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Abstract. Subtropical forests in southern China have re-genic N deposition, suggesting that forests on acid soils in
ceived chronically large amounts of atmogenic nitrogen (N),southern China are an important, hitherto overlooked com-
causing N saturation. Recent studies suggest that a signifponent of the anthropogenic,® budget.

cant proportion of the N input is returned to the atmosphere
in part as nitrous oxide (pD). We measured YD emission
fluxes by closed chamber technique throughout two years in

a Masson pine-dominated headwater catchment with acrisold ~ Introduction

(pH~ 4) at Tieshanping (Chongging, SW China) and as-

sessed the spatial and temporal variability in two landscapd Ne global atmospheric concentration of nitrous oxide
elements typical for this region: a mesic forested hillslope (N20), an important greenhouse gas and decomposer of
(HS) and a hydrologically connected, terraced ground\,\,ate|stratospheric ozone, has increased from a pre-industrial level
discharge zone (GDZ) in the valley bottom. High emission ©f 270 ppbv to 322 ppbv in 2008 (WMO, 2009). The global
rates of up to 1800 ug 40-Nm~2h~1 were recorded on Source strength is estimated to be 17.7 Tg Nywith agri-

the HS shortly after rain storms during monsoonal summerculture contributing 2.8 (1.7-4.8) TgNVt and soils un-
whereas emission fluxes during the dry winter season wer&€r natural vegetation 6.6 (3.3-9.0) TgN'y1(IPCC, 2007;
generally low. Overall, NO emission was lower in GDZ than Hirsch et al., 2006). Both estimates based on bottom-up ap-
on HS, rendering the mesic HS the dominant source® N proaches (Stehfest and Bouwman, 2006) and on observations
in this landscape. Temporal variability of,® emissions ©f the NoO atmospheric column (Kort etal., 2011; D’Amelio
on HS was largely explained by soil temperature (ST) andet al., 2009; Hirsch et al., 2006) suggest that 50—64 % of the
moisture, pointing at denitrification as a major process foratmospheric hO derive from the (sub)tropical zone @o

N removal and O production. The concentration of nitrate 30° N. Much of the MO attributable to this zone is emitted
(NO3) in pore water on HS was high even in the rainy sea-from forest soils (Melillo et al., 2001; Werner et al., 20074,
son, apparently never limiting denitrification ang® pro- ~ Rowlings et al., 2012). So far, 0 flux data from subtropi-
duction. The concentration of NOdecreased along the ter- cal forests are scarce making this biome an underinvestigated
raced GDZ, indicating efficient N removal, but with mod- component of the global 20 budget.

erate NO-N loss. The extrapolated annuad® fluxes from Large parts of southern China are situated in the hu-
soils on HS (0.54 and 0.43 pl®-N m~2yr—1 for a year with mid subtropics and the dominant forest types are evergreen
awet and a dry summer, respectively) are among the highegroadleaf and coniferous forest, many of which are found as
N-O fluxes reported from subtropical forests so far. AnnualPatches in densely populated areas with intensive agriculture.

N,O-N emissions amounted to 8-10 % of the annual atmo-PUe to strong increases in the emission of nitrogen oxides
(NOy) and ammonia (Nk), caused by combustion of fossil
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fuels and massive fertilizer use, respectively (Xiong et al., Estimates of annual 0 emissions in forested catch-
2008; Liu et al., 2011b), these forests receive high amountsnents are fraught by large temporal and spatial variability
of reactive nitrogen (N by atmogenic deposition, mostly commonly reported for pO fluxes. Forests in subtropical
as ammonium (NH). A recent study of five forested wa- China are typically found on sloping terrain and mountain
tersheds in southern China found various degrees of N satddges, resulting in hydrological gradients known to affect
uration (Chen and Mulder, 2007a), i.e. rates of atmogenidN,O emissions. For example, Fang et al. (2009) found that
Ny input exceeding uptake by vegetation (Aber et al., 2003)N>O emissions increased with soil moisture from hilltop to
and causing elevated concentrations of nitrate {N@ the  the bottom of a hillslope. Besides soil moisture, other soil
root zone. Larssen et al. (2011) reported moderatg H© factors, such as pH, texture, vegetation type and productivity
port with stream water in these watersheds, despite low foreshay vary along hydrological flow paths, resulting in distinct
productivity, suggesting major unaccounted N sinks in thesespatial patterns of pD emissions (Osaka et al., 2006; Lark
ecosystems. et al., 2004). Ultimately, soil factors related to topography
One possible fate of excess N may be gaseous emission @8ay shape distinct nitrifier and denitrifier communities with
nitric oxide (NO), NO or dinitrogen (N) produced during ~ respect to NO turnover (Philippot et al., 2009; @sch et
nitrification and denitrification. Known factors controlling al., 2012; Wessen et al., 2011; Banerjee and Siciliano, 2012).
N,O emissions are availability of inorganic N and degrad- Thus, understanding of spatial and temporal variability of
able organic carbon (C), soil temperature, soil moisture andN20 emission fluxes and their drivers on a landscape level
soil pH (Parton et al., 1996; Flessa et al., 1995; Smith et al.are indispensable for improving regional estimates pON
2003; Weier et al., 1993; Simek and Cooper, 2002). The monemissions.
soonal climate in southern China provides favorable con- The objective of the present study was to estimag©N
ditions for both nitrification and denitrification as much of fluxes in an N-saturated forested catchment in Southwest
the annual N input, dominated by mﬂoccurs during rain  China and to explore their main drivers in space and time.
storms in summer when soils are warm and N turnover ratedVlore specifically, we investigated the seasonal distribution
high. Moreover, forests in southern China are often foundof emission fluxes (dry versus wet season), the role of storm
on acidic soils. Acidity has been reported to support highflow conditions on peak pD emissions and the spatial distri-
N,O/N, product ratios in denitrification (Liu et al., 2010b; bution of N;O emissions along a hydrological flow path on a
Bergaust et al., 2010) which could result in highQ\emis- hillslope (HS) and a groundwater discharge zone (GDZ). We
sions. Acidity also inhibits autotrophic nitrification by reduc- hypothesized that the emission strength is higher during the
ing the availability of ammonia (Ng), the actual substrate Wet season than the dry season and that a substantial part of
for membrane-bound ammonia mono-oxygenase in ammothe annual NO emission occurs during transient® emis-
nia oxidizing bacteria (De Boer and Kowalchuk, 2001); on sion peaks triggered by rain episodes. In addition, based on
the other hand, low soil pH may enhance the appare@ N previous observations that the water-saturated GDZ has large
yield of nitrification, possibly involving chemodenitrifica- N retention (Larssen et al., 2011), we hypothesized the GDZ
tion of nitrite (NG, ) from either nitrification or dissimilatory ~ to act as a zone of increased denitrification and hence high
NO, reduction (Mgrkved et al., 2007). Therefore the net ef- N>O emission relative to the well-drained HS. Emissions of
fect of acidity on the production of nitrification-relateg®  N2O were measured together with soil parameters from sum-
is still uncertain. mer 2009 to autumn 2010, along two transects in each of
Few studies have addressedONemissions in Chinese the two landscape elements, hillslope (HS) and groundwa-
subtropical forests. Tang et al. (2006) studied the tempolerdischarge zone (GDZ). To improve flux estimates in time,
ral variation of NO fluxes in a pine, a mixed and an ever- a regression model is proposed interpolating temporally dis-
green broadleaf forest on acid soils in the Dinghushan catchcrete NO measurements on the HS based on continuously
ment, southern China throughout one year and found hightecorded soil moisture and temperature.
est emissions during the wet-hot season. Based on weekly to
biweekly measurements, they estimated an annual emission
of 3.2kgN:O-N ha 1, which is above the reported average 2 Materials and methods
N,O emission of 1.2—1.4 kg N hdyr—1 for tropical forests
(Stehfest and Bouwman, 2006; Werner et al., 2007b). Fang 2.1 ~ Site description
al. (2009) reported 2.0 to 2.4 kg®-N loss ha'yr—! based
on monthly measurements along a hillslope in an evergreed he Tieshanping (TSP) catchment is a 16.2ha headwater
broadleaf forest in the same catchment. Lin et al. (2010catchment, 450ma.s.l., located on a forested ridge about
2012) estimated smaller average annuaDNemissions of ~ 25km Northeast of Chongging city, SW China {28 N
0.13 and 0.71 kg N h for pine forests in Hubei province, 104#41E, Fig. la). Details on climate, vegetation and

