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Abstract. Mountain forests are subject to high rates of
physical erosion which can export particulate nitrogen from
ecosystems. However, the impact of geomorphic processes
on nitrogen budgets remains poorly constrained. We have
used the elemental and isotopic composition of soil and plant
organic matter to investigate nitrogen cycling in the moun-
tain forest of Taiwan, from 24 sites with distinct geomorphic
(topographic slope) and climatic (precipitation, temperature)
characteristics. The organic carbon to nitrogen ratio of soil
organic matter decreased with soil14C age, providing con-
straint on average rates of nitrogen loss using a mass balance
model. Model predictions suggest that present day estimates
of nitrogen deposition exceed contemporary and historic ni-
trogen losses. We found∼ 6 ‰ variability in the stable iso-
topic composition (δ15N) of soil and plants which was not re-
lated to soil14C age or climatic conditions. Instead,δ15N was
significantly, negatively correlated with topographic slope.
Using the mass balance model, we demonstrate that the cor-
relation can be explained by an increase in nitrogen loss by
non-fractioning pathways on steeper slopes, where physical
erosion most effectively removes particulate nitrogen. Pub-
lished data from forests on steep slopes are consistent with
the correlation. Based on our dataset and these observations,
we hypothesise that variable physical erosion rates can sig-
nificantly influence soilδ15N, and suggest particulate nitro-
gen export is a major, yet underappreciated, loss term in the
nitrogen budget of mountain forests.

1 Introduction

Nitrogen (N) is essential to primary productivity in the terres-
trial biosphere (Evans, 1989; Vitousek and Howarth, 1991).
The stock of bioavailable N influences an ecosystem’s abil-
ity to buffer increases in atmospheric carbon dioxide through
enhanced productivity (Oren et al., 2001), and also deter-
mines the impact of anthropogenic N deposition on plant
growth and soil biogeochemistry (Aber et al., 1989; Mat-
son et al., 1999; Zaehle et al., 2011). For these reasons, there
have been considerable efforts to better understand the pro-
cesses and rates of N loss from forests, and the factors which
inhibit or amplify nutrient export (e.g. Hedin et al., 1995;
Howarth et al., 1996; Lewis et al., 1999; Saunders et al.,
2006; Schlesinger et al., 2006).

The loss of N from ecosystems can result in lateral fluxes
of N compounds across the landscape. Rivers carry a signa-
ture of the dominant processes of N loss (gaseous, dissolved,
particulate) and the rates at which they occur throughout
catchments (e.g. Houlton et al., 2006; Brookshire et al.,
2012a). River loads from undisturbed tropical forests reveal
that particulate nitrogen (PN) export can be a significant loss
term (Lewis et al., 1995). For example, the Madeira and
Solimões rivers which drain the Andes to the Amazon River
(McClain and Naimen, 2008) export∼ 0.2 t N km−2 yr−1 and
∼ 0.4 t N km−2 yr−1 of PN, respectively. The PN flux is the
largest single component of N exported from these catch-
ments, and is approximately equal to the total dissolved
N loss (Lewis et al., 1999). Even higher rates of PN ex-
port can occur from forests undergoing rapid physical ero-
sion (Dadson et al., 2003; Milliman and Farnsworth, 2011),
with mountain rivers exporting particulate organic carbon
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(POC) derived from plant and soil organic matter at rates
> 10 t C km−2 yr−1 (Kao and Liu, 2000; Hilton et al., 2008a,
2012; Townsend-Small et al., 2008; Hatten et al., 2012). De-
spite its potential importance, the impact of physical ero-
sion and PN loss on N cycling in ecosystems remains poorly
constrained (Brenner et al., 2001; Amundson et al., 2003;
Quinton et al., 2010). This is particularly the case for moun-
tain forests, where PN transfers are not typically considered
alongside dissolved N export (Saunders et al., 2006; Mc-
Groddy et al., 2008; Brookshire et al., 2012a; Huang et al.,
2012), evolution of soil carbon stocks or POC transfer (Yoo
et al., 2006; Hilton et al., 2008b, 2012).

Here we examine N cycling in the subtropical mountain
forest of the Central Range, Taiwan, and assess the role of
physical erosion as a driver of N loss in ecosystems. Ero-
sion rates in this mountain belt are 3–6 mm yr−1 (Dadson
et al., 2003), amongst the highest in the world (Milliman
and Farnsworth, 2011). Topographic slope is the fundamen-
tal control on particulate export at the hillslope scale (Gilbert,
1909; Culling, 1960; Roering et al., 2001; Dietrich et al.,
2003). Therefore, we have collected soil and plant organic
matter from sites which randomly sample slope angle as an
environmental variable and measured its N isotopic com-
position (reported asδ15N, ‰), and organic carbon to ni-
trogen ratio (C/N), as well as the radiocarbon concentra-
tion of soil organic matter (reported as14C age, yr). The
sites also span climatic conditions (temperature, precipita-
tion), which are thought to play an important role for N cy-
cling in ecosystems (Amundson et al., 2003). These samples
provide a record of the integration of N inputs and outputs
from the mountain forest over decades to millennia (Del-
wiche and Steyn, 1970; Mariotti et al., 1980; Handley and
Raven, 1992; Ḧogberg and Johannisson, 1993; Martinelli et
al., 1999; Robinson, 2001), and in combination with a mass
balance model (Shearer et al., 1974; Brenner et al., 2001) our
measurements give new insight into the pathways of N loss
and N cycling in mountain forests.

