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Abstract
Foliar stable nitrogen (N) isotopes (δ15N) generally reflect N availability to plants and 
have been used to infer about changes thereof. However, previous studies of tem-
poral trends in foliar δ15N have ignored the influence of confounding factors, leading 
to uncertainties on its indication to N availability. In this study, we measured foliar 
δ15N of 1811 herbarium specimens from 12 plant species collected in southern China 
forests from 1920 to 2010. We explored how changes in atmospheric CO2, N depo-
sition and global warming have affected foliar δ15N and N concentrations ([N]) and 
identified whether N availability decreased in southern China. Across all species, foliar 
δ15N significantly decreased by 0.82‰ over the study period. However, foliar [N] did 
not decrease significantly, implying N homeostasis in forest trees in the region. The 
spatiotemporal patterns of foliar δ15N were explained by mean annual temperature 
(MAT), atmospheric CO2 (PCO2

), atmospheric N deposition, and foliar [N]. The spati-
otemporal trends of foliar [N] were explained by MAT, temperature seasonality, PCO2

,  
and N deposition. N deposition within the rates from 5.3 to 12.6  kg N ha−1  year−1 
substantially contributed to the temporal decline in foliar δ15N. The decline in foliar 
δ15N was not accompanied by changes in foliar [N] and therefore does not necessarily 
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1  |  INTRODUC TION

Global change has multiple ecological consequences on terrestrial 
ecosystems (Galloway et al., 2008). Nitrogen (N) availability, defined 
as the supply of N to terrestrial plants and soil microorganisms rel-
ative to their N demands (Schimel & Bennett, 2004), is essential in 
maintaining the structure and function of terrestrial ecosystems 
(Schmitz et al., 2019; Wolf et al., 2011). For instance, a decline of N 
availability will adversely affect plant growth and ecosystem pro-
ductivity (Payne et al., 2017). While human activities have dramat-
ically increased N input (Galloway et al., 2008; Payne et al., 2017), 
information on past N availability and thus on changes thereof is 
limited.

Nitrogen availability is frequently derived from the measure-
ments of N concentrations ([N]) in soils, foliage and litter, and 
sometimes by direct N manipulation experiments or calculations of 
ecosystem N budgets (Wolf et al., 2011). In tropical and subtropical 
forests, the fast litter turnover, the high precipitation, and the large 
amount of N leaching limit the use of [N] in soils, foliage and litter 
to assess N availability (Krishna & Mohan, 2017). Using nutrient ra-
tios of individual species as indicator of nutrient availability has also 
been questioned due to the substantial variations of nutrient (e.g., 
N) demand across taxonomic affiliation (Townsend et al.,  2007). 
Assessments of N availability based solely on [N] or nutrient ratios 
of soils or plants may thus fail to account for N demand imposed by 
plant growth (Vitousek & Sanford, 1986).

Stable isotopes of N (expressed as δ15N) in plant tissue typically 
increases with increasing N availability (Högberg, 1997). Ecosystems 
with high N availability are characterized by high rates of nitri-
fication and denitrification, which tend to strongly discriminate 
against 15N, thus increasing soil and foliar δ15N (Elmore et al., 2016; 
Garten, 1993; Högberg, 1997), altering the uptake of 14N by nitri-
fying microbes. Under high N conditions, plants rely less on the 
mycorrhizae that fractionate N isotopes during N transfer to plants 
(Höbbie & Högberg,  2012; Högberg,  1997). Previous estimates 
of changes in N availability inferred from tissue δ15N vary greatly 
with plant material used (foliage: Craine et al.,  2018; McLauchlan 
et al., 2010; wood segments: McLauchlan et al., 2007 or tree rings: 
Hietz et al., 2011), contrasting ecosystems (grassland: Li et al., 2020 
or forest: Hietz et al.,  2010), and climatic regions (temperate: 
Gilliam et al., 2019, 2018; McLauchlan et al., 2017; or tropical: Hietz 
et al., 2010, 2011). These studies on changes in foliar δ15N and [N], 
however, were based on sometimes haphazard collections of sam-
ples wherein results might be affected by a systematic or geographic 

bias over time, and generally did not considering additional factors 
that might affect a change in foliar δ15N.