probably due to the higher pH of these forest soils. soil characteristics as well as atmogenic N deposition can
be found elsewhere (Chen and Mulder, 2007a). The area

has a typical subtropical monsoonal climate with a mean
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(GD2Z2) (Fig. 1b). The HS is dominated by acidic, loamy yel-
low mountain soils (Haplic Acrisols; WRB, 2006), devel-
oped from sandstone, the predominant bedrock in the area.
The soils have only a thin organic layer (O-horizon; 0—2 cm)
(Table 1), likely reflecting high turnover rates of soil or-
ganic matter (SOM) in the warm and wet climate (Raich
and Schlesinger, 1992; Zhou et al., 2008). Soils in the GDZ
have developed from colluvium (Cambisols) and were ter-
raced during the 1960s for vegetable cultivation but aban-
doned shortly after. The soils in the GDZ have a low hy-
draulic conductivity (Sgrbotten, 2011), lack horizontal differ-
entiation (no distinct O-horizon) and have high groundwater
levels. The vegetation in the GDZ consists of sparse shrubs
and grasses while trees taller than 2 m are absent. Clay min-
eralogy on HS and in GDZ is dominated by kaolinite. A re-
cent study (Sgrbotten, 2011) showed that considerable inter-
flow occurs along HS during rainfall episodes. Excess water
moves laterally down slope in surface horizons overlaying
the argic B-horizon, which has a low hydrological conduc-
tivity, thus draining the O/A- and AB-horizons on the HS
relatively quickly. Discharge of interflow into GDZ results

in episodically high groundwater levels and periodic water-
logging during summer (Sgrbotten, 2011). Major soil char-
acteristics for both locations are summarized in Table 1.

2.2 NpO flux measurements

N2>O emissions were measured manually by closed chamber
technique along two transects in the sub-catchment. Transect
(T) was established perpendicular to the contour lines on the
Fig. 1. (a) Location of the Tieshanping (TSP) forest catchment, HS stretching from the hilltop close to the watershed divide
Chongging, China an¢b) plot layout in the TSP catchment. Plots to the bottom of the hill close to the GDZ. TranseB) (vas

T1 to TS constitute transedt on the hillslope (HS); plots B1 to  established in the GDZ following an elevation gradient of six
B6 congtitute transea in the groundwate_r discharge zone (GD2Z). hydrologically connected terraces (Fig. 1b) towards a flume,
Increasing plot numbers denote d_ecreasm_g elevation along the tralvnich was used to measure runoff from the sub-catchment.
sects. Plots T5 and B1 are at the intersection of HS and GDZ. Six plots for N\O emission measurements 3) and sam-
pling of soil and pore water were established along The

annual precipitation of 1028 mm and a mean annual temperif@nsect on HS (T1 to TS and B1) and five plots along the
ature of 18.2C (three year average, 2001-2003). Seventy-B transect in GDZ (B2 to B6; Fig. 1b) with plot B1 repre-
five percent (75%) of the rainfall occurs during summer S€Nting the transition between HS and GDZ. Two sampling
(April to September). Mean annual inorganic N deposition Stratégies were applied to explore® fluxes. A first mea-
(from 2001-2003) was 4 g™, 61 % of which occurred in sgrement campaign during summer 2009 (July t.o September)
the form of NI—Q-N (Chen and Mulder, 2007b). Data for with frequent flux measuremen'ts eproregL'Nemsspn dy-
more recent years show increasing N deposition rates t§@mics in response to sudden increases in soll m0|stu_re af_ter
~ 5gm2yr-' and confirm the relative importance of IXIH rainfall episodes. A more regular_ sampling scheme with bi-
(Lei Duan, personal communication, 2011). The vegetationVe€kly measurements was applied throughout the dry-cool
is a coniferous-broadleaf mixed forest dominated by Massors€2son (November 2009 to March 2010) and during the sub-
pine (Pinus massonianawith a well-developed understory S€duent summer (from April to August 2010), interrupted by
of evergreen shrubs (Chen and Mulder, 2007a). Land use i&'0"® intensive measurement campaigns after individual rain

a naturally regenerated, non-managed secondary forest aft§f°rms & 20 mm). For logistic reasons, only a selection of
the original forest was cut during 1958—1962. plots (T1, T3, T5, B1, B2, B4 and B6) was monitored during

