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Abstract Spatial variability of soil total nitrogen
(N), available N (KCI extractable NHand NG),
and spatial patterns of N mineralization and nitrib-

difference of NH and NG contents between the
two sampling dates. Total N, N and NG were
all spatially structured with different semivariogram

cation at a stand scale were characterized with ranges (from high to low: NE§ NOz, and total N).
geostatistical and univariate analysis. Two extensive The semivariograms of mineralization and nitribca-
soil spatial samplings were conducted in an ever- tion were not as spatially structured as available N.

green broadleaf forest in Sichuan province, south-

NHZ was the dominant soil inorganic N form in the

western China in June and August 2000. In a study system. Both NB and NG affected spatial patterns

area of 90x 105 nf, three soil samples were
collected from each % 5 n? plot (» = 378) in June

and August, and were analyzed for total N and
available N contents. Net N mineralization and
nitribcation were measured by in situ core incuba-

of soil available N, but their relative importance
switched in August, probably due to high nitribca-
tion as indicated by greatly increased soil §NO

content. High spatial auto-correlations (>0.7) were
found between available N and NH4available N

tion and the rates were estimated based on theand NG on both sampling dates, as well as total N
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measurements between both sampling dates.
Although signibcant, the spatial auto-correlation
between NH and NG were generally low. Topog-
raphy had signibcant but low correlations with
mineralization ¢ = —0.16) and nitribcation

(r = —0.14), while soil moisture did not. The large
nugget values of the calculated semivariograms and
high-semivariance values, particularly for minerali-
zation and nitribcation, indicate that some Pne scale
(<5 m) variability may lie below the threshold for
detection in this study.

Keywords Available N - Heterogeneity Spatial
pattern- Total N
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Introduction how the spatial variations of NHand NG and their
temporal changes contribute to the spatial variation of
As the most limiting nutrient element in many forest the total inorganic N pool. Comprehension of
ecosystems, including boreal and temperate forests,spatiotemporal patterns of soil available N will be
nitrogen (N) availability constrains ecosystem pro- of great signibcance in a more thorough understand-
ductivity (Aber et al. 1989 Rastetter et al.1997 ing of vegetation dynamics, productivity, and eco-
Reich et al.2006), and affects biogeochemical cycles system functions at different spatiotemporal scales
of other elements mainly through the process of litter (Cowling and Field2003 Lane and Bassirirad005).
decomposition (Tamm991). Soil is the primary and  Therefore, studies that feature intensive collecting of
most immediate N pool for plants and microbes in spatial data from different ecosystems are essential.
forested ecosystems (Kimming2004). The soil We conducted a study in a mature secondary
chemical and physical features within an ecosystem evergreen broadleaf forest in western Sichuan prov-
are highly heterogeneous in space (Brady and Weil ince, southwestern Chinato survey the spatial
1999. Soil heterogeneity inevitably affects local N variation of total soil N and available soil N. We
pools and complex soil processes governing N then used the data sets to calculate the spatial
cycling (Peez et al.1998. As a consequence, soil variations of N mineralization and nitribcation. Soils
N availability can be spatiotemporally heterogeneous, in trough topographic location are usually deeper
inRuencing local plants and community development with higher soil moisture condition. Higher soil
(Mou et al. 19933 2005 Hutchings et al.2003 moisture may facilitate N mineralization and nitrib-
Wijesinghe et al2005. There have been reports that cation (Burke 1989 Verchot et al. 2003. We
soil N heterogeneity inBuences seedling recruitment acquired the topographic data and the spatial data
(Mou et al. 1993h, plant species coexistence, com- on soil moisture to examine their possible effects on
petition (Gallardo et al.2000, and vegetation the spatial patterns of the different N forms. The
succession (Gross et d@995. Recent studies also objectives of this study are: (1) to determine the
suggest that changes in N heterogeneity affected spatial structure of NE| NO3, and N mineralization
invasion of non-native plants into natural ecosystems and nitribcation in a subtropical evergreen forest at
(Siemann and Rogef2003 Cassidy et al2004). the ecosystem level; (2) to determine how they are
Available N, primarily ammonium (Ng&), and spatially correlated and how they were affected by
nitrate (NG) have been frequently observed to be spatial environmental variation such as topography
variable in both space and time in different ecosys- and soil water conditions. We expect that (1) NH
tems (Hammer et all987 Garten et al1994 Lovett NOz, and N mineralization and nitribcation are
and Rueth1999. Spatial patterns of NHand NG, spatially structured and affected by local topography
however, are less well characterized (Lister et al. and soil water content; and (2) these spatial patterns
200Q Gallardo et al2005 and results reported in the are highly correlated due to their close biogeochem-
literature are mixed. Some found that both soil NH ical links. We chose the subtropical evergreen forests
and NG were spatially structured and NHhad because (1) information is generally lacking on N
higher semivariogram range than §@Gross et al.  mineralization and nitribcation in subtropical forest
1995 Gallardo et al.2005, while others revealed ecosystems (Maithani et al998 Upadhaya et al.