Various factors of global change, including rising atmospheric 
CO2 concentrations ([CO2]) (Luo et al., 2004), early spring caused by 
global warming (Elmore et al., 2016), increased atmospheric N depo-
sition (Fang et al., 2011; Hietz et al., 2011; Hiltbrunner et al., 2019; 
Pardo et al.,  2006; Vallano & Sparks,  2013), and changes in pat-
terns of precipitation (Craine et al., 2009; Pardo et al., 2006; Tang 
et al., 2021), have been identified directly or indirectly to affect fo-
liar δ15N. For example, seasonality of precipitation and temperature 
can negatively affect foliar δ15N by influencing plant productivity, 
N input, soil microbial activities, and litter decomposition (Asseng 
et al.,  2011; Gremer et al.,  2018; Tang et al.,  2021). Low precip-
itation and high potential evapotranspiration (PET) could increase 
denitrification-driven N gas losses and decrease soil N leaching, thus 
increasing foliar δ15N (Gong et al., 2021; Houlton et al., 2006; Zhao 
et al.,  2016). Increasing temperature might increase or decrease 
plant δ15N via stimulating N mineralization (increasing N supply, 
Craine et al., 2009; Pardo et al., 2006) or increasing plant growth 
(increasing N demand) due to prolonged growing season, respec-
tively (Mason et al., 2022). In addition, increases in vapor pressure 
deficit (VPD) might increase plant δ15N via reduced N demand and 
absorption of plants due to decrease growth (Grossiord et al., 2020; 
Lihavainen et al., 2016; Yuan et al., 2019).

On global scales, decreases in foliar δ15N and [N] have been ob-
served and interpreted as evidence of CO2-driven oligotrophication 
of terrestrial ecosystems (Craine et al., 2018). Changes in foliar δ15N, 
however, may also be caused by the direct and indirect effects of N 
deposition on plant δ15N (Hiltbrunner et al., 2019). Foliar δ15N can be 
affected by high N deposition if this results in a more open N cycle 
(Hietz et al., 2010, 2011). However, the isotopic composition of N 
deposition is affected by the sources of N (Hastings et al., 2009), and 
foliar δ15N can therefore be affected by the 15N signals of N deposi-
tion (Caldararu et al., 2022; Fang et al., 2011; Hastings et al., 2009; 
Hiltbrunner et al., 2019). Global increases of N deposition therefore 
create uncertainties and complications on the use of foliar δ15N as 
an indicator of N availability in ecosystems. Understanding changes 
in N availability is important to understand global change effects on 
ecosystems and to predict the effects of changing N deposition in 
ecosystems affected by the various drivers of global change.

Tropical and subtropical forests in southern China occupy 
a notably broad range in biotic and abiotic factors, including cli-
mate, biota, geological parent material, soils, and the history and 
frequency of disturbances (Zhou et al.,  2014), and represent the 

reflect a decline in N availability. This is important to understand changes in N avail-
ability, which is essential to validate and parameterize biogeochemical cycles of N.

K E Y W O R D S
atmospheric CO2, global change, foliar nitrogen concentrations, foliar nitrogen isotopes, 
nitrogen availability, nitrogen deposition
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    |  5443TANG et al.