For the present study, a representative 4.6ha subthe dry season. In total 38 triplicate flux measurements were

catchment was selected, consisting of a NE facing hillslopeconducted on plots T1, T3, T5, B1, B2, B4 and B6 and 20 on
(HS) and a hydrologically connected SE-NW oriented, ter-P!0ts T2, T4, B3 and B5.
raced valley bottom acting as a groundwater discharge zone
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1312 J. Zhu et et al.: NO emissions in subtropical China

Table 1. Characteristics of top soils at individual plots on the hillslope (HS) and in the groundwater discharge zone (GDZ).

Plot Horizon/ pH TOC TN CIN ‘ BD2 NH ex NOj ex NHfsw  NOzsw IDRP  Ex situ potential
layer (H20) of N,O los®

mgg ! gem3 ug N g1 dw soil mgNL™1 nmolN,O-Ng™1  nmoINQ; g2

dwsoil 1 dw soil

n © 396 2261 87 26. — | 49.6(20.2) 37.9(14.7 - - 8.4 523

A 378 107 05 204 0.78(0.05)| 21.5(8.6) 59.6(29.2) 0.11(0.05) 15.7 (3.1 12.2 552

HS m O 3.74 3545 157 22. - | 81.9(11.7) 23.7(39.4 - - 16.7 2336
A 384 150 0.8 194 0.72(0.03)| 34.4(11.9) 12.7(19.2) 0.75(0.50) 14.9 (4.6 13.3 1056

3 © 407 2202 99 22 — | 85.9(19.6) 35.7(25.1 - - 40.4 1924

A 413 121 0.6 19.] 0.73(0.15)| 59.6 (30.1) 20.1(11.2) 0.15(0.04) 13.3(2.8 31.4 1624

14 © 3.74 3260 134 24. — | 89.2(16.6) 29.1(14.2 - - 6.4 460

A 376 143 0.7 20.§ 0.47(0.03)| 32.1(11.6)  13.0(4.7) 0.07 (0.02) 13.5(4.1 16.3 1556

s O 367 2181 101 21. — | 55.3(19.4) 33.6(43.6 - - 26.5 1706

A 3.75 65 0.4 17.2 0.76(0.16)| 25.8(6.7) 17.4(6.5) 0.07 (0.02) 13.4(1.7 14.7 1394

g1 © 399 2349 111 21 - | 83.0(16.6) 25.6(2.9 - - 40.8 1236

A 402 605 03 17.6 0.42(0.07)| 23.3(5.8) 6.6 (2.3)| 0.17(0.07) 13.8(L5 11.3 1014

B2 446 145 09 156 1.57(0.09)| 3.6(1.3) 6.3(1.1)| 1.25(1.31)  6.2(0.5) 1.8 318

B3 431 128 0.7 186 1.67(0.13)| 2.8(0.8) 2.6(1.5)| 0.01(0.01) 1.5(0.7) 12.3 494

GDz2 B4 0-20cm| 4.38 231 16 14.5 0.69(0.02)| 7.9(1.8) 1.6 (0.5)| 0.02(0.01) 5.4(0.5) 21.0 53
B5 442 118 0.8 14.4 063(0.08)| 2.9(1.0) 2.4(0.5)| 0.02(0.01) 0.7 (0.4) 20.1 201

B6 480 405 2.8 147 1.01(0.13)| 4.3(0.4) 0.6 (0.5)| 1.12(0.16) 0.2 (0.0) 28.0 357

TOC: total organic carbon; TN: total nitrogen; C/N: ratio of TOC and TN; BD: bulk densityj'MHand qux: average 2M KCl-extractable I\Q'-Iand NCg; NHISW and

NO3 sw: dissolved NI-I and NG; in soil water and groundwater in summer 2010 (11 May-26 September 2010); IDR: instantaneous denitrification rate in anoxic soil slurries
with ample NG ; ex situ potential of HO loss: nmol NG g1 dw soil denitrified before maximum 4O reduction to N was observed in anoxic soil slurries with ample supply

of NO; . Data in parentheses are the standard error.

a pata from Sgrbotten (2011) obtained using 108 el cylinders in three replicates for A-horizon for each sampling plot.

b Data from zhu et al. (2013a).