spatial structure for N@ but not for NH; (Cain et al. 2009; and (2) subtropical forests in southwestern
1999 Lister et al.2000. There is still little knowl- China have been threatened by human activities.
edge about the spatial patterns of N mineralization Many are isolated and fragmented by deforestation
and nitribcation (Morris and Boernelr998 Smith- and other socio-economidevelopments (Chen

wick et al. 2005, especially at ecosystem scale, 20003. This study of the spatiotemporal dynamics
probably due to the required high intensity of Peld of N patterns will not only provide insights into N
sampling (Jackson and CaldwelP93 Gross et al.  cycling in these ecosystems, but also provide infor-
1995. In addition, although it is clear that in most mation for natural ecosystem restoration and forest
mature undisturbed temperate forests the soil inor- management in the region, where N is considered to
ganic N pools are dominated by ammonium (Kron- be a limiting factor for plant uptake (Wang et al.
zucker et al1997), the question remains unanswered unpublished data).
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Materials and methods Soil sampling and chemical analyses

Site description Net N mineralization and nitribcation were measured

with the in situ core incubation method following
The study site is a naturally regenerated secondaryRaison et al. 1987). Three soil samples of top 15 cm
evergreen broadleaf fores~©Q0 years) near Duji- were randomly taken in the central portion of each
angyan city, Sichuan province, southwest China plot (total 1,134 samples) in June 2000 (Fiy. Each
(30°44 N, 10327 E) on the east slope of the east sample was taken by driving a PVC pipe of 5 cm in
rim of the Tibetan Plateau. The elevation of the study diameter and 15 cm in depth into the soil. After
site is between 755 and 805 m above the sea levelsampling from each plot, one PVC pipe of the same
with a narrow valley (trough feature) in the middle of size was then inserted into the ground nearby (20©30
the study site. The general slope aspect is southcm away) to start incubation. Three such pipes per
facing and the average slope is about.3® has a plot were inserted for incubation. Each pipe was
typical subtropical monsoon climate with cool, dry covered with a plastic PIm at the top to prevent rain
winters from December to February and humid, water from entering, and with a 1 mm mesh net at the
warm summers from May to October. The mean bottom to allow water, gas exchange, and soil micro-
annual temperature is 15Q2 with a mean January fauna to enter (Binkley and Hat989. To put the net
temperature of 48, and a mean July temperature of at the bottom of a PVC pipe, we brst took a soil
24.9C. The mean annual precipitation is 1,200b sample out using a PVC pipe with soil remaining in
1,500 mm, most of which falls in the summer from the pipe. Then we attached mesh to the bottom of the
June to September. InBuenced by the Pacibc mon-pipe and inserted this pipe back into the hole left from
soon from the southeast, the orographic precipitation taking that specibc soil sample. All the incubated
dominates the region (Che2000g. The soil type is pipes were harvested in August 2000, and the soils
classibed as mountain brown yellow soil (equivalent inside were collected. All soil samples were stored in
to a US Soil Taxonomy Ultisols) according to the cloth bags, and processed in the peld lab the same
Chinese Soil Classibcation System (Ch2a00h day.