largest terrestrial sink for anthropogenic CO2 emissions in China 
(Wang et al.,  2020). Concurrently, the average rate of atmo-
spheric N deposition over southern China has increased from 5 
to 25 kg N ha−1  year−1 from the 1960s to the 2000s, although it 
has levelled off in the most recent years (Liu et al.,  2011; Wang 
et al., 2017; Yu et al., 2019). Meanwhile, 15N signals of N deposition 
have been altered due to the changes in the source of N deposition 
in southern China's cities, for example, Guiyang (Zhao et al., 2019). 
Data on long-term trends in foliar δ15N and [N] across a large area 
from southern China thus provide an opportunity to test the ef-
fects of various factors on foliar δ15N and [N] and to test how well 
changes in foliar δ15N reflect changes in N availability or might be 
explained by other factors. Here, we measured foliar δ15N and [N] 
of 1811 herbarium specimens and tested the following hypotheses: 
(1) Foliar δ15N and [N] decreased over the past 90 years (from 1920 
to 2010) in southern China (18–34°N, 97–122°E, 1776 × 2775 km2), 
as seen in previous studies from temperate regions and at global 
scale, which has been interpreted as the effect of CO2-driven 
progressive N limitation (Craine et al., 2018; Luo et al., 2004); (2) 
alternatively, increase in N deposition resulted in increased fo-
liar [N] but decreased foliar δ15N, due to the increased uptake of 
15N-depleted N from agricultural emissions (Fang et al., 2011; Qu 
et al., 2016); and (3) changes in temperature and precipitation are 
the main factors controlling the temporal variations of foliar δ15N 
in southern China, as the identified relationships between foliar 
δ15N and temperature and precipitation in other region or globally 
(Amundson et al., 2003; Craine et al., 2018). If foliar δ15N reflects N 
availability, we expect to see parallel changes in foliar [N] and their 
driving factors should be confirmed.

2  |  MATERIAL S AND METHODS

2.1  |  Plant specimen collection and measurement

A total of 1811 herbarium specimens spanning 90 years (1920–2010) 
from 444 sites across subtropical and tropical forests of southern 
China (Figure  S1, 18–34°N, 97–122°E) were obtained from the 
Herbarium of Southern China Botanical Garden, Chinese Academy 
of Sciences (http://herba​rium.scbg.cas.cn). To minimize bias due to 
changing species composition or sample densities, we chose approx-
imately equal numbers of samples from the same periods from five 
shrub and seven broad-leaved tree species belonging to nine fami-
lies (Table  S1), excluding legumes to avoid the effect of biological  
N fixation. The species are widely distributed in broad-leaved for-
ests across subtropical and tropical China (Figure S1).

A small piece of leaf was carefully cut from each specimen, which 
had not been treated by any liquid for conservation and were not 
in contact with glue. Information on sampling location and date for 
each specimen was documented. All samples were dried at 65°C for 
72 h and then finely milled for N isotope and concentration analy-
sis by a mass spectrometer (MAT 253, Thermo Finnigan, North Pod 
Waltham, Massachusetts, USA) coupled with an elemental analyzer 

(ECS4010, Costech Analytical Technologies, Valencia, California, 
USA).

2.2  |  Data on abiotic factors

Gridded historic temperature and precipitation data with a resolu-
tion of one month and 1 km for southern China from 1920 to 2010 
were extracted from Peng et al.  (2019). Temperature seasonality 
(TS) from 1920 to 2010 was calculated from the gridded data as the 
standard deviation of monthly values

where Tavg1, … Tavg12 indicate the mean temperature from January to 
December (Salazar & Mcnutt, 2012), and precipitation seasonality (PS) 
was calculated from the gridded data as

where PPT1, … PPT12 indicate the total precipitation from January to 
December (Fick & Hijmans, 2017; Salazar & Mcnutt, 2012).

Atmospheric [CO2] from 1920 to 2010 was obtained from NASA 
GISS (https://data.giss.nasa.gov/model​force/​ghgas​es/). Considering 
the correlation between altitude and atmospheric pressure, we used 
partial pressure of CO2 (PCO2

, Pa) rather than the CO2 fraction for this 
study. PCO2

 was calculated as

where Patm (Pa) is atmospheric pressure, which was calculated accord-
ing to Allan et al. (1998)

Potential evapotranspiration (PET) and vapor pressure (VAP) were 
extracted from Climate Research Unit (CRU) TS v.3.26 with a spatial 
resolution of 0.5° × 0.5° (Harris et al., 2014). We calculated VPD from 
VAP and monthly temperature (Grossiord et al.,  2020). Atmospheric 
N deposition (bulk deposition of NOx and NHy) in 1960, 1970, 1980, 
1990, and the annual deposition rates between 1997 and 2010 were 
extracted from the grids with a spatial resolution of 1 × 1° modeled by 
Wang et al. (2017), who produced the long-term N deposition (1850–
2100) using the global aerosol chemistry–climate model LMDZ-INCA, 
coupled with the LMDZ general circulation model and the INCA aero-
sol module. The models were based on the emission data including sea 
salt, oceanic emissions of NH3, vegetation emissions of NO, agricultural 
activities, and fuel combustion of NOx and NHy. Since the dataset from 
Wang et al. (2017) did not cover every year from 1920 to 1996, we pro-
duced the N deposition of each year during 1920–1996 via interpolation 
linearly based on the grids of 1850, 1960, 1970, 1980, 1990, and 1997.