For flux sampling, closed, vented, zinc-coated iron cham-carrier gas. The ECD was run at 3% with 17 mL mirr?
bers (30 cm diameter and 30 cm in height) (Hutchinson andAr/CH,4 (90/10vol %) as makeup gas.,@ emission rates
Mosier, 1981) were carefully pushed approx. 2 cm into the(ug N ni2h~1) were calculated based on the rate of change
soil. Given the loamy texture and the limited number of rootsin N>O concentration in the chamber, the internal volume
in the mostly moist surface soil, this deployment method wasof the chamber, the covered soil surface area and the aver-
preferred over installing permanent chamber bases whiclage chamber temperature during deployment. For determin-
might impair surface run off and interflow during rain storms. ing the rate of change in4dD concentration in the chamber,
The chamber deployment was quality assured by checkingvhich is the slope of a linear or a second-order polynomial fit
for deviations of initial (1 min after deployment) chamber of the concentration data against time, the R-square of both
N2O concentration from ambient<(0.34 ppmv) and using regressions were compared. CumulativgONemissions for
COy, accumulation over time (not shown) to check for leak- observation periods in summer 2009 (27 days, 12 July to
age, both of which were regular in most of the cases. Gas88 August) and summer 2010 (106 days, 10 May to 24 Au-
samples were taken from a sampling port on top of the chamgust) were calculated assuming a constant flux rate between
bersat 1, 5, 15 and 30 min after deployment by a 20-mL plassampling dates. For the calculation of cumulativeONemis-
tic syringe. Samples were transferred immediately to pre-sions, only the periods with sampling frequency high enough
evacuated 12-mL vials, crimp-sealed with butyl septa (Chro-to obtain the cumulative pO emission rates of the whole
macol, UK), resulting in an overpressure to avoid contam-summer based on measurements were used.
ination due to pressure changes during shipment. Chamber
temperature was recorded by inserting a handheld digitap.3 Soil sampling and analysis
thermometer into the sampling port at beginning and end
of chamber deployment. Gas samples were shipped to theomposite soil samples were taken on 15 October 2009 from
Norwegian University of Life Sciences and analyzed within the eleven plots used forJ® flux measurements, and ana-
half a year after sampling. The vials kept overpressure duringyzed for pH, total organic carbon (TOC) and total nitrogen
shipment and storage. The samples were analyzed by ECQTN). Samples at plots T1 to T5 and B1 were taken from the
gas chromatography (Model 7890A, Agilent, Santa Clara,O- (0-2cm), A- (2-8 cm), AB- (8—20 cm) and B- (20-40 cm)
CA, US). Carbon dioxide (C§ and NO were separated horizons. In GDZ (plots B2 to B6), where an organic hori-
on a 20-m wide bore (0.53 mm diameter) Poraglbtol-  zon was absent, the homogeneous 0-20 cm and 20—40 lay-
umn run at 38C after passing a packed Heysept column ers were sampled. Denitrification characteristics of the soils,
used for backflushing water. Helium (He 5.0) was used asnvestigated in a laboratory study, are reported elsewhere

Biogeosciences, 10, 1309321, 2013 www.biogeosciences.net/10/1309/2013/
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(Zhu et al., 2013a). Briefly, the instantaneous denitrification Soil bulk density (BD) of surface horizons/layers was
rate (expressed in nmok®-N g~ dw soil h 1) in soils from measured from intact soil cores (100cc steel cylinders) sam-
the different plots was estimated from the@laccumulation  pled in triplicate at two depths (3.5—-7.2 cm and 10-13.7 cm),
rate in acetylene-treated, anoxic soil slurries &t@h the  corresponding to the A- and AB-horizons, respectively
presence of ample NDN (2 mM). The soils’ ex situ poten-  (Sgrbotten, 2011).
tial for N2O loss (in nmol N@ -N g~ dw soil) was estimated Soil temperature (ST) and volumetric moisture (VM,
as the amount of ND-N respired to NO before NO reduc- cm?cm3) at 10-cm depth were recorded every 10min by
tase activity was fully expressed and rapig\reductionto ~ TDR probes (Hydra Probe II) installed at plots T3 and B1
N, occurred. Since instantaneous denitrification rates werén 11 October 2009 and stored by a data logger (Camp-
low in the deeper horizonS, on|y data from the O- and A- bell CR200) Data were obtained until 4 May 2011, with a
horizons of HS and the 0—20 cm layer of GDZ are presentednalfunctioning period from 25 December 2010 to 8 Febru-
here. ary 2011. Soil water-filled pore space (WFPS) was calculated

Soil pH (HZO) was measured in a Suspension of USing bulk denSity (BD) ata depth of 10.0-13.7 cm, assum-
10 g dry weight (dw) soil in 50 mL deionized water with an ing a soil particle density (PD) of 2.65 g ¢t (Linn and Do-
Orion SA720 electrode pH-meter connected to an Orionfan, 1984) as
ROSS Ultra pH Electrode. The contents of TOC and TN in VM
the soil were measured in the fine earth fractier2(mm), WFPS (%) = )
obtained after drying at 10% and sieving, using an element 1-%p
analyser (Vario EL Ill, Elementar Analysensy_steme GmbH,_ Groundwater level was monitored in PVC tubes, with a
Germany) at the Research Center of Eco-environmental Sci; . )

30-cm nylon filter at the lower end, and installed at each plot

ence, Chmese Academy of Smenc_e (RCEES, CAS). In adélong the B-transect in GDZ (B1 to B6). The PVC tubes were
dition, soil samples from the horizons and layers of all

plots were collected three times (15 October 2009, 22 Jan_cqvered with a perforated lid to prevent pressure d|fferenc¢s
: with the atmosphere. Groundwater level was measured daily

uary 2010 and 29 April 2010) to measure KCI—extractabIefrom Julv 2009 to the beainning of August 2009 during a pe-

nitrate (NG ex) and ammonium (Nljﬂex). After being sam- Y g 9 9 gap

: . o riod of heavy rainstorms and on dates gf0Nmeasurements
pled, soils were stored in a freezer and extracted within on vy

: . Shereatter.
month, except the soil taken on 22 January 2010, which was Meteorological data (air temperature (AT), precipitation

extracted together with the samples taken on 29 April 2010. . lative humidi :
Soil samples were extracted by shaking 10 g dw equivalent prepm) and relative um'|d|ty (RH)) were obtained every
min from a weather station (WeatherHawk 232, USA), at

of fresh soil with S0mL of 2MKCl for 1h. The concen- the roof of the TSP Forest Bureau situated 1 km south of the

:ree:t'nz:z dOle\ilnq 323\/ m%cigéhsngr esf;d(gggagmg:etﬁ:' catchment. Vapor pressure deficit (VPD, kPa) was calculated
9 ! y ' ' from equation 2 (ASCE, 2005) as

Netherlands) at RCEES, CAS.
Ceramic suction cup lysimeters (P80; Staatliche Porzel- RH

lanmanufaktur, Berlin) and Macrorhizon soil moisture sam-YPD = { 755~ ) +0.6108 exp(17.27- AT/(AT +237.3)) (2)

pler (Rhizosphere Research Products, The Netherlands) were

installed at each plot on HS and GDZ, respectively. On the2.4 Statistical analysis

