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ABSTRACT: Nitrification is a crucial step in ecosystem nitrogen (N) cycling, but scaling
up from plot-based measurements of gross nitrification to catchments is difficult. Here, we NO;

yr ') suggest that the forested catchment may have been N-saturated. At the catchment

indicates that the forested catchment is still retaining a large fraction of N from S

Flux: Mean (range)
K Flux unit: kg N ha' yr!
Atmospheric

employed a newly developed method in which the oxygen isotope anomaly (A'7O) of
nitrate (NO;”) is used as a natural tracer to quantify in situ catchment-scale gross
nitrification rate (GNR) for a temperate forest from 2014 to 2017 in northeastern China.
The annual GNR ranged from 71 to 120 kg N ha™ yr™' (average 94 + 10 kg N ha™' yr™")
over the 4 years in this forest. This result and high stream NO;~ loss (4.2—8.9 kg N ha™!

70,:18.3 ~ 32.7%
Flux, : 7.0 (6.6 ~7.4)

scale, the total N output of 10.7 kg N ha™" yr™!, via leaching and gaseous losses, accounts [T

for 56% of the N input from bulk precipitation (19.2 kg N ha™" yr™'). This result 2

AVOy : -0.1 ~ 4.8%
Flux, : 6.9 (4.2 ~8.9)

Fluxy : 94 (71~ 120) Stream NO.
3

atmospheric deposition. Our study suggests that estimating in situ catchment-scale GNR
over several years when combined with other conventional flux estimates can facilitate the

understanding of N biogeochemical cycling and changes in the ecosystem N status.

1. INTRODUCTION

Human activities have greatly altered the global nitrogen (N)
cycle and dramatically increased the atmospheric N deposi-
tion."” Although N deposition can increase the primary
productivity of N-limited ecosystems, excess N loads can
adversely affect the terrestrial ecosystems through acidification
of soils and streams, eutrophication of water bodies, and
increased greenhouse gas emissions.>”” Nitrification, a micro-
bial process of oxidizing ammonium (NH,") to nitrate
(NO;7), is a crucial step in the N cycling controlling these
detrimental impacts induced by N deposition.” Nitrate is
highly mobile and can readily leach into streams, causing base
cation depletion, soil acidification, and aquatic eutrophica-
tion.>* In addition, nitrate is the substrate for denitrification, a
major biological process causing emissions of the greenhouse
gas nitrous oxide (N,O), which is also produced during
nitrification. However, nitrification rates at an ecosystem scale
remain poorly constrained. The gross nitrification rate (GNR)
is the total NO;™ production rate, which can better reflect the
internal N cycling than net nitrification, especially in forest
ecosystems where net nitrification rates are very low but NO;~
production and consumption are significant.””
Methodological difficulties (e.g., scaling up from plot-based
measurements to the ecosystem level) have limited estimates
of the GNR at an ecosystem scale. Gross nitrification rates
have traditionally been estimated with the >N pool dilution
technique or with the barometric process separation (BaPS)

© XXXX American Chemical Society

WACS Publications

technique.”'® However, the SN pool dilution method
introduces labeled N to the soil (often undesirable in
research settings), while the BaPS method requires several
assumptions and is only applicable to well-aerated soils. In
addition, both the N pool dilution and the BaPS method
should only be extrapolated cautiously beyond individual soil
cores. An alternative approach, the nitrate '’O anomaly (A'70-
NO;, see details in Section 2.3) in atmospheric deposition,
has recently been developed as a natural tracer to quantify the
ecosystem-scale GNR. It is similar in some respects to the N
pool dilution method."'™'® The A70-NO;~ method has been
successfully used to estimate the GNR for a lake ecosystem in
Japan and six urban catchments in the southwestern
USA.'"'*'* Nevertheless, the applications of the A7O-NO,~
method are still limited, with only our previous study from the
forests. Our previous study reported that the GNR ranged
from 43 to 118 kg N kg™' yr™! for six catchments in tropical
(south China) and temperate (central Japan) forests.’
Therefore, it is desired to promote more applications of the
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AY0-NO;™ method to estimate the ecosystem-scale GNR,
especially for forest ecosystems.