TS = SD
{

Tavg1,Tavg2, … ,Tavg12
}

PS =
SD

�

PPT1, … ,PPT12
�

1 +
�

∑i=12

i=1
PPTi ∕12

� × 100

PCO2
= 10−6 × CO2 × Patm

Patm = 101325 ×

(

298.15−0.0065×Altitude

298.15

)5.26
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2.3  |  Statistical analyses

We tested the temporal patterns of foliar δ15N, [N] and envi-
ronmental factors in southern China over the past 90 years via 
linear regressions for all species combined and for each species 
separately.

We used generalized additive mixed models (GAMM) to exam-
ine the relationship between foliar δ15N and [N] and environmental 
factors with the priori formulas: Foliar δ15N ~ 1 + s(PCO2

) + s(N depo-
sition) + s(MAT) + s(MAP) + s(TS) + s(PS) + s(VPD) + s(PET) + s(fo-
liar [N]) + (site/species) + corCAR1(year|site/species) and Foliar 
[N] ~ 1 + s(PCO2

) + s(N deposition) + s(MAT) + s(MAP) + ​s(TS) + s(PS) ​
+  s(VPD) +  s(PET) +  (site/species) +  corCAR1(year|site/species). 
In the two formulas, site/species represents the random effect 
of species nested within sample site, and corCAR1 is an auto-
correlation structure, which allows for unequally spaced obser-
vations; “s” indicates the corresponding covariate with smooth 
term (Marchand et al., 2020). After running the a priori models, 
we optimized the models via modifying the formulas based on 
estimated degree of freedom (EDF, Table  S2). Specifically, fac-
tors with EDF ≈ 1 were set as linear terms, represented by “I” 
in the formulas (Marchand et al.,  2020). Then, we ran the two 
new models to determine the relationships between foliar δ15N 
and [N] and factors. GAMMs were performed by the gamm func-
tion in the R package mcgv (Bartoń,  2018). We used the con-
curvity function in the R package mcgv to test the concurvity 
(a nonparametric analog of multicollinearity) between factors. 
The “Estimate” concurvity index of each factor lower than 0.5 
indicates that the concurvity between factors is low (Zhao 
et al.,  2022). Considering there might be inverse effects of an 
environmental factor at different levels on foliar δ15N or [N], we 

assessed whether there were breakpoints in the smooth item in 
GAMMs visually, and determined the breakpoints via comparing 
fitting values.

We performed dominance analysis to calculate the incremen-
tal R2 (IR2) of each variable to foliar δ15N and foliar [N] (Azen & 
Budescu, 2003; Zhao et al., 2022). Single factors in the full GAMM 
were picked and fitted into the GAMM to develop a series of sub-
models (Zhao et al.,  2022). The IR2 of each environmental factor 
was derived via averaging all the difference between each possible 
sub-model excluding or including the relevant factor. The relative 
contribution of each factor was the percentage of the factor in total 
IR2 of all factors.

All analyses were performed in R software (version 4.1.0, R Core 
Team, 2020). Significance was set at p < .05.

3  |  RESULTS

3.1  |  Spatiotemporal patterns of foliar δ15N and [N]

Foliar δ15N and [N] did not change in parallel with notable spatial 
variation in southern China over the past 90 years (Figures 1 and 2). 
For temporal trends, foliar δ15N significantly decreased by 0.82‰, 
from 0.63 ± 2.83‰ in the 1920s to −0.19 ± 2.86‰ in the 2000s, 
whereas foliar [N] did not significantly change over the past 90 years 
(Figure  1). For spatial trends, foliar δ15N decreased from south to 
north (Figure 2a), but foliar [N] decreased from west to east, espe-
cially at lower latitude (Figure 2b). At the species level, foliar δ15N  
decreased (both significant and non-significant) across all the stud-
ied species whereas foliar [N] decreased in seven species and in-
creased in the other five species (Figures S2 and S3).