HS, lysimeters were installed in triplicate in the A- (4—5 cm),

the top of the AB- (10 cm), the bottom of the AB- (20 cm) Cumulative NO emissions for each of the eleven plots for

and in the B-horizon (40 cm). In the GDZ, one Macrorhizon Summer 2010 (106 days) were analyzed together with soil

was installed at each of three depths (30, 60 and 100 cm)Parameters in the top soil (depth-weighted for O and A hori-

Soil water from HS was sampled from 11 November 2009,20ns on HS and from 0-20 cm in GDZ; Table 1) by Principal

while groundwater in the GDZ was sampled from 5 Au- Component Analysis (PCA). Bulk density, cumulativeN

gust 2009; both soil water and groundwater were sampled!ux, NH; swand NG s, were normalized using minus recip-

at weekly intervals until spring 2010 and on eacsONflux rocal, natural logarithmic, natural logarithmic and sinusoidal

measurement date in summer 2010. Soil water from triplicatdransformation, respectively.

lysimeters per soil depth on HS was pooled prior to anal- T0 explore the seasonal drivers of theQlemission flux,

ysis. Concentrations of NDand NHJ in lysimeter water ~ l0og-transformed average,® emission rates on HS (aver-

were measured in each sample during wet-hot seasons and #¢€ of 4 plots, T1, T3, T5 and B1, which had fulp® flux

pooled samples (four weeks) during the dry-cool season, usdatasets including the dry season) were subjected to step-

ing ion chromatography (DX-120 for I\Wand DX-500 for  wise multiple linear regression with ST, WFPS (average of

NO3, DIONEX, USA) at the Chongqing Academy of Envi- daily ST and WFPS obtained from TDR probes at both T3
3 ’ 1
ronmental Sciences and Monitoring, China. and B1 from 12 October 2009 onwards), as well as pore wa-

ter NG sy and NI—QSW concentration in these four plots as
independent variables. The resulting empirical relation was

x 100, (1)

www.biogeosciences.net/10/1309/2013/ Biogeosciences, 10, 13732013
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used to interpolate the 40 flux on HS between measure- 300 e 35
ment dates on the basis of continuously measured ST anc — daily i temperature "
WFPS and to estimate the annualNemission of two com- 0

plete annual periods: one from 5 May 2009 to 4 May 2010
and the other one from 5 May 2010 to 4 May 2011.
Missing values for ST and WFPS (from 1 May to 11 Oc-

25

20
150

tober 2009 and from 25 December 2010 to 8 February 2011):::,; 15
were estimated on a daily basis, using a statistical model= 1

ation(mm)

Temperature (°C)

based on multiple linear regression, using available meteo-
rological data (average air temperature, rainfall and average s
VPD). General linear model (GLM) with the mixed-effects
(sampling dates and location) was used for the comparison ° -
of different plots, the two landscape elements and different

e
o -
o

| PUTTRTN

i \l L.

60/¥0/LC
60/50/LT
60/90/92
GU/LO/!)Z
GO/SO/SZ
GOIGOlVZ
GOIOI-IVZ
60/L1/ET |
60/2LET
oree -
IEZ

0
0
0
0
0
0
0
0
0
0

seasons.
All  statistical analyses were conducted with Fig. 2. Daily average air temperature and daily precipitation at TSP,
Minitab 16.1.1 (Minitab Inc.). The temperature data from 5 September to 18 September 2009,
29 November 2009 to 16 January 2010 and 29 January to 8 Febru-
ary 2010 were missing. Shaded area indicates the dry-cool season.
3 Results

20
--- WFPS-T3

3.1 Weather, soil moisture and soil temperature o | ——wrpsen
Rainfall distribution during the wet season (April to Octo- g7 -
ber) differed between the two years (Fig. 2). Summer 2009LL o |
(1054 mm) was wetter than summer 2010 (850 mm) and >
precipitation occurred mostly as intensive rainstorms (up
to 385 mm during 41 h between 3 and 5 August 2009). In 0
contrast, precipitation was more evenly distributed in sum-
mer 2010. Only 117 mm rain fell in the dry-cool season from L ®)
November 2009 to March 2010. Soil WFPS at 10-cm depth — T
on the mid slope (T3, mean WFPS 55.8 %) was significantly _>
smaller than at the foot slope of HS at the transition to GDZ ‘?;15 i
(B1, mean WFPS 70.0%) (Fig. 3a), most likely reflecting
convergence of interflow from HS at B1. In winter, WFPS
was relatively stable with values around 56.7 % for T3 and
68.5% for B1. In contrast, large variations in WFPS were
observed in spring and summer, driven by precipitation, and
subsequent drainage and evapotranspiration. In plot T3 (HS),
but not in plot B1 (transition to GDZ), WFPS decreased sig- Fig. 3. (a) Soil water-filled pore space (WFPS) afii) soil temper-
nificantly in late summer 2010 (July through September), in-ature (ST) at 10-cm depth at plots T3 and B1. Shaded area indicates
dicating drier conditions on the upper part of HS as describedhe dry-cool season.
earlier for this site (Mulder et al., 2005). ST at 10-cm depth
varied seasonally between 940 and 25C with no signif-
icant difference between T3 and B1, although the drier T3B1 < B2=B3=B4 < B5< B6 and was most stable close to
plot tended to have somewhat higher soil temperatures durthe outlet (plots B5 and B6). The groundwater level was only
ing the wet season (Fig. 3b). occasionally detectable-(—100-cm depth) at plots B1, B2
The groundwater level in GDZ varied betweeri5cm  and B3 (Fig. 4).
(above surface) and —100 cm (below surface), with high-
est values at B5 and lowest at B1 (Fig. 4). The heavy rain-3.2 N,O fluxes
storm between 3 and 5 August 2009 resulted in a rapid
increase of the groundwater level. The groundwater levelEmission fluxes of MO showed a pronounced seasonal pat-
reached its lowest values from late summer onwards, butern with highest values during summer (wet-hot season) and
increased in early spring, due to increased precipitation irsignificantly lower emission rates during winter (dry-cool
March and April 2010. In general, the groundwater level season) g =0.000, Fig. 5). During summer, D emission
was deepest at B1 and increased to near-surface in the ordeaites varied 1-2 orders of magnitude, with highest values

o

o
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and 5) when WFPS was high (Fig. 3a). In summer 2010,

with its more even distribution of rainfall, peak® emis-  Fig. 5. (@)Mean NO flux (» = 3) at the plots on the hillslope (HS)

sions were smaller (up to 450 pgﬁhfl) than in sum-  and(b)inthe groundvyate_r discharg_e_ zone (GD_Z). Standard errors

mer 2009 (up to 1730 g NTR h_l) (Fig. 5). The analy- are not shown to maintain readability of the figure. Shaded area
: . : P indicates the dry-cool season.