Long-term atmospheric N inputs can change the ecosystem
N status from N-limited to N-saturated when the availability of
NH," and NO;™ is in excess of the total combined plant and
microbial N demand in the forest."” When N saturation of the
forest ecosystems was reached, plant growth would not
increase and NO;~ leaching sharply increase.'” This NO;~
leaching could be significantly correlated with both bulk and
throughfall N deposition fluxes.”'*~*° Nitrification may also be
promoted by long-term atmospheric N deposition because
NH," in atmospheric deposition can be the substrate for
nitrification. Temperate and tropical forests in the USA had
high gross nitrification rates, as assessed by the N pool
dilution method.” Nevertheless, how GNR responds to long-
term increased N deposition is poorly understood because of
the scarcity of ecosystem-scale GNR measurements. As a
microbially mediated process, nitrification should also be
influenced by factors such as soil physicochemical properties
and microbial communities.”'~** These factors can mostly be
influenced by environmental factors such as precipitation and
air temperature.21_23 Therefore, it is vital to investigate the
temporal pattern of GNR and its dependence on precipitation
and air temperature.

In the present study, we have determined the concentrations
and A0 of NO;~ in precipitation and stream water over 4
years from 2014 to 2017 at a temperate forested catchment in
northeastern China. The aims of this study are to clarify the
forest N status and quantify the catchment-scale GNR and
further to gain further insights into the internal N cycle for the
study forest. The inorganic N deposition in precipitation was
about 20 kg N ha™ yr™" to this study site.”* We hypothesized
that (1) significant stream N leaching would be observed in the
study forest; (2) soil nitrification was the major contributor to
stream NO,;~ export; and (3) GNR would exhibit a seasonal
pattern with higher values in summer than in other seasons due
to its higher temperature and precipitation amount in summer,
as high temperature and precipitation favor soil microbial
activities.

2. MATERIALS AND METHODS

2.1. Study Area and Sample Collection. The study area
is a 536 ha forested catchment, part of the Qingyuan Forest
Chinese Ecosystem Research Network (CERN), Chinese
Academy of Sciences (41° 51’ N, 124° 54’ E), in the
headwater region of Hun River in Liaoning Province, northeast
China (Figure S1). The study area has a temperate continental
monsoon climate with warm and rainy summers and cold and
dry winters.”® The frost-free period lasts 130 days on average,
and the stream has an ice-bound season lasting from
November to April of next year (Figure $1).>> The catchment
consists of secondary broad-leaved forests on the mountain
slopes covered by 40—80 cm thick brown soil. The parent rock
is composed of granite and granite-gneiss.”> Means of soil
compositions are 25.6% for sand, 51.2% for silt, and 23.2% for
clay.”® The dominant tree species are Fraxinus rhynchophylla,
Juglans mandshurica, and Phellodendron amurense.”®

Daily air temperature and precipitation amount were
monitored at a meteorological observation station near the
outlet of the studied catchment (Figure S1). Precipitation
samples (n = 181) were collected on a daily basis during the
observation period from April 2014 to December 2017 using
three manual rain gauges (diameter 20 cm) installed ~500 m

away from the stream outlet of the forested catchment. The
precipitation samples contained a portion of dry deposition
because the rain gauges were open to the air all the time.
Stream discharge (mm) at the outlet of the catchment was
calculated by streamflow flux (m* s™), which was automati-
cally monitored during the non-ice-bound season during
2014-2017. Stream water samples were collected from three
sites along the main stream (M; — M;) and seven tributary
sites draining to the main stream (T; — T,) (Figure S1).
Stream water samples were collected twice a week at a weir
(M, site, n = 235) near the outlet of the forested catchment
from April 2014 to December 2017 and semimonthly in 2015
at the other sites (M; — M,, T, — T, sites, n = 122). The
collected precipitation and stream water samples were
immediately analyzed for pH and filtered through 0.22 pm
nylon membrane filters and then stored at —18 °C for later
chemical and isotopic analysis.