2 Study area and site characteristics

Taiwan is located at 22–25◦ N on the West Pacific margin
at the convergence zone between the Eurasian and Philip-
pine Sea plates. The Central Range mountains form the to-
pographic spine of the island,∼ 350 km long and∼ 50 km
wide with numerous peaks over 3000 m (Fig. S1). Mean an-
nual precipitation (MAP) averages∼ 2500 mm and can reach
6000 mm (Dadson et al., 2003). Much of this falls as rain dur-
ing tropical cyclones that impact the island between June and
October. The tectonic and climatic regime combine to pro-
duce high rates of physical erosion (Dadson et al., 2003) and
build catchments where steep slopes are prevalent (Hilton
et al., 2012). Vegetation grows up to the crests of the high-
est ridges and on the steep slopes, with the subtropical for-
est containingFicus, Machilus, Castanopsis, Quercus, Pinus,

Tsuga, and Picea (Su, 1984). The above ground standing
biomass stock in mixed conifer–hardwood forest of Taiwan
is ∼ 22 000 t km−2 (West et al., 2011), similar to the aver-
age estimated for the tropics (Dixon et al., 1994), making the
mountain forest of Taiwan a suitable location to study the in-
fluence of climatic and geomorphic gradients on N cycling.

Samples were collected from sites on two east–west trend-
ing transects, separated north–south by∼ 100 km (Fig. S1),
on the mid- to upper-part of convex hillslopes. The northern
transect was∼ 30 km long and located mostly in the Liwu
River catchment (435 km2). The southern leg was∼ 40 km
long in the catchment of the Wulu River (639 km2). Rates
of POC export from these and other mountain catchments in
Taiwan have been determined previously from direct sam-
pling of rivers, returning yields of POC from vegetation and
soil (Kao and Liu, 2000; Hilton et al., 2008a, 2012) after ac-
counting for fossil POC input to the river sediments (Hilton
et al., 2010). According to these estimates, the inter-annual
rate of POC export from the Liwu and Wulu catchments
was 6.8± 2.7 t C km−2 yr−1 and 13.8± 4.8 t C km−2 yr−1,
respectively (Hilton et al., 2012). While some of this ma-
terial may have derived from erosion of biomass by slope-
clearing bedrock landslides (Hilton et al., 2011a; West et al.,
2011), soil loss via overland flow is important for POC ex-
port from mountainous terrain (Larsen et al., 1999; Hilton
et al., 2008a, 2012; Walker and Shiels, 2008; Hatten et al.,
2012). Soil organic matter in Taiwan has an organic car-
bon to nitrogen ratio of∼ 12 (Kao and Liu, 2000). Hence,
measured rates of POC export could correspond to a PN
export of∼ 1 t N km−2 yr−1 from the mountain forest. This
estimate is consistent with other measurements from Tai-
wan in the Lanyang River catchment (820 km2; Fig. S1), lo-
cated in the north–east where erosion rates are lower (Dad-
son et al., 2003), where PN export from vegetation and soil
is 0.4± 0.2 t N km−2 yr−1 (Kao and Liu, 2000).

From 24 sites we collected 13 soil samples and 23 plant
samples (Table S1). Samples were collected at discrete eleva-
tions (m), recorded using handheld GPS, to vary mean annual
temperate (MAT). MAT was estimated using the sample site
elevation and a saturated adiabatic lapse rate of 5◦C km−1

combined with measured MAT (1981–2010) at sea level
of 23.4◦C and 24.5◦C at Hualien (23.98◦ N, 121.60◦ E,
northern transect) and Taitung (22.76◦ N, 121.15◦ E, south-
ern transect), respectively (Fig. S1). The predicted MAT at
Yushan (3950 m, 23.47◦ N, 120.26◦ E), 4.2◦C, is within 1◦C
of the measured value (climate statistics for Taiwan, Central
Weather Bureau, Taiwanhttp://www.cwb.gov.tw/eng/index.
htm). To check that the isotopic composition of organic mat-
ter was representative of the sites, duplicate soil samples
were collected at two sites, two plant species were sampled
at four sites and six paired samples of soil and plant organic
matter were collected.
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Table 1.Correlation matrix (Pearson) for soil samples (n = 13) from the Central Range, Taiwan. Values in bold are different from 0 with a
significance level ofα = 0.05;P values are given in parentheses.

Variables MAT (◦C) MAP (mm) Slope (sinθ ) C/N 14C age (yr)

MAP (mm) −0.60 –
(0.031)

Slope (sinθ ) 0.63 −0.11 –
(0.02) (0.72)

C/N 0.39 −0.22 0.11 –
(0.19) (0.46) (0.71)

14C age (yr) −0.48 0.07 −0.45 −0.83 –
(0.09) (0.81) (0.12) (0.0004)

δ15N (‰) −0.70 0.52 −0.62 −0.17 0.32
(0.008) (0.067) (0.025) (0.58) (0.29)

In line with the objectives of this study, other attributes
were not considered in site selection and are assumed to
be sampled randomly. Decadal averaged MAP (mm) was
obtained from a digital map gridded at 1× 1 km (Dad-
son et al., 2003). Hillslope angle (θ , ◦) was determined
using ArcInfoTM software, from a digital elevation model
(40× 40 m grid) and sampled over a 100 m length scale
which is appropriate when considering erosion laws in moun-
tain landscapes (Dietrich et al., 2003). Topographic slope was
recorded as sinθ . The sample sites ranged between 530 m
and 3190 m elevation, 7◦C to 21.9◦C MAT, 2060 mm to
3500 mm MAP, and had a slope angleθ between 7◦ and
50◦ (0.12 to 0.76 sinθ ) (Table S1). We note that signifi-
cant correlations exist between attributes of our soil sites
(Table 1), with a negative relationship between MAT and
MAP (P = 0.03) reflecting orographic forcing of precipita-
tion, and a positive relationship between MAT and slope an-
gle (P = 0.02). The latter is not observed for plant sample
sites (Table 2).

3 Materials and methods

3.1 Samples

Plant samples were collected in March 2006 fromPinus mor-
risonicola (Taiwan white pine), selected for its ubiquitous
presence across the full elevation range of forest (Su, 1984).
Stems∼ 5–10 mm in diameter (to provide an integration of
several growing seasons) and less than∼ 30 cm long were
cut from live adult (> 4 m) specimens. In addition, stems of
∼ 1 m tall Cymbopogonsp. grasses were collected to inves-
tigate interspecies heterogeneity. Stems were stored in ster-
ile sample bags and frozen less than one week after collec-
tion. After storage for one month, plant samples were oven
dried at< 80◦C to remove remaining moisture. Bark was re-
moved from pine stems and samples cut into∼ 1 mg pieces
and stored in sealed glass vials.