sis with a general linear model (GLM) indicated that

emission rates were significantly higher on HS than in GDZ

(p=0.011). The daily average J® emission on HS was

higher in summer 2009 (6.4mgNThd~1) than in sum-  est with respect to these variables. TheN@was high in

mer 2010 (3.2mgNm?d~1; Fig. 6). Furthermore, the av- winter and early spring and decreased sharply at the start

erage NO emission was smaller in GDZ than on HS, emit- of the growing season in early April, probably due to bi-

ting on average 3.2mgdD-Nm~—2d-! and 1.8 mgMNO- ological uptake of N and dilution by ample rainfall at the

Nm~2d~1in 2009 and 2010, respectively. The spatial vari- end of March 2010 (Fig. 7). During winter, N@Qw showed

ability within the plots was high particularly on HS (Fig. 6) consistent differences among plots on HS with highest val-

and no significant differences inJ® emissions were found ues at plot T1 and lowest at plot T2, whereas concentrations

between plots within the same landscape element. The spatiatere lower and more uniform throughout summer, fluctuat-

pattern of the cumulative 0 emissions for the plots within ing with precipitation events. There were consistent differ-

one transect was not consistent for the two summer periodsnces in NQ sy in GDZ, with concentration levels decreas-

(Fig. 6). ing in the order B2=B4 > B3> B5> B6. At B3, B5 and B6,
NOj3 sw concentrations were below 5mg Nt during most
3.3 Spatial variability in soil factors controlling N ,O of the year with the greatest values at the end of the dry sea-
emissions son (February and March 2010). The concentration off NH

_ o in soil water (NH; sw) was small, with values amounting to
Surface soil had a greater bulk density in GDZ than on HSjess than 10 % of total inorganic N in solution, except for

(Table 1) even though there were exceptions (plots B4 angiots B2 and B6, and there was no seasonal pattern in any of

B5). The pH of the surface soil was significantly higher in the plots (data not shown). No correlation was found between
GDZ than on HS (Table 1). For TOC, TN and C/N the op- NHIsw and NG sw in soil water.

posite was the case, reflecting the lack of an organic surface Wwe used PCA to assess the relationship between soil
|ayer in GDZ. Values for the concentration of I§IOn soil parameters and the CUmUlatiVQ@l flux in summer 2010
extracts (NQex) and the concentration of NDin soil wa-  (Fig. 6) at each plot (Fig. 8). The PCA divided the plots into
ter (NQ;'sw) were significantly higher on HS than in GDZ. two groups (T1 to T5 and B1 as one group (HS); the oth-
In the O-horizon, TOC and TN were higher at T2 and T4 ers as the second group (GDZ)). The first two components
than at other plots on HS. In the GDZ, Plot B6 was high- of PCA explained 63.9% of the total variation, with most
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Z .
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= B3 r :
Q, l was highest at WFPS values between 63 % and 72 % (aver-
P4 00 M- ages at 10 cm soil depth for T3 and B1, respectively) and ap-

peared somewhat lower at values larger than 75 % (Figs. 3a
and 5). Figure 5 illustrates the large interannual variabil-
Fig. 6. ((a) Cumulative NO fluxes (gNO-Nm~2) during sum- ity of N20 flux between a wet year with intensive rainfall
mer 2009, from 12 July to 8 August, 27 days) aio) 2010, from  €pisodes (2009) and a relatively dry year (2010) with only
10 May to 24 August, 106 days) at individual plots= 3). Error  one episode with precipitation 50 mmday* (82mmin 9h

bars represent standard error. on 5 July 2010). The pD flux on HS was weakly, but neg-
atively correlated with NQsy, (p =0.064), whereas no cor-

relation was found with NHsw (p =0.659). At individual

of the physicochemical parameters (pH, bulk density, TOC sites in GDZ, the MO flux was weakly, but negatively cor-
TN, NO3 ex, NO3 sw and Nl—ﬁex) and the ex situ potential for ~ related with the groundwater level, i.e. highesflux oc-

N0 loss contributing to the first component (50.3 %). The curred when the groundwater level was low. Low ST together
second component (13.6 %) included . The instanta- with low WFPS seemed to be the main constraints foON
neous denitrification rate contributed to both componentsemission activity in winter (Figs. 3 and 5). Stepwise multi-
but had relatively small effect on theo® flux compared ~ ple linear regression indicated that ST and WFPS were the
to other parameters. Total organic carbon (TOC) and mos@nly significant variables explaining temporal variability of
of the variables associated with the availability of N (TN, N2O emissions (Eq. 3) on HS; NQy and NH/ s, concen-
NOj3 ex, NOg sw and Nl—gex) were positively correlated with ~ trations did not add significantly and were excluded by the
soil NoO flux, whereas soil pH and bulk density (BD) were regression. The residuals of the simulated values were nor-
negatively correlated with D flux. Also, the instantaneous mally distributed (not shown), suggesting unbiased fitting of
denitrification rate and the ex situ potential fos®lloss were  the equation (standard errors of the coefficients in parenthe-
positively correlated with MO flux, whereas NE{ISW concen-  SIs):

tration in soil water did not correlate witha® flux. In (N2Ons) = —4.80(+1.24) + 0.088+0.018 WFPS

3.4 Temporal variability of seasonal drivers for N,O +0.178(4+0.024) ST. 3)
emission Adjusted coefficient of determination:
(R — Sq(ad))) =68.9%
In summer, peak BO emission was associated with rain-  Since no data for ST and WFPS were available be-
fall resulting in high WFPS values. Emission of@ on HS  fore 11 October 2009 and from 25 December 2010 to