2.2. Chemical and Isotopic Analysis. The NO;~ and
nitrite (NO,”) concentrations in the precipitation and stream
water samples were determined by an ion chromatograph
(Dionex ICS-600; Thermo Fisher Scientific Inc.) with an
analytical precision of +5%. Nitrate oxygen isotopes were
analyzed on samples with NO;~ concentrations higher than
0.14 mg N L' In brief, ~100 nmol NO,;~ was initially
converted to NO,” by cadmium powder, and NO,” was
further reduced to N,O by sodium azide in an acetic acid
buffer.””** Afterward, the produced N,O was introduced into a
gold wire oven, which was held at 875 °C for thermal
decomposition of N,O to N, and O,.” The produced O, was
then analyzed by an isotope ratio mass spectrometer
(IsoPrimel00, IsoPrime Ltd, U.K.) for its triple oxygen
isotopic compositions (0, 170, '¥0). All analytical steps were
performed simultaneously for a subset of international nitrate
reference (IAEA-N3, USGS34, and USGS3S) for the
calibration of the AO-NO;™ values.’”*' The analytical
precision of the A'7O-NO; values was +0.5%0 (based on
three to five replicate analyses of international standards).

2.3. Principles of the A'0-NO;~ Approach and
Calculations. Mass-independent fractionations during the
photochemical production of NO;™ in the atmosphere can be
expressed as A0 = 5§70 — 0.52 x §"0.*"** The A0
values of atmospheric NO;™ have previously been reported to
range from 17 to 35%0."*133% In contrast, nitrification is a
mass-dependent fractionation process and the three oxygen
atoms of nitrification-produced NO;™~ are derived from O, and
H,0, leading to A'7O values of nitrification-derived NO;~
close to 0%o.>>~*® Furthermore, other terrestrial N cycle
processes, such as denitrification and biological uptake, follow
mass-dependent fractionation and leave the A'7O signals of the
remaining NO,~ unaltered.’”*”

For a given undisturbed forested catchment, the soil NO;~
pool has only two NO;™ inputs, atmospheric NO;~ deposition
and nitrification-derived NO;™. The A'7O values of soil NO;~
can thus be determined using a two-source mixing model
based on the isotopic mass balance

A7 04 =f, X A70, + fy X A70y (1)

where A0Og, A0, and A0y are the A0 values of soil
NO;~, atmospheric NO;~, and nitrification-derived NO;,
respectively. The f, and fy are the fractions of atmospherically
and biologically derived NO;~, respectively, the sum of which
is 1 as shown in the following eq 2
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fa 1y =FE/(F, + ) + K/(F, + R) = 1 (2)

where F, and Fy represent the flux of atmospheric NO;™ and
GNR, respectively.

To quantify the GNR, A'7Og was considered approximately
equivalent to the measured A'7O of stream NO;~ (A0,)
that is lost from the soil.'>"* A0, was derived from our bulk
deposition samples, while A'”Oy was assumed to be 0%o.”>*”
To match the sampling frequencies for the atmospheric bulk
deposition and stream water, monthly mass-weighted mean
A0, (AY0,,.) and A0, (AVO,,.) were calculated
according to eq 3 for A0,

ave

_ X, (CxVx A70)
T X(GxW) 3)

where C, V, and A0, are the NO;™ concentration, the total
precipitation or streamflow volume, and the A'”O-NO;~ value
of daily bulk deposition or stream water during the ith
sampling, respectively. Monthly f\; was then calculated by eq 1
using A'O,,. and A0, and its temporal variability was
investigated during the non-ice-bound season over the 2014—
2017 period.