Table 2.Correlation matrix (Pearson) forPinus morrisonicolaand
Cymbopogonsp. (n = 23) from the Central Range, Taiwan. Val-
ues in bold italic are different from 0 with a significance level of
α = 0.05;P values are given in parentheses.

Variables MAT (◦C) MAP (mm) Slope (sinθ) C/N

MAP (mm) −0.70 –
(0.0002)

Slope (sinθ ) 0.29 −0.07 –
(0.34) (0.76)

C/N 0.40 −0.32 0.23 –
(0.06) (0.14) (0.29)

δ15N (‰) −0.11 0.18 −0.59 −0.25
(0.62) (0.42) (0.003) (0.24)

Soil samples correspond to A–E soil horizons (variable
humified organic matter intimately mixed with coarse and
fine mineral fractions, bearing little structure of the original
bedrock) were obtained at the same time as plants. Approxi-
mately 500 cm3 of bulk material were collected over a depth
of ∼ 10 cm and sealed in sterile bags, dried at 80◦C within
one week of collection and decanted for dark storage within
sealed sterile bags. To obtain an integrated bulk soil sample at
each site, the entire sampled mass was then homogenised us-
ing a Cyclostec mill grinder. Inorganic carbon was removed
from soils using a HCl leach (Hilton et al., 2010).

3.2 Measurement procedures and data analysis

Weight percent organic C (Corg, %) and N were determined
on plant material and soil (following inorganic carbon re-
moval) by combustion at 1020◦C in O2 within a Costech
elemental analyser (EA), normalised to an average of ac-
etanilide standards and corrected for internal and proce-
dural blanks as reported elsewhere (Hilton et al., 2010).
Stable isotopes of organic C and N were analysed by a
MAT-253 isotope ratio mass spectrometer coupled to the
EA via Conflo-III and normalised based on measured val-
ues of standards (IAEA: N-1, NO3) and laboratory standards

www.biogeosciences.net/10/1693/2013/ Biogeosciences, 10, 1693–1705, 2013
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(oxalic acid and porano), corrected for internal and procedu-
ral blanks and reported inδ15N andδ13C notation relative to
air (Mariotti, 1983) and Vienna Peedee Belemnite, respec-
tively. For plant samples, to obtain desired amounts of N2
for isotopic analysis large amounts of CO2 were produced.
A CARBOSORBTM trap was used to scrub CO2 prior to
its introduction to the EA GC-column. For soils,14C con-
centrations were determined, after graphitisation of CO2,
by accelerator mass spectrometry at the UK National En-
vironmental Research Council Radiocarbon Facility and are
reported as14C age.

Precision (2σ ) and accuracy of stable isotope measure-
ments were determined using IAEA 600 and USGS-40 stan-
dards. Measured meanδ15N were 1.2± 0.2 ‰ (IAEA 600,
±2σ , n = 28) and −4.5± 0.5 ‰ (IAEA USGS-40,±2σ ,
n = 18), and meanδ13C −27.6± 0.3 ‰ (IAEA 600,±2σ ,
n = 30), indicating average accuracies of 0.1 ‰ and−0.1 ‰
for δ15N and δ13C, respectively. Further replicates of soil
samples returned average 2σ of ±0.4 ‰ (n = 8) and± 0.3 ‰
(n = 19), forδ15N andδ13C, respectively. Average precision
on 14C age measurements was 72 yr (2σ ). The inorganic re-
moval procedure did not alter the measuredδ15N of the soil
materials beyond this precision according to a comparison
with aliquots not subjected to the acid leach, which conforms
with results from soil materials elsewhere (Brodie et al.,
2011), nor did it alter the14C age andδ13C of treated IAEA
standards (Hilton et al., 2008a). The measured variables were
analysed for statistically significant inter-correlation using
OriginProTM . Mean values of sample sets are reported± the
standard error of the mean throughout.

4 Results

4.1 Dataset size

The number of sample sites was relatively few across the two
transects studied in Taiwan. In a global completion, Amund-
son et al. (2003) have previously assessed the role of dataset
size for the return of significant correlations between plant
and bulk soilδ15N values and environmental variables. They
showed that the statistical link betweenδ15N and site condi-
tions (in their case MAP and/or MAT) were preserved both
when the number of sites were similar to this study (n < 30)
and with∼ 4 times the number of sites studied in Taiwan.
These findings are consistent with the results of Körner et
al. (1988), who report significant correlations between the
isotopic composition of plants and site elevation which are
preserved in sample sub-sets with n< 30. We are therefore
confident that the number of sites in this study can inform
us of the first-order environmental controls on the measured
δ15N of Taiwan plants and soil.

Plants

Soil
δ15Ns (‰)

δ15Np (‰)

Iex

Ecosystem

Fractionating N loss

Non-fractionating N loss
αE = 1

αf ≠ 1 

Rex

kf

kE

kex

Fig. 1. Controls on the bulkδ15N of a forest ecosystem with exter-
nal N input and output (black arrows) and internal N cycling (grey
arrows). The isotopic ratio of external inputs (Rex) delivered at a
rateIex (t N km−2 yr−1) are modified by N losses which fraction-
ate N isotopes by a factorαf (6= 1) by the rate constantkf (yr−1). N
can also be lost by non-fractioning pathways (αE = 1) which occur
at a ratekE (yr−1). The total N loss rate constant,kex= kf + kE.