T1T2T3 T4 T5B1B2B3 B4 B5B6
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First Component (50.3%)

Fig. 8. Principal component analysis of cumulative®! fluxes used to estimate JD emissions using measured and simu-
and soil parameters (Table 1) at TSP. Before analysis, $@ N 9

flux and several of the parameters were transformed, whereas otH‘?ted values for ST (Eq. 4) ar_]d WFPS (Eq. 5). Measured and
ers (TOC: total organic carbon; TN: total nitrogen; C/N: the ra- simulated values are shown in Fig. 9.

tio of TOC and TN; IDR: instantaneous denitrification rate; ex

situ potential of MO loss (see text for explanation); Nx ~ 3-5 Annual NaO flux

and NGyex: 2M KCI -extractable NH and NG;) were not. o
The transformations were as follows:»® flux: In(cumulative ~ Annual NeO emissions on the HS were calculated at a

N,O flux from each plot in summer 2010; Fig. 6); bulk density daily time step from equation 3 for two 1-yr periods
(BD): —1/(bulk density); NH sw: In(dissolved NH) in soil wa- (5 May 2009 to 4 May 2010 and 5 May 2010 to 4 May 2011)
ter; NOj sw: sin(dissolved NG in soil water). Red points indicate  (Fig. 9). The first annual period included a relatively wet
the individual plots. summer, whereas the second period had a relatively dry sum-
mer. Annual NO fluxes for HS were 0.54 and 0.43g N
for the two years, respectively, about 24 % higher in the first
8 February 2011, we used multiple linear regression to deyear than in the second. Higher annualNemission in the
rive equations that link ST and WFPS to meteorological datafirst year may be attributed to the contribution of the frequent
The resulting regression models, presented in Egs. (4) andain episodes in the wet summer of 2009. ThgONemis-
(5) were then used to estimate the missing values (standarsion occurring during the first 5 days after the largest rainfall

errors of the coefficients in parenthesis): episode (4 to 5 August 2009) contributed 15.8 % to the an-
nual NbO emission. Emissions during the dry-cool season in
ST=7.84(+0.41) + 0.579+0.029 AT the first year (November 2009 to March 2010) contributed
+1.20(£0.187) VPD. 4) 12.0 % to the annual flux of §D. Also the emissions during
] o o the dry-cool season in the second year (November 2010 to
Adjusted coefficient of determination: March 2011), solely based on model estimates, was found to
(R — Sq(ad))=67.4%. be low, contributing 16.9 % to the annual flux o$®.
WFPS= 63.2(+0.27) + 0.209(+0.014)precip; 4 Discussion
+1.84(+0.17)VPDs (5)
N2O emission rates recorded after the heavy rainstorm in
Adjusted coefficient of determination: 2009 (up to 1730 ug YO-Nm-2h—1: Fig. 5) are the highest
(R — Sq(ad)) =58.8 %. found for forest ecosystems so far and exceed rates reported

Where precip (mm) is the day-weighted 5-day average for (sub)tropical forests which typically vary between 11 to
precipitation prior to the date for which the computation 600 ug NO-Nm—2h~1 (Liu etal., 2011a; Zhang et al., 2008;
was done (calculated asO1precCipyay ) +0.8-precipyay 1)+ Silver et al., 2005; Ishizuka et al., 2005; Koehler et al., 2009;
0.6-precCiRyay—2) +0.4-precipyay sz +0.2-precigay—4)) and  Rowlings et al., 2012; Kiese and Butterbach-Bahl, 2002).
VPDs (kPa) the day-weighted 5-day average vapor pressure Temporal variability (Fig. 5) exceeded spatial variabil-
deficit calculated analogously. The selected weights fitted théty in both landscape elements (HS and GDZ). However,
observations best. The residuals of the model simulationsmall-scale (within-plot) variability of the cumulative,®
were normally distributed (not shown). Equation (3) was flux over the active season was high as seen from the high
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standard errors in Fig. 6 (particularly for HS). It is likely ing reduced to M. Conversely, a drop in groundwater level
that this small scale variability was blurring existing trends may relieve gaseous diffusion constraints leading to release
in flux strength between plots along the HS. Large small-of N>O from the soil. In summer 2010 (Fig. 5), for instance,
scale spatial variability of DO emissions is often reported N>O emission rates were lowest at B6 until groundwater
for forest soils (Robertson and Klemedtsson, 1996; Bowderlevel dropped about 10 cm in the middle of July (Fig. 4), re-
etal., 1992; Werner et al., 2007b) and is commonly attributedsulting in a single MO emission peak while returning to low
to small-scale variation in mineral N availability, litter qual- levels quickly thereafter. Similar XD dynamics have been
ity and soil moisture. We arranged the plots along transect®bserved in rice paddies (e.g. Qin et al., 2010).
perpendicular to the contour lines in the two landscape units We found clear differences ind® source strength and en-
because gradients in WFPS on HS and in groundwater levetironmental controls when comparing HS and GDZ; average
in GDZ might affect MO emissions by controlling aeration, cumulative MO emission in GDZ was roughly half of this at
substrate level and ultimately microbial activity (Garten et HS in both summers (Figs. 5 and 6), which was surprising,
al., 1994). However, we did not find any consistent relation-as we expected GDZ to behave as a riparian zone with ele-
ship between cumulative 0 emission and plot position vated denitrification activity. Riparian zones are commonly
in either of the two landscape elements. Concentrations ofonsidered as “hot spots” forJ® emissions, because they
NO3sw on HS were similar at all plots during the wet-hot receive dissolved N (DON, ND) from surrounding slopes
season (Fig. 7a) and did not correlate witbQNemissions.  while providing optimal conditions for denitrification (DOC,
The availability of NG was higher than in other studies anoxia) (Groffman et al., 2000; Hefting et al., 2003). How-
(e.g., Koehler et al., 2009; Zhang et al., 2008) and appearedver, unlike common riparian zones which typically develop
to be non-limiting for NO production on the HS, probably soils rich in organic matter, the GDZ studied here is formed
explaining the lack of a directional gradient in cumulative by formerly cultivated terraces on colluvial deposits. Soils
N2O emissions as reported by others (Nishina et al., 2009are dense and have low hydrological conductivities, resulting
Fang et al., 2009). Surprisingly, the clear difference in WFPSin low productivity and low TOC contents (Table 1). Labo-
between the mid slope position T3 and the foot slope positiorratory incubations revealed that the GDZ soils had instanta-
B1 (Fig. 3a) in spring and early summer did not result in sig- neous denitrification rates similar to HS soils, despite their
nificantly different cumulative MO emissions (Fig. 6). This markedly lower TOC contents (Zhu et al., 2013a). This in-
was probably due to the fact that soil moisture was measuredicated a similar N removal potential in GDZ as compared
at 10-cm depth (in the upper AB-horizon), rather than in thewith HS. However in their study, Zhu et al. (2013a) also
zone of maximum denitrification activity, located in the up- found that denitrifying communities on HS and in GDZ dif-
permost soil layers (O- and A-horizons; Zhu et al., 2013a).fered functionally with respect to their product stoichiome-
Soil moisture data records for 5-cm depth were incompletetry, with the GDZ communities being more efficient in re-
due to sensor problems, but comparing existing data and bulkucing NG; all the way to N. Thus, the lower HNO/N;
densities at 5-cm depth suggests that WFPS was more sintatio, and consequently the reducedNemission rate, in
ilar in the uppermost soil layer (data not shown). The pro-GDZ may be attributed to a number of site-specific factors,
nounced decrease in WFPS at T3 (but not B1), later in sumdirectly or indirectly affecting denitrifier functioning and sto-
mer, markedly reduced2® emissions as compared with B1 ichiometry: (1) pore water at GDZ had lower jQoncen-
(insert Fig. 5). trations (Figs. 7b and 8), which may decrease th©MNIi;