The monthly GNR (Fy, in units of kg N ha™! month™) was
then obtained by combining eqs 1—3 as follows

A0,

E\I = FA X (A17OAave - Al7OLave)/A”()Lave (4)

where monthly F, was calculated by multiplying the
precipitation amounts by NO;~ concentrations over the
study month. Annual and monthly stream NO;~ leaching
was calculated from the monitored discharge amounts of water
and stream NO;™ concentrations during the study period. The
annual GNR (units of kg N ha™' yr™") was further estimated as
the sum of monthly GNR during the non-ice-bound season for
each year.

2.4. Statistical Analysis. One-way analysis of variance
(ANOVA) was used to test if the A'7O-NO;~ values of bulk
deposition or stream water varied significantly between seasons
or among years. The relationships between monthly GNR and
either precipitation or air temperature were evaluated by
correlation or partial correlations analysis, with P < 0.0
considered statistically significant. Statistical analysis was
conducted using the SPSS software (SPSS 16.0 for windows,
SPSS Inc., Chicago, IL).

3. RESULTS

3.1. Atmospheric NO;~ Inputs and Stream NO;~
Leaching of the Forest Catchment. Nitrate concentrations
in bulk deposition ranged from 0.01 to 8.2 mg N L™" (average
1.0 + 1.4 mg N L™, n = 181) over the 4 years (Figure 1c).
Annual bulk NO;™ deposition flux ranged from 6.6 to 7.4 kg N
ha™ yr' (average 7.0), accounting for 32—42% of the
dissolved inorganic N (DIN = NH,* + NO;") deposition flux
(17.0-21.4 kg N ha™' yr'!, average 19.2 kg N ha™" yr™!; Table
1). Stream NO,;~ concentrations at the outlet of the forest
catchment (Mj site) ranged from 0.8 to 3.8 mg N L™" (average
2.1 + 0.6 mg N L™y, n = 235) with a declining trend from
spring to summer during each of the 4 years (Figure Ic).
Nitrate concentration in the other sampling locations along the
stream was 2.3—3.9 mg N L™}, with most locations having
higher values than that of the outlet (Figure S2). Annual
stream NO;~ leaching from the catchment ranged from 4.2 to
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Figure 1. Daily mean air temperature and precipitation (a), daily
stream discharge (b), NO,™ concentration (c), and nitrate A'7O (d)
in precipitation and stream water (M;) from April 2014 to December
2017. The shaded areas denote the warm seasons from May to
October.

8.9 kg N ha™' yr™!, with an average of 6.9 kg N ha™' yr™" over
the 4 years (Table 1).

3.2. Fractional Contributions of Nitrification-Derived
Nitrate to Stream Nitrate. The A'70, varied from 18.3 to
32.7%o (average 26.2 + 3.3%o, n = 150) and was significantly
higher in cool seasons (average 29.1 + 2.3%o) than in warm
seasons (average 24.8 + 2.6%o; Table S1 and Figure 1d). The
A0, was significantly correlated with daily air temperature
(n =150, R? = 0.49, P < 0.001) and NO;~ concentration (1 =
150, R* = 0.22, P < 0.001) (Figure S3). The A'7O; ranged
from —0.1 to 4.8%o (average 1.4 + 0.8%o, n = 231) with a
seasonal pattern similar to that of stream NO;~ concentrations
(Figure 1d). As a result, A0, was significantly correlated
with stream NO;~ concentration (n = 231, R* =025 P <
0.001). A0y was not correlated with stream discharge (n =
192, R* = 0.006, P = 0.30; Figure S4). During the four-year
period, annual fy ranged from 92 to 96%, while monthly fy
ranged from 89 to 99% (Table 1 and Figure 2). Monthly fy
increased during the growing season in 2014 and 2015 and
increased and then decreased later during the growing season
in 2016 and 2017 (Figure 2).