4.2 Vegetation

Stems of P. morrisonicola had an average
δ15N = −0.4± 0.7 ‰ (n = 14) and exhibited a∼ 6 ‰
range from−2.4 ‰ to 3.7 ‰ (Fig. 2; Table S2). The grass
samples collected at the same site (n = 4) had a small
(1.0 ‰), non-systematic average difference inδ15N from
P. morrisonicola, which was small when compared to the
range of measured values. ForP. morrisonicola, δ15N was
significantly (P = 0.006) negatively correlated with slope
(Fig. 3), with no statistical link betweenδ15N and MAP or
MAT. When the two species were combined (n = 23), the
meanδ15N = −0.9± 0.5 ‰ and the negative correlation be-
tweenδ15N and slope angle was strengthened (P = 0.003),
remaining the only statistical link to a site attribute (Table 2).

P. morrisonicola stems had an average
δ13C= −28.1± 0.3 ‰ (n = 14), and δ13C values were
positively correlated with elevation (P = 0.003) in agree-
ment with trends observed in C3 plants elsewhere (Körner
et al., 1988). This suggests that the sampled organic matter
was in equilibrium with environmental conditions at the
sites.Cymbopogonsp. had higherδ13C values (Table S2),
indicative of a C4 plant (Smith and Epstein, 1971).
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Fig. 2. δ15N of soil and plant organic matter from the Central
Range, Taiwan. Probability density shown for soil (black),Pinus
morrisonicola(dark grey) andCymbopogonsp. (light grey).

4.3 Soil

The bulk C/N ratios of soil organic matter ranged between
3 and 14 (Table S3) and were similar to those reported else-
where in Taiwan (Kao and Liu, 2000). A significant nega-
tive correlation (P = 0.0004) existed between C/N and14C
age of bulk soil across all sample sites (Table 1). This cor-
relation is not compatible with mixing of fossil organic mat-
ter from sedimentary bedrock (infinite14C age, C/N∼ 5–10)
with vegetation (Hilton et al., 2010). Instead, the14C deple-
tion represents aging of organic matter. Soil14C age was not
correlated with the climatic and geomorphic characteristics
of the sample sites, or withδ15N values (Table 1).

The averageδ15N of bulk soil was 4.0± 0.5 ‰ (n = 13)
and ranged over∼ 6 ‰ from 0.7 ‰ to 6.5 ‰ (Fig. 2). These
values are similar to published measurements from soils in
other locations in Taiwan (Kao and Liu, 2000; Liu et al.,
2006).δ15N values of duplicate and triplicate samples col-
lected at two of the sites (Tables S1 and S3) were indistin-
guishable within the analytical uncertainty of 0.4 ‰, with
means of 6.2± 0.3 ‰ (n = 2) and 4.5± 0.3 (n = 3), indicat-
ing that measured soilδ15N values can be taken as represen-
tative site averages.

Soil δ15N values were significantly, negatively correlated
with slope (P = 0.025; Table 1) and displayed a similar re-
lationship as plantδ15N (Fig. 3). A negative relationship ex-
isted betweenδ15N and MAT (P = 0.008) andδ15N was pos-
itively correlated with MAP, but not significantly at the 95 %
level (P = 0.07). Correlations amongstδ15N and MAT and
MAP were not observed in the larger vegetation sample set

0.0 0.2 0.4 0.6 0.8
-6

-4

-2

0

2

4

6

8

Slope (sinθ)

δ15
N

 (‰
)

P. morrisonicola 

Cymbopogon sp. 

Soil 
r2 = 0.31
P = 0.003

r2 = 0.32
P = 0.02

Fig. 3. Relationship between topographic slope (sinθ ) andδ15N of
soil (squares) and plants (triangles,P. morrisonicolain dark grey
and Cymbopogonsp. in light grey) from the Central Range, Tai-
wan. Analytical uncertainty is smaller than the point size. The lin-
ear fit to the soil (dashed line) and plant (black line) data are shown
with 95 % confidence bands shaded grey, returning identical gradi-
ents, with soilδ15N = (−8± 3)× Slope+ (8.0± 1.6) ‰ and plant
δ15N = (−9± 3)× Slope+ (3.4± 1.3) ‰.

(Table 2). The statistical link between these variables in the
soil dataset may be the product of the negative correlation be-
tween MAT and slope at the soil sites (Table 1). It can explain
why the soilδ15N–MAP andδ15N–MAT trends are oppo-
site to those generally observed elsewhere in tropical forests
(Amundson et al., 2003; Craine et al., 2009).

Measured soilδ15N values were higher than plants
(Fig. 2), and mean values of these populations were sig-
nificantly different at the 0.05 level (one-way ANOVA;
P < 0.0001). The offset between soil and plant organic mat-
ter,1δ15Ns-p, was consistent with an uptake of15N-depleted
N by plants (Delwiche and Steyn, 1970; Handley and Raven,
1992), with the average1δ15Ns-p= 4.1± 0.3 ‰ (n = 6; Ta-
ble S2) relatively constant across the range of sampled cli-
matic and geomorphic conditions (MAT 10◦C to 20◦C,
MAP 2480 mm and 3200 mm, slope angle 20◦ to 50◦).
1δ15Ns-p was similar to global-scale predictions from ambi-
ent MAP and MAT (Amundson et al., 2003) and also consis-
tent with the 4± 2 ‰ offset between the intercepts of the lin-
ear trends between slope andδ15N for soil and plants (Fig. 3).
The identical gradients of these trends in the independent
datasets further supports the statistical analysis which re-
vealed slope as the primary site attribute linked toδ15N.

www.biogeosciences.net/10/1693/2013/ Biogeosciences, 10, 1693–1705, 2013



1698 R. G. Hilton et al.: Geomorphic control on theδ15N of mountain forests

5 Discussion

5.1 Constraints on rates of N flux from the ecosystem

The balance between the input of N to an ecosystem and
the rate of N loss from soil places a first-order control on
the amount of bioavailable N for productivity (Fig. 1). Con-
straining the fluxes of N and the operation of this mass bal-
ance is important for understanding how an ecosystem may
respond to ongoing anthropogenic perturbation of the N cy-
cle (Matson et al., 1999; Zaehle et al., 2011). In our samples,
the soil C/N decreases with increasing14C age over centuries
to millennia (Table 1). This suggests retention of N relative
to C in soils across this mountain forest, consistent with het-
erotrophic consumption of organic compounds. However, it
does not preclude N loss from the soil, and here we seek to
model the observed C/N evolution to provide insight to the
rates of N loss to the environment.

