
seasonality as a result of clearcutting WS 7. The
most recent measurements show that in-stream
leaf decomposition rates in WS 7 are still much
faster than in a reference stream draining a north-
facing reference (Webster and others 2014a). This
may be due in part to higher stream DIN concen-
trations, but it also shortens the time when there is
net uptake of N by the leaf-associated microbes.
With the high input of nitrogen to the stream from
the terrestrial system, these in-stream processes
appear to have little influence on the seasonality of
DIN (Lin and others 2015) except for the brief de-

cline of DIN in early fall (Figure 4). There has been
no significant change in the seasonal pattern for
WS 7 since 3 years after clearcutting as shown by
the lack of trend in the centroids of either DIN
concentration or DIN export.

Clearcutting Effects on the Relationship
between DIN Concentration and
Discharge

The relationship between DIN concentration and
stream discharge in WS 7 has been very different
than the reference watershed (Figure 6) since WS 7
was clearcut. We found a significant positive rela-
tionship between concentration and discharge for
WS 7, the opposite of the relationship in WS 2. This
positive relationship may be the result of low flows
in fall when maximum in-stream N uptake occurs
or because streamflow becomes dominated by deep
groundwater, which has low DIN concentrations
(Rhett Jackson, University of Georgia, personal
communication). However, even with fall data re-
moved, the relationship remains statistically sig-
nificant (non-linear regression, b= 0.365, =
0.218, p < 0.0001). Ocampo and others (2006)
described switching between hydrologic and bio-
geochemical control of nutrient export at event,
seasonal, and inter-annual scales and suggested this
switch was primarily related to temporal variability
in aquifer connectivity. Similarly, Vaché and others
(2015) discussed the N control capacity of water-
shed components in an old-growth forest in Ore-
gon. In the Mediterranean climate of the Pacific
Northwest, vegetation and soil processes have the
primary control on N export during summer when
there is little precipitation. Hydrologic flushing
becomes much more important during the non-
growing season. In WS 7, we see this switch in
regulation of N export occurring at a decadal time
scale. Worrall and others (2003) suggested that as a
result of the increased N availability following
clearcutting, export from WS 7was no longer sup-
ply limited but transport limited.

Linking Stream Response to Ecosystem
Processes

Several questions remain regarding the links be-
tween high N export from WS 7 and the ecosystem
processes related to this export. First, what is the
source of the N that continues to be exported from
WS 7? We think this N originally came from
atmospheric N fixation by black locust symbionts
and from the decomposition and mineralization of
logging debris, dead roots, and soil organic matter.
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This N is not now apparent in total N concentra-
tions of bulk soil samples collected from the upper
30-cm of soil but is evident in 6'°N values in soils at
depths greater than 30 cm (Knoepp and others
2015). Perhaps this N has accumulated not only
deeper in the soil profile but also in highly discrete
areas such as near the stream channel (Perakis
2002; Johnson and Turner 2014).

Second, if the changes we describe as a regime
shift in N export were initiated by logging, why
does the response differ from the reference water-
sheds that were logged in the 1920s? Current
stream N concentration data for reference water-
sheds at Coweeta do not suggest a regime shift in
response to the earlier logging (Adams and others
2014; USDA Forest Service, Coweeta Hydrologic
Laboratory, unpublished data). Perhaps the answer
lies in the fact that the selective logging that oc-
curred in the 1920s only removed approximately
30% of the basal area (Douglass and Hoover 1988;
Elliott and Swank 2008). As a result, there was not
the large response by black locust as seen in WS 7
clearcutting. In the 1934-1935 vegetation survey,
forests were dominated by oak/hickory forest and
black locust basal area averaged 0.57 m* ha!
throughout the Coweeta basin (Elliott and Swank
2008). In comparison, black locust basal area ran-
ged from 8.2 to 52.1 m? ha™ ' in clearcut areas from
4 to 38 years old (Boring and Swank 1984). Fol-
lowing black locust mortality, clearcut areas be-
come dominated by yellow poplar, and N cycling
processes differ significantly in these yellow poplar-
dominated forests compared to mixed oak forest,
exhibiting lower forest floor and soil C:N ratios and
higher rates of N mineralization and nitrification
(Knoepp and others 2000).

The third question, is this a regime shift or just a
long-term response? Identification of a regime shift
is difficult (Carpenter and Brock 2006) because it
implies that the ecosystem will never return to the
pre-disturbance state. For a system such as a lake
with relatively rapid dynamics, identification of a
regime shift may be reliably concluded within a 10-
to 20-year period, but dynamics are much slower in
a forest making it difficult to distinguish a regime
shift from a very slow recovery (Standish and
others 2014). If we had terminated stream N
measurements after only 10 years, we probably
would have concluded that the ecosystem was ra-
pidly recovering to the original state. Based on
nearly 40 years of post-clearcutting measurement,
our data suggest that although vegetation is rapidly
growing, there is no recovery trend in stream DIN
concentration or export for WS 7. If these mea-
surements are continued for another 50 or more

years, the next generation of ecologists might reach
different and more definitive conclusions.

What are the feedbacks that maintain the new
stability regime? If the new regime is stable, what is
the ““unhelpful resilience”” that keeps the ecosys-
tem from returning to the pre-logging condition
(Standish and others 2014)? N export from water-
sheds at Coweeta has recovered rapidly from small
disturbances, including hurricanes, fires, forest in-
sect and disease infestations, grazing, and selective
logging, but this has not been the case for
clearcutting recovery. Previous research concluded
that rapid forest regrowth was the major feedback
mechanism responsible for recovery. Export of DIN
from reference watersheds at Coweeta was consis-
tently less than 2% of N deposition, even
throughout periods of high N deposition. N inputs
were either immobilized by trees, converted to or-
ganic matter, stabilized by soil microbial activity, or
lost through denitrification or other gaseous losses.
The feedback mechanisms that maintain the cur-
rent high N export regime of WS 7 could be related
not only to the change in vegetation composition
but also to N stored within the watershed, perhaps
in locations that are hydrologically connected to
the stream during much of the year.

Summary

In the original proposal to study WS 7 response to
clearcutting, it was predicted that recovery from
this disturbance would be rapid and that cutting
would not cause an ecosystem regime shift (Monk
and others 1977; Webster and others 2014Db).
However, it is now evident that, at least in terms of
N export, WS 7 is very different than it was before
cutting and very different than reference water-
sheds. Worrall and others (2003) concluded that
the change to WS 7 could only be reset by massive
management intervention. If left unmanaged, the
future state of WS 7 is unclear. Whether we view
this as a regime change, a dynamic situation, or
simply a very slow recovery, a tenfold increase in N
export is ecologically interesting but may have little
downstream impact. The current DIN concentra-
tion in Big Hurricane Branch (WS 7) of around
100 p g N L' is high relative to reference water-
sheds at Coweeta and other areas of the southern
Appalachians, but it is low compared to streams
draining agricultural or developed watersheds in
the region (Webster and others 2012) and streams
in most other parts of the country and does not
present a water quality issue; USEPA drinking
water standards are 2300 ug N L~!. However, our
results illustrate the permanent or at least long-
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term changes in ecosystems that may result from
forest disturbance. They suggest the need for for-
ward-looking management that aims to increase
the resilience of forests and create or maintain de-
sired nutrient cycling regimes (Pace and others
2015).
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