3.3. GNR and Its Temporal Variations Quantified by
A"70. The annual GNR ranged from 71 to 120 kg N ha™" yr™/,
with an average of 94 kg N ha™ yr™' over the 4 years in the
forested catchment (Table 1). The ecosystem-scale GNR did
not differ significantly among seasons and averaged 12, 20, and
25 kg N ha™! month™ in spring, summer, and autumn,
respectively (Figure 3). The monthly GNR fluctuated from 1
to 60 kg N ha™! month™!, with no clear seasonal or interannual
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Table 1. Annual Gross Nitrification Rates and Related
Parameters over the Four-Year Period for the Forested
Catchment”

year 2014 2015 2016 2017 total”

MAT (°C) 54 43 4.1 40 45 (03)

MAP (mm) 484 769 898 658 709 (87)

discharge (mm) 230 324 495 188 309 (68)

A0, (%o)° 27.9 25.3 272 27.6 270 (0.6)

A0y (%0)€ 2.1 1.5 1.4 12 1.6 (0.2)

fa (%) 75 59 5.1 43 58(07)

fu (%) 925 941 949 957 943 (07)

DIN deposnllon . 20.9 21.4 17.6 17.0 19.2 (1.1)
(kg N ha™ yr™")

N(O; deposlltlonl) 6.6 7.4 7.2 6.9 7.0 (0.2)
kg N ha™" yr

N(H4 deposmonl) 144 141 104 101 123 (L1)
kg N ha™' yr

str(eam DIN lleacl}l)ng 6.6 83 8.9 4.2 7.0 (1.1)
kg N ha™ yr~

str(eam NO;1 leacl})nng 6.5 8.1 89 42 6.9 (1.1)
kg N ha a

stream NH[; Ieaclhlng 0.1 0.2 0.0 0.0 0.1 (0.1)
(kg N ha )

ab(oveground htter)N 61.5 46.8 54.0 72.1 58.6 (5.4)
kg N ha

gross nitrification rate 71 93 90 120 94 (10)

(kg N ha ' yr'™")
“MAT, mean annual temperature; MAP mean annual precipitation;

DIN, dissolved inorganic nitrogen. “Mean (£1 SE, n = 4). “Mass-
weighted.
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Figure 2. Monthly fractional contributions of nitrification-derived
NO;™ and bulk atmospheric NO;™ to stream NO;~ during the study
period at the forested catchment.

variations over the 4 years (Figure 3). The GNR did not
correlate significantly with precipitation (n = 24, r = 0.17, P =
0.44) or with air temperature (n = 24, r = 0.06, P = 0.77;
Figure 4).

4. DISCUSSION

4.1. Nitrogen Status of the Forest Ecosystem
Evaluated by Stream NO;~ Concentration and Seasonal
Pattern. According to the N saturation hypothesis (Figure
SS), if judged alone from the concentration and seasonal
pattern of stream NO;™, our study forest ecosystem may have
been N-saturated (at stage 2). Stoddard (1994) proposed four
N stages of the forest ecosystems according to how forests
respond to chronic N additions (Figure S5b)." At stage 0, the
N cycle is N-limited and regulated by biological uptake, and

25
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Figure 3. Monthly fluxes of bulk atmospheric NO;~ deposition (a),
stream NO; ™ loss (b), and gross nitrification rate (c) at the catchment
during the study period.

stream NO;~ concentrations are very low throughout the
growing season but slightly higher during snow melt. At stage
1, stream NO;~ concentrations increase compared to stage 0
but are still reduced to negligible levels (near detection limit)
at the peak of the growing season (maximum plant uptake
period). At stage 2, the N supplies (from N deposition and
mineralization) exceed the demands of plant and microbial
uptake, and the N cycle is N-saturated and dominated by N
loss through leaching and denitrification, with the elevated
NO;~ concentrations throughout the growing season. At stage
3, the forest ecosystem declines and becomes a net source of N
rather than a sink, with extremely high stream NO;~
concentrations year around.””** At our study forest, stream
NO;~ concentrations (average 2.1 mg N Figure 1lc) are
higher than the stream NO;~ concentrations of 0.5—1.2 mg N
L7 at the Fernow Experimental Forest (diagnosed as at stage
2) in West Virginia but lower than that of 2.0—3.8 mg N L™" at
Dicke Bramke in Germany, which had been diagnosed as at
stage 3.* In addition, stream NO,~ concentrations varied
seasonally over the 4 years, with slightly lower values in the
growing seasons than the nongrowing seasons, which is
consistent with patterns from the Fernow Experimental Forest
(stage 2; Figure S$5b)." We have estimated the total N output
(via leaching and gaseous losses) to be 10.7 N ha™" yr™' (Table
S2). This is lower than N input via precipitation, suggesting
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Figure 4. Relationships between monthly gross nitrification rates and monthly precipitation (a) and monthly air temperature (b). The relationships
between monthly GNR and precipitation amount (or air temperature) were evaluated by the two-tailed partial correlations analyses.