A multi-component, multi-pool soil model (Trumbore,
1993; Baisden et al., 2002a, b; Manzoni and Porporato, 2009)
is not appropriate here, because the soil C/N and14C mea-
surements were made on homogenised, bulk surface soil, in-
tegrating a range of grain sizes and organic-mineral aggre-
gates. In addition, soils in the forested mountains of Taiwan
are thin, with the base of the saprolite typically at< 0.8 m
below surface (Tsai et al., 2001). As such, transport of or-
ganic material to deeper horizons can be considered negligi-
ble (cf. Yoo et al., 2006). Therefore, we use a single pool
soil model, which describes the evolution of bulk soil N
as a mass balance of net inputs and outputs (Fig. 1; Bren-
ner et al., 2001). The soil N content over a constant depth
(Ns, t N km−2) evolves at a rate (t N km−2 yr−1):

dNs

dt
= Iex− kex · Ns, (1)

whereIex (t N km−2 yr−1) is the sum of external N inputs
to the ecosystem (wet and dry N deposition and N fixation)
andkex is the rate constant of the ensemble of pathways of
N loss (inorganic and organic, gaseous, dissolved and partic-
ulate) to the environment (yr−1). Here we do not attempt to
de-convolve thesekex pathways using C/N alone; instead we
useδ15N to examine them in more detail in Sect. 5.2. The
model assumes that internal N cycling between soil and veg-
etation (Fig. 1) operates at a steady state. When considering
periods shorter than the time required for soil N to turnover,
∼ 50–100 yr (Brenner et al., 2001), this assumption does not
hold and the model should be adapted to include internal N
cycling (e.g. Menge et al., 2009; Brookshire et al., 2012b)
which can show marked inter-annual variability (e.g. Owen
et al., 2003). However, for periods longer than this turnover
time, the evolution of Ns is principally governed by the ex-
ternal loss ratekex (Brenner et al., 2001; Menge et al., 2009),
and Eq. (1) is adequate.

By analogy, the rate of change in soil organic C con-
tent (Cs, t C km−2) through time can also be described

by mass balance. Here, the soil input is by supply of
plant-fixed carbon:

dCs

dt
= js · Cp − jex · Cs, (2)

where js (yr−1) is the rate constant of organic C supply
from plants with a C content Cp (t C km−2) andjex (yr−1)
is the rate constant of C loss from soils, adapted from Bais-
den et al. (2002a). Again, we consider centennial to millen-
nial timescales (> soil C turnover time) for which a steady
state assumption is relevant, where Cp ≈ Cs for tropical forest
(Dixon et al., 1994). The mass balance can then be simplified
to

dCs

dt
= −jnet · Cs, (3)

where the variablejnet (yr−1) is the net C loss rate constant.
Ns and Cs are modelled at 50 yr intervals to exam-

ine the average rate of N loss from soil integrated over
the full dataset. This approach is comparable to consider-
ing N export at the catchment-scale, where rivers integrate
over large areas> 100 km2 (Lewis et al., 1999). The start-
ing condition is set by the three “modern” soils (assigned
14C age= 5± 36 yr) with an average C/N= 12 (Table S3).
Changes in14C abundance are attributed fully to radioac-
tive decay of the bulk soil C pool through time, with a de-
cay constant of 1.2097× 10−4 yr−1 (Godwin, 1962), and
the 50-yr resolution of the model means that bomb-14C in-
put is not considered (Levin and Hesshaimer, 2000). The
variablesIex, knet and jnet are then used to minimise the
misfit between modelled and measured soil C/N with age
(Fig. 4). Best fit solutions have co-variation ofjnet andkex
for a given Iex. For Iex= 0 t N km−2 yr−1, the minimised
misfit solutions of the model yield a linear relationship,
kex= 1.017× jnet− 0.00033, with a relative C/N misfit of
19.9 %. ForIex > 0 t N km−2 yr−1, model solutions exhibit
a positive non-linear relationship betweenjnet andkex.

To explore the range ofkex values permitted by the
model best fit to the data, constraints onIex and jnet
are required. A global compilation from tropical forests
shows thatIex values are commonly 0.2–0.4 t N km−2 yr−1

away from anthropogenic inputs (Brenner et al., 2001).
For jnet, we note that the bulk soil samples show a
net organic C loss with time. Young soils (14C age
< 100 yr) have an average Corg of 3.11± 1.16 % (n = 4),
which is significantly higher than older soils (14C age
> 1000 yr) with an average Corg= 0.67± 0.07 % (n = 5)
and a minimum Corg= 0.41 % at 4169 yr (Table S3).
This strongly suggests thatjnet> 0 yr−1. In fact, assum-
ing that C loss alone is responsible for the observed
decrease in Corg with age, jnet= 4.8× 10−5 yr−1. This
is an upper bound, since it is likely that mineral dilu-
tion due to progressive weathering of underlying bedrock
also acts to reduce Cs. When Iex= 0.3 t N km−2 yr−1 and
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jnet= 4.8× 10−5 yr−1, the fit to the data is strong (r2
= 0.63;

P = 0.0006), predictingkex= 1.1× 10−3 yr−1 (Fig. 4). The
dependence ofkex on Iex can be explored using the
quoted range from tropical forests, returning best fit solu-
tions ofkex= 0.8× 10−3 yr−1 (Iex= 0.2 t N km−2 yr−1) and
kex= 1.5× 10−3 yr−1 (Iex= 0.4 t N km−2 yr−1).