with little litter accumulation. The canopy is domi- The soil from each pipe was thoroughly mixed and
nated by Castanopsis fargesii Franch. The other air-dried in the beld. The samples were then ground
abundant species includ€yclobalanopsis glauca to pass a No. 10 sieve (mesh size 2 mm) after small

(Thunb.) Oerst.Machilus pingii Cheng ex Yang, and plant parts and stones were removed. Each soil
Symplocos laurina (Retz.) Wall. The important sample was subsampled 6 g) and extracted with 30
understory species ar€amellia oleifera Obel., ml 1 M KCI solution for NH; and NG analyses
Lindera pulcherrima (Wall.) Benth, llex szechwan- following the standard procedure (Maynard and Kalra
ensis Loes., Pittosporum sahnianum Gowda, and  1993. The extracts were analyzed with a Segmented
Bambusa omeiensis Chia and H. L. Fung. The Flow Analyzer (Segmented Flow Analyzer, the scalar
ground-level was dominated by ferns, including SANPYS Breda, The Netherlands). The remainder of
Microlepia marginata (Houtt.) C. Chr., antrachni- each soil sample was ground to pass through a No.
odes rhomboidea (Wall.) Ching. 100 sieve (mesh size 0.15 mm) and subsampled for
A survey site of 90< 105 nf was established inthe  Kjeldahl total N (%) analysis following standard
middle of the forest in June 2000. The site was fenced procedure (Bremnerl999. Gravimetric moisture
to avoid external disturbances. Then, the study site content was determined for 25 randomly selected
was grided into 378 5 5 m? subplots (Fig.1). The samples at each sampling period using an oven-
boundary of the study site was located by GPS and drying method (10%5C) following Gardner {986.
matched to a 1:10,000 topographic map. The eleva-
tion of each grid center was interpolated from the Calculation and data analysis
map. The relative topographic position (ridge, back
slope, and foothill) of each grid was also determined The soil analyses yielded three data sets for each of
from the map for examining relationships between the June and August samplings: soil Nidontent,
measured N spatial variability and topography. NO3 content, and total N content. Adding NHand
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Fig. 1 Site location, topography (from 1:10,000 map), and
diagram of sampling strategyHaded area is Sichuan province
where the site was located). The small squaresissaT’. From
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each small square, we took three soil samples in June and
started to incubate another three samples in situ. These three
samples were collected in August at the end of incubation

NO;3 together yielded the soil available N data set. the spatial features of the measured variables. Con-
The values of the three samples from each plot were ventional statistics were used to indicate the degree of

averaged to represent eachx% nv plot.
The net N mineralization rateRf,) (ng N/g/day)

was evaluated by:

RM = (le - CmO)/Tv

where C,,; and C,,o (ug N/g) represent bnal values
and initial values of (NH + NO3), respectively.T
represents the total days of incubation.

Similarly, the net nitribcation rater{) (ng N/g/

day) was evaluated by:

RN = (Cnl - C,,Q)/T,

whereC,; andC,o (ug N/g) represent bnal values and
initial values of NG T represents the total days of
incubation (Raison et all987).

overall variation, while geostatistics were used to
examine whether or not a variable is spatially
structured.

Data normality for all data sets was tested (SAS 9.1,
SAS Inc., Cary, NC, USA) before conventional
statistical and geostatistical analyses. Data were
square root or log transformed if the normality test
failed. Conventional statistics [i.e., mean (median for
skewed data), standard deviation and coefbcient of
variation (CV)] were performed to indicate the overall
variability for each analyzed item. Correlation ma-
trixes for different N forms from both sampling dates,
and for relationships between soil moisture, topogra-
phy, and different N forms at two sampling dates were
calculated with the modibedtest using PASSAGE
software (http://www.pssagesoftware.net/). The

To examine our expectations, we used both modibed:-test corrects the degrees of freedom, based
conventional statistics and geostatistics to analyze on the amount of auto-correlation in the data.
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Spatial patterns of the measured variables were transformed (square root or log-normally) before SV
analyzed by using GS software (Version 5.1.7, analysis were converted back to original units prior to
Gamma design software, Plainwell, MI, USA) for kriging (Gallardo et al2000.