that our study forest is still a N sink for atmospheric
deposition, albeit with large nitrification and stream NO;~
leaching.

4.2. Contribution of Soil Nitrification to Stream
Nitrate. Since the study forest is N-saturated when evaluated
with stream NO;~ concentrations, we expected that
nitrification should be an important process. At stage 2, excess
N inputs, especially NH," deposition, may have increased soil
nitrification. Soil NO;~ produced from soil nitrification or from
atmospheric inputs of NO;~ can be leached to stream. The
range of A0, (18.3—32.7%o; Figure 1d) at our site (41 °N)
is consistent with those previously reported in the mid-latitude
regions, such as Lake Biwa (36 °N; 18.6 to 32.4%0) and coastal
California (32 to 38 °Nj 19.0 to 30.0%0).”"*"** In addition,
A0, varied seasonally, with higher values in cool seasons
than in warm seasons over the four-year period, as previously
reported for atmospheric NO;~.*"***#0#% The seasonal
pattern is derived from the seasonal changes in the relative
importance of three major pathways of nitric acid formation in
the atmosphere.”> The range of A0 (—0.1-4.8%o) in our
study catchment is within that reported (—1.4—6.8%0) for
natural surface water.'#**7*"*%*"" The resulted annual fy
during 2014—2017 in our forested catchment (92—96%;
Table 1) also coincides with those estimations of fy in lake
systems based on the A'7O-NO;~ tracer such as Lake Biwa
(88—98%)*" and close to the mean fy of 90% for multiple
mixed hardwood forest sites in the USA.”’ Monthly variations
in the contributions of nitrification-derived N showed that soil
nitrification contributed from 89 to 99% of stream NO;~
(Figure 2). Therefore, our results indicate that stream NO;~ at
our forested catchment is predominantly from soil nitrification
and that atmospheric NO;™ was biologically processed before
leaching to the stream.

4.3. Ecosystem-Scale GNR and Its Influencing Factors.
High ecosystem-scale GNR (average 94 kg N ha™" yr™') for
our forested catchment further supports our hypothesis. These
values are close to those in the temperate broad-leaved and
coniferous forests in China and Japan (average 108 kg N ha™
yr) quantified by the same method, A'7O-NO;™."* However,
our quantification of the catchment-scale GNR (eqs 3 and 4)
has some uncertainties. First, the sampling frequency of twice a

week on stream water may be insufficient in the rainy seasons.
If the overland flow was occurring and had not been captured
by sampling, the input of some atmospheric NO;~ of high
A0 values would lead to an underestimation of the GNR."
The second uncertainty was from precipitation sampling. We
only collected bulk precipitation. The bulk NO;™~ deposition
flux should be smaller than the total NO;~ deposition flux (wet
+ dry). However, most dry depositions might have been
missed by our rain gauges. The ratio of dry NO;™ deposition to
wet/bulk NO;~ deposition was reported to be 41% at rural
sites in northeast China.*® Therefore, the real GNR could be
about 40% higher than that calculated with bulk NO;~
deposition based on eq 4, suggesting that dry deposition
should be considered during the quantification of the GNR
using the A'7O-NO,;~ method. Third, in our forested
catchment, the GNR during the cool seasons was not included
because there was no access to stream water samples during
the ice-bound period. During the ice-bound period, the soil
temperature is lower than 0 °C, which decreases microbial
activity, but some NO;~ production may be possible during
this period.”” The GNR in our forested catchment fluctuated
widely and did not differ significantly between seasons (Figure
3c), which is inconsistent with the previous study.”® The GNR
values measured by the BaPS technique were significantly
higher during wet seasons than during the dry seasons at two
rainforest sites in Australia.”” Insignificant seasonal pattern of
the GNR in our forest site might be caused by the unmeasured
GNR among the ice-bound period.