In GDZ, decreasing N concentrations along the hydro- ratio by forcing denitrifiers to utilize D as an additional
logical flow path (Fig. 7b) suggested strong N retention. Bothelectron acceptor; (2) diffusion of J0 in soil is slow in
NOj and the dissolved HO (data not shown) concentrations dense GDZ soils, resulting in higher dissolvegONconcen-
in the groundwater were found to be very low at the outlettrations in pore water (data not shown), which supports deni-
of GDZ (B5 and B6), suggesting more completgNreduc-  trifier communities to expressJ® reductase; and (3) soil pH
tion along the flow path as NDbecame depleted. There was at GDZ was 0.5-0.6 units higher than at HS, which directly
a weak trend of decreasing cumulativeQdemissions with  (Bergaust et al., 2010) or indirectly (Liu et al., 2010a; Simek
increasing average groundwater level along the hydrologi-and Cooper, 2002; @&sch et al., 2012) lowers XD/N; ra-
cal flow path in the GDZ (with the exception of B3) during tios.
summer 2009, when the groundwater level was very dynamic Even though this study was not designed to discriminate
(Fig. 6a). No such pattern was seen in the hydrologicallysources of NO emission, several observations indicate that
more stable summer of 2010 (Fig. 6b). In general, ground-N>O emission rates during the active periods were more sen-
water level fluctuations are likely to interact with IyGn sitive to denitrification controls than nitrification controls: (1)
controlling NbO emissions, as the rise of groundwater level on the HS, high MO emission occurred when soil WFPS was
can transport NQ into C-richer upper soil layers and cre- high; (2) in the GDZ, dissolved $D decreased with ND
ate anoxia favorable for denitrification. At the same time, theconcentration in groundwater; (3) the difference in magni-
residence time of pD in the soil profile increases, due to tude in NbO flux on HS and in GDZ was congruent to differ-
decreasing diffusion, thus increasing the chance £ He- ences in denitrification stoichiometry observed in soils from
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the two landscape elements in laboratory incubations (Zhiest in Panama which was experimentally N-enriched for 9—
et al., 2013a); (4) BIO concentrations measured in soil air 10 years (Koehler et al., 2009). Expressed as a fraction of the
were negatively correlated withO, (R?=0.40,p =0.000,  annual atmogenic N-depositionp®-N emission amounted
data not shown). Low nitrification rates have been reportedo between 8 and 10% of the incoming inorganic N. This
for acidic forest soils in SW China (Cai and Zhao, 2009). “emission factor” was much higher than the Tier 1 IPCC de-
However, given the prevalence of Ian deposited N and fault factor (1 %) used for accounting both direct®emis-
its rapid disappearance in the soil solution, Neixidizing ~ sions arising from mineral N fertilizer application to man-
processes could be a potentially important source fg® N aged soils and indirectD emissions arising from the rede-
emission. We conducted an in steNO3 labeling experi- ~ posited N to uncultivated soils (IPCC, 2006). The emission
ment in summer 2010 at two positions along the HS reportedactor derived from our study is at the high end of the re-
elsewhere (Zhu et al., 2013b) and found that 71-100 % ofported NO emission factors for deciduous forests and conif-
the emitted NO derived from the labeled soil NOpool. It erous forests, which were on average 6.5% and 2.4 %, re-
seemed that even though the fate of the depositegi N4 Spectively (van der Gon and Bleeker, 2005). This pinpoints
mains unclear in this catchment, nitrification is not the mainthe prominent role of nitrogen-saturated, subtropical forests
source for the high BD emission observed. on acid soils as a secondary source of anthropogep@, N

We found large temporal variability in 20 fluxes. Mul-  Which should be taken into account for regionalNbud-
tiple linear regression identified ST and WFPS as the mair@ets.
drivers, explaining 68.9 % of the temporal variability of®  AcknowledgementsThis study was supported by the Norwegian
emission fluxes on HS. Such a high coefficient of determi-research council (Nordklima program 193725/S30,¢Nemis-
nation with only two variables is remarkable as most stud-sions from N saturated subtropical forest in South China”) and
ies conducted in forest ecosystems report much lower degrethae Chinese Academy of Sciences (No. KZCX2-YW-GJO1 and
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