Semivariogram (SV hereafter) computation and kri-

ging. We checked the data set to see if any spatial

trend of the brst- or the second-order existed, and Results

then, before SV computation, we removed the spatial

trends from the data set if they existed (Dag2i302). Total soil nitrogen (%)

SV is a regression model of a series of
semivariance valuesy) against the corresponding The median of total soil N for both June and August
lag distancesH). The semivariance at eachh is were 0.23% (Tablel), and the standard deviations
debned as: also remained constant with a value of 0.06. As a

consequence, CV was very similar between the two
1 N ) ) 5 sampling periods with a value of 25 and 26%,
y(h) = 2N(h) 4 [2(i) = z(i + B)]", (3 respectively, in June and August (Tallg
=t The semivariance value was high at the brst lag
whereN(h) is the number of sample pairs separated distance for total N in June using spherical model, but
by lag distance:. z(i) is a measured value at location after running several possible models such as spher-

=

i.z(i + h) is a measured value at locatiom 4. There  ical, exponential, and Gaussian model for the total N
are several commonly used SV models, and we chosedata sets in June, we found the parameters did not
the model bt based on three criteria: highminimal change much among the different models, nor did the

extrapolation of semivariance at spatial scale <5 m; Nuggets (data not shown). We reported the results
and, btted model shape. The spherical models werePased on spherical model because of the hfgand
chosen in most cases to facilitate the comparison of 900d curve shape, also for better comparison of the
parameters between variables. The exceptions weref@nge values among different N forms. SVs for total
NOj3 and total N in August, and N mineralization and SOil N in both June and August had highwith rather
nitribcation, for which only the exponential model |0W nugget values. The SH% in both sampling dates
made the btted SVs while the spherical model Were very high (>0.90) (Fig=d, 3d). The SV range
obviously misled (lowr? and curve misbt). In the ©f soil total N was 10.80 m (Figed) in June, and was
computation, the lag distances were chosen as 5 m10.70 m in August (Fig3d).

increments based on sampling scheme (Ejg.We Kriged maps illustrated that soil total N spatial

compared isotropic and corresponding anisotropic Patterns were fairly stable from June to August
SVs at 0, 45, 90°, and 135, and did not bnd (Figs. 4d, 5d). The two islands of high values on the

signibcant directional patterns. Therefore, isotropic 'ower left and middle part of the kriged map in June
SVs were used. Three SV parameters were derivedr€duced in size or disappeared in August.

and used in the analysis: nuggél), range, and the

ratio of structure variance@ and sill variance  Available nitrogen

(C + Cp) (SH%, hereafter). Nugget reRects either the

variability at scales bner than data resolution or NHz dominated the total inorganic N pool (Tabilg
random error. Range indicates spatial auto-correla- and determined the spatial distribution of inorganic N
tion distance between data pairs. SH% is the propor-in June (Fig.4abc). In August, NiHand NG were
tion of variance due to spatial dependence. SV with a comparable, but soil N© largely determined the
high SH% indicates a strong spatial structure (Brook- spatial pattern of total inorganic N (Figabc).

er 1991 Li and Reynolds1995. We further carried From June to August, the median of soil §H
out krig mapping with calculated SVs for the contentsincreased by 17%, from 17.85 to 2086,
different N forms. Maps were produced following and the median of soil N§ content increased by
an ordinary block kriging approach (Daw§02 with 178%, from 6.57 to 18.2%.g/g (Table 1). The

a block size of 2x 2 m? The data that were Standard deviation of NHcontent increased from
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Table 1 Summary of statistical parameters of different nitrogen forms, N mineralization, and nitribcation, organized by sampling
date