The model predictions for the average rate of N loss to the
environment,kex, are consistent with the range of N loss con-
stants in forest ecosystems worldwide (Brenner et al., 2001).
However, it is worth remembering that our estimate ofkex is
an average for the whole dataset, derived from soils spread
over > 100 km (Fig. S1). Deviation from the best fit model
(Fig. 4) may reflect local variability in N loss rate around
this mean, which is to be expected, but it could also de-
rive from the assumptions applied in the modelling. First,
the model misfit was minimised to the measured soil C/N
(y-axis), which is justified if the measured14C ages (x-axis)
result only from aging. However, physical erosion can result
in thin soils which contain14C-depleted fossil organic C de-
rived from sedimentary bedrock (Keller and Bacon, 1998). In
Taiwan, bedrocks have Corg∼ 0.3 % which is incompletely
oxidized in the environment (Hilton et al., 2011b). Addition
of fossil organic C could increase the14C age of soil sam-
ples, affecting the oldest14C ages with Corg values close to
bedrock (Table S3). While mixing of fossil organic C, with
C/N∼ 5–10 and no resolvable14C (Hilton et al., 2010), with

recent biomass is not consistent with the overall trend in the
data (Fig. 4), its input could decrease the gradient between
C/N and age. This would also occur if any pre-aged POC
existed within the soil. Neither of these scenarios are con-
sidered by the single pool model (Trumbore, 1993), but they
can lead to an underestimation of the rate of change of C/N
with time, loweringkex. Second, the assumption of a steady
state exchange between plants and soil (Eqs. 1 and 3) is prob-
ably not appropriate for young soils (< 100 yr,n = 4), which
are prone to progressive N accumulation early in succession
(Brenner et al., 2001; Walker and Shiels, 2008). By not ac-
counting for this additional supply,kex is underestimated by
the model at these young sites, but this assumption should
not affect the soil C/N versus age relation on longer, multi-
centennial timescales (Fig. 4).

Mindful of these caveats,kex can be converted to an ab-
solute N loss from soils and compared to measured N loss
rates. The C stock of soil litter in mixed conifer forests in
Taiwan has been measured as 7± 2× 103 t C km−2 (Chang
et al., 2006), and for the C/N of modern soil organic mat-
ter (C/N= 12), the corresponding soil N stock would be
570± 160 t N km−2. For this stock, the modelled best fitkex
values (0.8–1.5× 10−3 yr−1) are equivalent to an initial N
loss rate of 0.5–0.9 t N km yr−1 (Fig. 4). This is within the
lower range of contemporary estimates of N exports at the
river catchment scale, which put leaching of dissolved inor-
ganic N at 0.66± 0.12 t N km−2 yr−1 (Kao et al., 2004) and
PN export up to∼ 1 t N km−2 yr−1 (Sect. 2).

At present, estimated N losses from Taiwanese
forests are exceeded by the estimated N deposition of
∼ 1.8 t N km−2 yr−1 from local sources and emissions from
continental Asia (Kao et al., 2004). If we consider additional
N inputs though symbiotic biological fixation (Vitousek
and Howarth, 1991), a contemporary net input of at least
∼ 0.2 t N km−2 yr−1 is supplied to the soil. In contrast, the
modelled fit to the14C and C/N trend suggests that the
mountain forest of Taiwan operated with a much closer bal-
ance between inputs and outputs prior to the anthropogenic
increase in N input (Fig. 4). This finding is consistent with
observations from tropical forests elsewhere (Matson et al.,
1999) and indicates that N saturation could increasingly af-
fect the Taiwan mountain forest ecosystem if anthropogenic
N deposition persists (Aber et al., 1989). Denitrification of
a fraction of this accumulated N may produce regionally
significant emissions of the greenhouse gas N2O (e.g.
Houlton et al., 2006) and is a poorly understood flux which
warrants further assessment in Taiwan (Kao et al., 2004).

5.2 Insight to pathways of N loss fromδ15N

The evolution of the soil C/N with14C age has been used to
examine the average rate of N loss permitted by all of the soil
data (Fig. 4). While this provides a valuable first-order con-
straint, individual sites are likely to have N loss rates which
vary from this average and experience different pathways of
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N loss (e.g. dissolved, gaseous, particulate) depending upon
their climatic and geomorphic conditions. While it is diffi-
cult to resolve this with C/N, the stable isotope values (δ15N)
of soils and plants can provide insight. Theδ15N records an
integration of N inputs and outputs, and their isotopic sig-
natures (Fig. 1) andδ15N values are sensitive to the modes
of N loss and the rates at which they occur (Mariotti et al.,
1980; Ḧogberg and Johannisson, 1993; Brenner et al., 2001;
Robinson, 2001; Houlton et al., 2006; Hobbie and Högberg,
2012). Hence, we useδ15N values from Taiwan to further
interrogate the N cycle operating in this mountain forest.

The decrease in C/N of soil organic matter with soil age
is not accompanied by an increase inδ15N values (Table 1).
Therefore, the∼ 6 ‰ range inδ15N recorded in both soil and
plant organic matter is not simply the isotopic expression of
accumulated mineral N losses with ecosystem age (cf. Mar-
tinelli et al., 1999; Brenner et al., 2001). Instead, the variabil-
ity in δ15N, which is statistically correlated with slope (Ta-
bles 1 and 2), must reflect some combination of (i) variable
rates orδ15N of external inputs (Kendall, 1998; Hobbie et
al., 1999), and/or (ii) variable rates of fractionating and non-
fractioning pathways of N loss (Fig. 1). First, if we consider
rates of N input by deposition, it is known that spatial pat-
terns can be complicated in mountainous terrain (Weathers
et al., 2006). These authors found that elevation and forest
canopy height best explained the spatial pattern of N deposi-
tion, with slope angle playing a minor role. In addition, we
are not aware of any study in which mycorrhizal fungi distri-
bution and N fixation are linked to hillslope angle (Hobbie et
al., 1999; Vitousek et al., 2002). Thus, although we did not
measure isotope values of inputs, it is difficult to identify a
process by which either the rate of N deposition or its iso-
topic composition depends systematically on slope, and we
still require a mechanistic explanation for the observed in soil
and plantδ15N (Fig. 3).