We further tested whether precipitation and air temperature
significantly affected the temporal variations of GNR. Due to
the significant correlation between monthly air temperature
and monthly precipitation (n = 43, r = 0.75, P < 0.001), partial
correlation analysis was conducted on monthly GNR and
monthly precipitation or monthly air temperature. Precip-
itation can affect the GNR primarily by changing soil water-
filled pore space (WFPS), and while water is necessary for
microbial growth, too much water will limit nitrification.”’ In
previous studies, the GNR increased with soil WFPS and then
progressively declined as soils become saturated, with the
optimal WEPS typically at 60—65%.°°">> However, in this
study, the monthly GNR and monthly precipitation were
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uncorrelated (n = 24, r = 0.17, P = 0.44), indicating that the
precipitation insignificantly affected the temporal variations of
GNR in our study catchment. Meanwhile, optimal temper-
atures for soil nitrifier activity appears to be 15—20 °C. The
GNR should increase with temperature to this optimal
temperature and progressively decline afterward.”">*~>* For
example, prior studies found that the GNR increased with
incubation temperature from 2 °C to 15 °C but declined with
the increase in temperature from 15 to 20 °C.>"*?
Furthermore, the GNR among different temperature treat-
ments increased in the order 15 > 40 > 5 °C.>* However, the
monthly GNR and monthly air temperature were uncorrelated
(n=24,r=0.06, P=0.77), indicating that air temperature has
no straightforward impacts on temporal variations in the
monthly GNR. These poor relationships are likely due to the
mixing of water with different travel times, which can dilute
any relationship with time-dependent parameters, namely, “the
legacy effect”. Stream water at the outlet is a mixture of soil
water and precipitation with a continuum of travel times. Soil
water may have travel times from days to months from the top
of the catchment before passing the outlet.

4.4. Implications for the Internal N Cycling in the
Forest Ecosystem. Nitrification is a key process of the N
cycle, and GNR is crucial for the knowledge about ecosystem-
scale internal N cycling under field conditions. Here, estimates
of the GNR provide a more comprehensive picture for
catchment-scale N cycling in the study forest (Figure 5 and
Text S1). Soil NO;~ mainly has two sources, atmospheric
NO;~ deposition and soil nitrification, and three sinks,
biological (plant and microbial) uptake, denitrification, and
stream leaching. After quantifying the catchment-scale GNR in
the study forest ecosystem, the fluxes of denitrification and
biological uptake then can be quantified by the NO;™ isotope
natural abundance approach (Figure 5 and Text $2)."* Our
results suggest that biological uptake is the most important
sink of soil NO,~, as observed in other forests.'” Litter N
would be 117 kg N ha™" yr™' (Figure S6) if the N amount of
underground litter was equal to that of aboveground litter,”**’
which is comparable to soil NO;~ consumption by plant

uptake (89.8 kg N ha™' yr™!; Table S2). Ecosystem N is lost by
stream leaching or denitrification to the atmosphere. In the
study forest, stream leaching averaged 6.9 kg N ha™' yr™! and
denitrification was estimated to be 3.8 kg N ha™ yr™" (Table
S2), contributing 65 and 35% of total ecosystem N loss (10.7
kg N ha™' yr™"), respectively (Figure S). The total N output is
56% of the N input from bulk precipitation (19.2 kg N ha™
yr '), suggesting the catchment is still a N sink for atmospheric
deposition, although the forest exhibited a large stream N
leaching.
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