Time Nitrogen Form n Mean Median SD CV (%)
June 2000 NE (ug/g) 394 18.99 17.85 7.79 41.00
NOz (ng/g) 394 8.40 6.57 6.50 77.39
NH; + NO3 (ng/g) 394 27.39 26.43 11.31 41.28
Total nitrogen (%) 379 0.23 0.23 0.06 24.85
August 2000 NH (ug/g) 387 21.30 20.86 9.21 43.26
NOz (ng/g) 387 20.08 18.25 12.73 63.39
NHZ + NO3 (ng/g) 387 41.37 39.23 17.10 41.34
Total nitrogen (%) 380 0.24 0.23 0.06 26.36
N mineralization fig/g/day) 387 0.22 0.22 0.19 86.36
Nitribcation (ug/g/day) 387 0.19 0.18 0.13 68.42

SD standard deviation

0.967 0.103 —e—o—v
(0] o
© 0726 g 0077 Model s
g 2 R’ 0.989
S 0484 Nugget (C,)  0.481 $ 0.051 Nugget (C;) 0050
= Sill (C + C,) 0.963 e Sill (C + C,) 0.102
[ Range (m) 43.10 (% Range (m) 28.00
@ 0.242 SH% C/(C + C,) 0.501 0.026 SH% C/(C + C,) 0.505
A B
0.000 0.000
0.00 12.50 25.00 37.50 50.00 0.00 12.50 25.00 37.50 50.00
Separation Distance Separation Distance
NH4+ N03
0.009 o
1.37 0 - o - o
T iy i
o o 0.007
c 103 ° Model s
© = 2
g 8 R 0.789
S 0.68 N.ugget (C,) 0.578 (;s 0.004 Nugget (C,) 0.00065
é Sill (C + C,) 1.347 £ Sill (C + C,) 0.008
° Range (m) 37.6 ° Range (m) 10.80
» 0.34 SH% C/(C + C,) 0.571 ® 0.002 SH% C/(C + C,) 0.919
Cc
0.00 0.000
0.00 12.50 25.00 37.50 50.00 0.00 12.50 25.00 37.50 50.00
Separation Distance Separation Distance
NH4++ NO3- Total N
Fig. 2 Semivariograms of NEi(a), NOs (b), NH; + NO3 (c), the data (S = spherical) is indicated. Proportion structural

and total nitrogend) of the whole study site in June 2000. variation C/(C + Cp) is used as an index of the magnitude of
Under the curve is the summary of semivariogram model spatial dependence. The dash lines indicate the sample
parameters for different forms of nitrogen. The best model btto variance

7.79 to 9.21ug/g in 2 months, while that of N® sampling dates were similar (41.00% vs. 43.26% for
doubled from 6.50 to 12.78g/g in the same period June and for August, respectively), whereas that of
(Table 1). However, the CVs of N at the two NO3 decreased from 77.39 to 63.39% (Talie
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Fig. 3 Semivariograms of NEi(a), NO3 (b), NH; + NO3 (c), tion and nitribcation, and for different forms of nitrogen. The
and total nitrogend) of the whole study site in August 2000  best model bt to the data (E = exponential and S = spherical) is
and semivariograms of N mineralizatiog) @nd nitribcationf) indicated. Proportion structural variatia@(C + Co) is used as

between June and August 2000. Under the curve is the an index of the magnitude of spatial dependence. The dash
summary of semivariogram model parameters for mineraliza- lines indicate the sample variance

The SH% for NH, NO3, and NH, + NO3 were much in August with values of 55, 21, and 38 m,
88, 51, and 53% in June, respectively (Fgbc). In respectively (Fig3).
August, the SH% of NE NO3, and NH; + NO3 When the kriged map of NHin August was
were 50, 68, and 57%, respectively. compared to that of June, the spatial patterns of;NH
The SV ranges of Ni§ NO3z, and NH; + NO3 differed in the following aspects: (1) patches of high
were 43, 28, and 38 m in June, respectively (Rg. values became larger; (2) the three general northb
The SV ranges for all three N forms did not change south direction bands were much more obvious; (3)
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304 28
265
195
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188 129
15.0 %
96
1.1
73 63
31
NOy
459 0.690
40.0 0.580
34.0 0.470
281 0.361
22.2 0.251
162 0.141
103 0.031
25 233 450 BE3 &z
NH;+ NOy Total N