A strong candidate to explain the trends in the data is
the loss of PN which operates as a function of slope angle.
Hillslope angle is a principal control on the rate of phys-
ical erosion (Gilbert, 1909; Culling, 1960; Roering et al.,
2001; Dietrich et al., 2003). The stability of hillslope ma-
terials is determined by the balance of the down-slope com-
ponent of its weight and the frictional resistance to motion
aided by the slope-normal component of the weight. As the
angle increases, this balance shifts in favour of the force driv-
ing motion. Therefore, the rate of soil erosion increases with
slope (sinθ ) for both overland flow and mass wasting pro-
cesses such as landsliding (Dietrich et al., 2003; Yoo et al.,
2006), and the local topographic gradient should rule the ex-
port of PN by soil erosion. Therefore, in analogy to other
studies (e.g. Ḧogberg and Johannisson, 1993; Martinelli et
al., 1999; Robinson, 2001; Houlton et al., 2006) we seek
to explain the variability inδ15N values by gradients in the
processes that remove N.

If erosion does not preferentially remove N from plants
over soil organic matter, PN loss should impart no direct iso-
topic fractionation on an ecosystem. However, it can change
the bulk isotopic fractionation that the ecosystem experiences
due to N loss, and control soil and plantδ15N values (Brenner
et al., 2001). To assess whether PN loss can explain the vari-
ability in δ15N with slope (Fig. 3), the mass balance model
(Eq. 1) can be used to examineδ15N for a given range ofkex
values. The solutions at steady state can provide constraint
on the sign of theδ15N change and the maximum expected
shifts (Brenner et al., 2001). In this case, the15N/14N ratio of
the ecosystem (Rs) is modified from the isotopic ratio of in-
puts (Rex) by a bulk fractionation factor (αex) induced bykex:

Rs =
Rex

αex
. (4)

The rate constantkex (Eq. 1) includes processes that frac-
tionate isotopes and others that do not (Fig. 1). Fractionating
losses can be accounted for by the rate constantkf (yr−1).
These include gaseous loss by denitrification and hydrologi-
cal leaching of nitrified products, which are generally consid-
ered to leave the residual15N enriched by a fractionation fac-
tor αf < 1 (Handley and Raven, 1992). Non-fractioning loss
is considered here as PN export (kE, yr−1) with αE = 1. By
definition then,kex= kf + kE (Fig. 1), and soαex can be de-
termined from the relative contribution of fractionating and
non-fractioning losses to total N loss:

αex = αf ·
kf

kex
+ αE ·

kE

kex
. (5)

Hence, in the absence of any significant change inRex, Rs
(Eq. 4) can vary due to changes in the nature of fractionating
losses (αf), or in the relative importance of non-fractioning
pathways to the total N loss (kE/kex).

Steady state values forRs can be calculated using
Rex= 0.0036765 (atmosphere) andkex= 1× 10−3 yr−1 de-
rived from the best fit modelled solution of the C/N de-
crease with14C age (Fig. 4). The observed range in ecosys-
tem δ15N (∼ 6 ‰) is returned forαex in the range 0.994 to
1.000 (Fig. 5). This can be achieved by varyingkE between
0 yr−1 and 1× 10−3 yr−1 while keepingkex constant and
αf = 0.994 (Eq. 5). For these settings and for a soil N stock
of ∼ 570± 160 t N km−2, the PN loss is found to range from
zero to 0.6± 0.2 t N km−2 yr−1 across the landscape and av-
eraged over the residence time of N in the ecosystem. This is
a lower-bound of the catchment-wide PN erosion rate mea-
sured over a few years in the Liwu River and Wulu River
catchments, where most of the soil and vegetation samples
have been collected (Sect. 2). Due to the expected relation-
ship betweenkE and slope for overland flow processes (Di-
etrich et al., 2003), the mass balance model predicts a lin-
ear, negative correlation betweenδ15N and slope, which is
consistent with the soil and plant data from Taiwan (Fig. 3,
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Tables 1 and 2). Therefore PN loss provides a process-based
explanation for the first-order patterns in the data.

We can also use the mass balance model to examine how
other N loss processes which fractionate isotopes,kf (Fig. 1),
might vary with slope and impact soilδ15N. The isotopic
signatures of fractionating loss processes have not been as-
sessed in Taiwan (Kao et al., 2004; Huang et al., 2012),
but the assumedαf = 0.994 is well within the published
range of values (Handley and Raven, 1992; Brenner et al.,
2001). Gaseous loss can occur under anaerobic conditions
in water-logged soils (e.g. Houlton et al., 2006), which are
more likely on low slopes. This would imply a decrease in
kf where slopes are steepest. In fact, we model this in the
“kex constant” scenario described above (Fig. 5), wherekf de-
creases with increasing slope and PN loss becomes relatively
more important. However, increased solute leaching on steep
slopes could increasekf , and high rates of dissolved N loss
have been observed in mountain forests elsewhere (Brook-
shire et al., 2012a; Ohte, 2012). To consider these competing
controls onkf , we also model a scenario wherekf remains
constant at 1× 10−3 yr−1, while kE increases from 0 yr−1

to 1× 10−3 yr−1 (i.e. “kex variable”). This predicts a nega-
tive reciprocal relationship betweenkE and ecosystemδ15N
(Fig. 5). A reciprocal trend betweenδ15N and slope is also
consistent with the soil (r2

= 0.35;P < 0.0001) but not the
plant data (r2

= 0.12; P = 0.07). In this case it is also dif-
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Fig. 6.δ15N and slope for soil and plant organic matter from sites in
Peru (squares and triangles) and California (diamonds). Lines and
shaded regions show linear fits to the soil and plant samples from
Taiwan (Fig. 3). Below sinθ = 0.35 (∼ 20◦), erosion rate increases
relatively slowly with slope angle. Above this threshold (which re-
lates to thresholds in the activity of erosion processes), soil erosion
rates increase rapidly, with a much steeper relationship between
slope and erosion rate (Roering et al., 1999). For the Peruvian data,
filled symbols are those where sinθ > 0.35 (see Sect. 5.3).