Fig. 4 Distribution of NH; (ug/g) @), NOs (ng/g) (), NHz + NO3 (ug/g) (), and total nitrogen (%)d) of the whole study site
using kriging interpolation in June 2000

less variation within each band in August than in June N mineralization and nitribcation

(Figs. 4a, 5a). The maps of N@ of August and June

showed opposite trends that (1) patches of high Considerable variations in N mineralization and
values became smaller in August; (2) the three nitribcation were revealed. The net N mineralization
general northBsouth direction bands became lessand nitribcation were 0.22 and 0.18g/g/day,
obvious; (3) spatial variation within each band was respectively, with standard deviations of 0.19 and
higher in August than in June; and (4) islands of 0.13ng/g/day, respectively (Tabl#). SVs of both N
extremely high N@ values appeared in August mineralization and nitribcation had mode$tvalues
(Figs.4b, 5b). The maps of NE+ NO3 in June and  (0.48 and 0.82) with low nugget values and high
August had similar pattes with the following SH% (Fig.3e, f). The SV ranges for N mineralization
common features: (1) three bands generally parallel and nitribcation were 9.0 and 12.6 m, respectively.
to that in the maps of NHand NG; and (2) large However, semivariance values of prst lag distance for
patches with bPner scale variations (Figs, 5c). both processes were quite large (F3g, f). We also
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%38 515
%5 195
27 16.2
188 129
154 96
14 83
73 11
646 0.456
566 0.401
487 0.348
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Mineralization Nitrification
Fig. 5 Distribution of NH: (ng/g) @), NO3 (ug/g) (), kriged map of N mineralizationug/g/day) €) and nitribcation

NHZ + NO3 (ug/g) (€), and total nitrogen (%)d) of the whole (ng/g/day) €) between June and August 2000
study site using kriging interpolation in August 2000, and
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applied linear model btting for N mineralization mineralization and nitribcation were generally low on
(** = 0.83) and nitribcation /£ = 0.68) to avoid a slope compared to the foothill) (Tabl®). Soil
having the calculated parameters an artifact of the moisture, however, was only positively correlated
model chosen. From the linear model, t@gvalues with soil total N in August (Tables).

for N mineralization and nitribcation were 0.91 and

0.02, respectively; th&y + C were 1.06 and 0.03,

respectively; the range were both 46.84 m; the SH% Discussion

were 0.15 and 0.18, respectively. The kriged maps of

both processes demonstrated scattered small patcheghe total soil N is fairly stable over the 2-month
and Pne scale variation. The obvious banded patternsperiods as indicated by the constant overall variabil-
shown in the kriged maps of NH NO3, and ity (standard deviation and CV). Total soil N remains
NH; + NOz did not appear in the maps of N similar spatial patterns (Fig4d, 5d). The two high N
mineralization and nitribcation (Fige, f). There was islands in the study site were either reduced in size or
a signibcant positive spatial correlation between N disappeared from June to August. These indicate that

mineralization and nitribcationr(= 0.76 andP < extreme patches in this subtropical forest are more
0.0001). ephemeral than in some other ecosystems, such as the
desert system studied by Jackson and Caldwell
Spatial auto-correlations between different N (1993 where nutrient islands were more pronounced
forms and between times and persistent. The rapid changes in the extreme

patches are probably caused by high rates of decom-
A number of strong, positive spatial auto-correlations position, plant uptake, and microbial assimilation.
existed among the four different N forms we studied The high SH% values and low nugget values in total
and, for most N forms, existed between June and soil N (Figs.2d, 3d) demonstrate that (1) total soil N
August (Table 2). Soil total N was positively is highly spatially structured, and (2) that most spatial
correlated between the two sampling dates spatially variations occur at corresponding sampling scales.
(r = 0.70 andP < 0.0001). Soil total N was also In this forest, organic N (total Nbavailable N)
positively correlated with available N forms spatially overwhelmingly dominate the soil N pool as indi-
(NHZ, NO3, and NH; + NO3) in June and August cated by the high ratio of total N to available N (50:1
and between June and August (0.19 < 0.23 and to >100:1; Tablel). The 40D100 times higher
P < 0.0001), except between total N in June and;NH standard deviation of total N to that of available N
in August (Table2). Each available N form (Nf forms, and a high spatial auto-correlation (e.g., SH%
NOsz, and NH, + NO3) was positively correlated  value) of soil total N further suggest a strong spatial
with itself spatially between June and August (all structure of organic N. The SV ranges of total N
>0.5). They were also positively correlated with each (~10 m) from this study are similar to what was
other in June and in August, and between the two found in black spruce forest stands in central Alaska
sampling dates (0.24 << 0.85 andP < 0.0001). In (Smithwick et al.20053. It is higher than that of
addition, NH; + NO3 was more spatially correlated organic matter found in a desert ecosystem (1.35 m)
to NHy in June, and more spatially correlated to NO  (Jackson and Caldwell993, but smaller than that

in August (Table2). found in a mature slash pine forest in the southeastern
USA (36.2 m) (Lister et al2000. The differences
Correlation between topography, soil moisture may be attributable to the scattered plant clumps in
and different N forms, N mineralization, and the deserts, and distantly spaced mature overstory
nitribcation pines in southern US pine forests. Our data indicate

that the spatial patterning of organic N in ecosystems
Different N forms and topography showed a number is highly inBuenced by the spatial patterns of plant
of signibcantly negative correlations including §O  distribution.
and NH; + NOj3 in both June and August (Tabg). The soil NH; and NG; contents in this forest are
N mineralization and nitribcation were also nega- withinthe range found in other forest ecosystems under
tively correlated with topographic position (e.g., N similar climate conditions (Maithani et &1998. The
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Table 2 Correlations of NH, NO3, NH; + NO3, and total N between two sampling periods

June August
NH; NO3 NH; + NO;  TotalN  NH; NO3 NH; + NO;  Total N

June NH 1

NO3 0.29%* 1

NH; + NO;  0.85**  0.71%* 1

Total N 0.15* 0.23%+  (0.23%** 1
August  NH; 0.56***  0.23**  (.53*** 0.04 1

NO3 0.22%%*  0.56%**  (0.45%** 0.23%*  0.24** 1

NH; + NO3  0.44**  0.50%*  0.60*** 0.21%*  Q.72%*  0.82%* 1

Total N 0.11* 0.22%%*  (0.19%* 0.70%%*  0.17%*  0.42%* Q.41 1

The correlations were calculated using a modik&sgkt that corrects the degrees of freedom based on the amount of auto-correlation
in the data

*P < 0.05

** p <0.01

** p < 0.001

Table 3 Correlation between different nitrogen forms and (Beckett and Webstetr971; Gross et al1995. Gross
topography (slope position: topographic position was digitized et al. (1995 found that the CVs of available N ranged
by assigning ridge = 3, back slope =2, and foothill = 1) and 413 o0 19 133% across the sites of three successional
soil moisture at different time, and correlation between . . .
mineralization and nitribcation and topography and soil mois- Stal%es and were the largest in the mid-late successional
ture beld.