ficult to model the observed variability inδ15N values. The
“kex constant” scenario describes better the first-order pattern
in the data (Fig. 3). These findings support the hypothesis
of marked heterogeneity in the source of riverine dissolved
N from ecosystems (Hedin et al., 2009; Brookshire et al.,
2012a) and extend it to PN loss pathways (Fig. 5). It also im-
plies that N loss pathways which fractionate N isotopes may
decrease on steep slopes where PN loss dominates export, a
geomorphic control on inorganic N pools that warrants fur-
ther investigation.

5.3 A common geomorphic control onδ15N

The mass balance model demonstrates that the range in plant
and soilδ15N in Taiwan can be explained by varying the rel-
ative importance of fractionating versus non-fractionating N
loss across the mountain landscape (Fig. 5). The negative
relationship between soil and plantδ15N values and topo-
graphic slope (Fig. 3) is then consistent with an increase
in soil erosion and PN loss with increasing slope (Dietrich
et al., 2003). While the Taiwan dataset is relatively small
(cf. Craine et al., 2009) and it is therefore difficult to make
irrefutable conclusions, the new data highlight a plausible
mechanism of N loss that has not been widely considered
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in the literature (e.g. Brookshire et al., 2012a). Our process-
based explanation of the trends in the data should not be
unique to Taiwan, but also should affect other mountain for-
est ecosystems around the world. This hypothesis can be
tested more widely with additional field data from different
biomes and experimental studies of N loss which are out-
side the scope of the present study. Herein, we seek existing
datasets to evaluate the existence of a possible common geo-
morphic control onδ15N.

To date, many ecological studies usingδ15N have at-
tempted to eliminate slope as an environmental variable
when collecting soil and plant samples (e.g. Martinelli et al.,
1999; Houlton et al., 2006). In contrast, Townsend-Small et
al. (2005) applied a sampling strategy similar to ours, col-
lecting bulk soils and plant organic matter along an elevation
transect in the Peruvian Andes. They reported a large range
in soil and plantδ15N values, with no significant link be-
tweenδ15N and temperature (elevation). We reinterpret their
data with additional measurements of the local slope at sam-
ple sites obtained from the SRTM digital elevation model
(90× 90 m grid). Further, we also consider published soil
data from Marin County, California, where the inverse of
slope angle (a proxy for residence time) was used to explain
variability in soil δ15N (Amundson et al., 2003).

The Peruvian and Californian soil data are broadly con-
sistent with the findings from Taiwan (Fig. 6). The Cal-
ifornian data exhibit a significant negative correlation be-
tween slope andδ15N (P = 0.007,n = 14) which is stronger
than that reported for the inverse of slope (Amundson et
al., 2003). On slopes steeper than sinθ = 0.35, the Peru-
vian soil data (Townsend-Small et al., 2005) also exhibit
a significant negative correlation between slope andδ15N
(P = 0.004,n = 7). Plant samples from multiple species also
mirror this trend (P = 0.05, n = 6). Like Taiwan, both lo-
cations experience tectonic convergence, which builds steep
topography and promotes high physical erosion rates (Bren-
ner et al., 2001; Townsend-Small et al., 2008). However, on
slopes sinθ < 0.35 the link between soil and plantδ15N val-
ues and slope is not significant in the Andean forest (Fig. 6).
The switch in behaviour is consistent with the threshold be-
haviour of geomorphic processes (Roering et al., 1999) and
the difference in overall erosion rates between these settings.
In headwater catchments of the Andes, physical erosion rates
have been estimated at 0.2–0.4 mm yr−1 (Safran et al., 2005),
10–20 times lower than those of the Central Range, Tai-
wan (Dadson et al., 2003). Above∼ 20◦ , the erosion rate
increases more rapidly with slope than below this threshold
(Roering et al., 1999, 2001). This means that if catchment-
wide erosion rates are lower, the reduction in PN loss should
be most pronounced on the shallow slopes below this thresh-
old. As a consequence,kE only becomes significant for the
N mass balance on the steepest slopes with the highest ero-
sion rates (when sinθ > 0.35). On shallower slopes (angle
< 20◦), variability in pathways of fractionating loss (kf and
αf) or the isotopic expression of N inputs can controlδ15N

values as they are thought to do elsewhere (e.g. Hobbie at al.,
1999; Houlton et al., 2006). Nevertheless, the commonality
between our findings (Fig. 3), the Californian data and steep
Andean forest (Fig. 6) suggests that PN removal by physical
erosion and its export by mountain rivers can set soilδ15N,
and is a major loss term in the N cycle of mountain forests.

PN loss provides a strong coupling between climate and N
cycling, which has not previously been recognised (Amund-
son et al., 2003; Hobbie and Högberg, 2012). It arises be-
cause physical erosion rates and erosion of biomass from
mountain forest are closely linked to the amount and variabil-
ity of precipitation and runoff (Dadson et al., 2003; Milliman
and Farnsworth, 2011; Hilton et al., 2012). Our findings sug-
gest that a change to a wetter and/or stormier, more erosive
climate may impact the N cycle of forests by enhanced PN
loss. However, in Taiwan this effect is subsumed at present by
significant anthropogenic N inputs, which exceed PN export
by physical erosion, explaining the combination of high N
export rates and inferred N rich conditions in this ecosystem
(Kao et al., 2004). Under natural conditions, PN export may
reinforce the coupling of N cycling and climate in moun-
tain forests, providing a broader context and motivation for
further studies on the impact of erosion on N cycling at the
catchment scale.

Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
1693/2013/bg-10-1693-2013-supplement.pdf.
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