The different SV ranges of NHNOz, and total N

Time Nitrogen form Topography Moisture . . L
suggest that processes responsible for spatial distri-
June 2000 N (ug/g) —0.15*  -0.15 bution of different N forms may operate at different
NO3 (ug/g) —0.04 -0.21 scales in this forest ecosystem. The fact that the SV
NH; + NOs5 (ng/g) —0.11* -0.20 ranges of NH were higher than that of NPsupports
Total nitrogen (%) -0.03 -0.03 the conclusion from Gallardo et al2Q05 that NH;
August 2000 NH (ng/g) —0.24** 0.11 tends to have a higher SV range than NGn
NO3 (ng/g) —0.11* 0.11 different plant communitie including grassland,
NH; + NO3 (ng/g) —0.20%* 0.18 scrubland, shrubland, pine forest, and Roodplain
Total nitrogen (%) -0.01 0.55* forest.
N mineralization (g/g/ —0.16* 0.06 The dominant component which inBuences spatial
day) patterns of available N shifts from NHin June to
Nitribcation (1g/g/day) —0.14** 0.06 NO3 in August (Figs.4, 5); although, NH quanti-

The correlations were calculated using a modilpegst, which

tatively dominates the inorganic N pool in this

corrects the degrees of freedom based on the amount of auto-ecosystem (Tabl&). The spatial pattern of nitribca-

correlation in the data
*P < 0.05
** P <0.01

variability of NH; and NG were greatly increased

tion during the 2-month period may cause this shift
(Figs. 4c, 5¢, f).

The signibcant band of high available N in the
central right part of the study plot (Figéc, 5c) seems
to be affected by the trough topographic feature. The

from June to August as shown by the increased trough soils are deeper and have higher soil moisture
standard deviations. However, the changes in the content, a feature, which probably facilitates N
CVs are small due to more or less proportional changesmineralization and nitribcation (BurkE989 Verchot

in means and standard deviations (TableThe CVs et al. 2002. However, we do not detect signibcant
for NH; and NG; fall in the range of other observations correlations between soil moisture and available N
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content, N mineralization rate, and nitribcation rate microbial activity, may control the heterogeneity of
(Table 3). Higher sampling intensity of the soil available N forms. Plants have signibcant effects
moisture and a map with higher accuracy would help upon N cycling in many ecosystems (e.g., Wedin and
clarify such relationships. Tilman 199Q Epstein et al.1998 Smithwick et al.
The high nugget values for both NHand NG, 2005H. We could not estimate the role of plant
consistent with the bPnding of others (Jackson and uptake in spatial patterns of available N forms in this
Caldwell 1993 Guo et al.2004), indicate possible system because of the difpculties in quantifying
Pner-scale variations (<5 m) in this area. A nested spatial variation of plant N uptake in this study.
sampling scheme (multiple scale sampling) covering  From this study, we can generally conclude that in
Pner as well as broader scales would be helpful in this subtropical secondary evergreen hardwood forest
solving this problem. ecosystem: (1) soil total N, N and NG are all
Previous research shows that spatial patterns ofspatially structured at different spatial scales; (2) both
mineralization and nitribcation exist in some ecosys- NH; and NG play roles in establishing the spatial
tem (Smithwick et al.20053, but not in others  pattern of available N, and alternate their dominance
(Jackson and Caldwell993. Our data of mineral-  with time; (3) N mineralization and nitribcation have
ization and nitriPcation generate good SVs with either random patterns or high-bPne scale (<5 m)
moderater®-values (at least for nitribcation Figf) variations; (4) N mineralization and nitribcation are
and high SH%. However, we are reluctant to spatially auto-correlated; and (5) micro-topography
conclude that our data support the existence of well affects the spatial patterning of these N forms. Our
structured spatial patterns for the two processes dueresults indicate that, to better understand the spatio-
to the high-semivariance values at the Prst lag temporal patterns of N processes and the underlying
distance (Fig.3e, f). In addition, the SV generated mechanisms of the observed patterns, multiple sam-
by linear model btting has much highérthan that of plings with shorter incubation periods and nested
the spherical model/f = 0.83 vs. 0.48 for linear sampling methods should be employed. In addition,
model and spherical model, respectively), for the other processes, such as denitribcation and leaching,
mineralization process. These evidences demonstratealso need to be monitored.
that the two processes could either be random
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