F I G U R E  1  Temporal patterns of foliar δ15N (a) and foliar [N] (b) of 12 species from southern China. Solid line indicates significant, and 
dashed red line indicates non-significant linear regression, at p < .05 level. Fill areas indicate 95% interval confidence. Gray symbols represent 
individual samples (n = 1811) and blue symbols annual mean values. [Colour figure can be viewed at wileyonlinelibrary.com]
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3.2  |  Drivers of spatiotemporal variation in foliar 
δ15N and [N]

Between 1920 and 2010, the atmospheric [CO2] increased from 
300 to 390 ppm, corresponding with mean PCO2

 increased from 27 
to 35 Pa, and N deposition in the study area increased with a strong 
spatial heterogeneity (Figures  S4 and S5). Temperature seasonal-
ity decreased, while MAT, VPD, and PET increased with strong 
inter-annual variations (Figures S4, S6, and S7). PCO2

, N deposition, 

and MAT were abiotic factors affecting the foliar δ15N and [N] 
over the past 90 years (Table  1; Table  S2). Foliar δ15N correlated 
negatively with PCO2

 (linearly) and intermedia rate of N deposition 
(about 5.3  kg N ha−1  year−1 to 12.6  kg N ha−1  year−1), but positively 
with MAT (linearly), foliar [N] (nonlinearly), and low rate of N depo-
sition (Figure 3 and Table 1). Foliar [N] correlated with PCO2

 (nega-
tive, nonlinearly), MAT (positive, nonlinearly), TS (smoothly), and 
N deposition (nonlinearly) (Figure  4; Table  1). Assessing by the 
three-dimension plots, increases in N deposition would aggravate 

F I G U R E  2  Spatial patterns of foliar δ15N (a) and [N] [N concentrations, (b)] in south China. Figures are produced by Kriging interpolation 
using krige function in the gstat R packages. [Colour figure can be viewed at wileyonlinelibrary.com]

TA B L E  1  Summaries of generalized additive mixed models (GAMMs)

Variable Factor Unit EDF DF F RC (%) p R2

Foliar δ15N PCO2
 (s) Pa 2.64 2.64 4.40 6.68 .019 .166

MAT (I) °C 1.00 1.00 10.17 8.09 .001

MAP (I) mm 1.00 1.00 0.38 1.19 .535

TS (s) Unitless 2.55 2.55 0.86 4.72 .297

PS (I) Unitless 1.00 1.00 0.75 < 0.01 .388

VPD (I) kPa 1.00 1.00 3.14 0.66 .076

PET (I) mm 1.00 1.00 0.04 1.72 .847

N deposition 
(s)

kg N ha−1 year−1 4.04 4.04 3.09 8.31 .016

Foliar [N] (s) % 1.69 1.69 123.88 68.72 <.001

Foliar [N] PCO2
 (s) Pa 2.57 2.57 6.40 29.38 .002 .023

MAT (s) °C 3.14 3.14 2.91 16.48 .031

MAP (I) mm 1.00 1.00 0.03 < 0.01 .853

TS (s) Unitless 2.75 2.75 4.00 20.01 .006

PS (I) Unitless 1.00 1.00 0.61 < 0.01 .434

VPD (s) kPa 1.90 1.90 1.37 6.00 .185

PET (s) mm 2.65 2.65 2.90 6.67 .096

N deposition 
(s)

kg N ha−1 year−1 3.12 3.12 4.76 24.15 .002

Note: “s” and “I” in parentheses after each variable indicated that smooth and linear term, respectively, was used in the equation of GAMMs.
Abbreviations: EDF, Estimated degree of freedom; Foliar [N], foliar nitrogen concentrations; MAP, mean annual precipitation; MAT, mean annual 
temperature; PCO2

, partial pressure of atmospheric CO2 concentrations; PET, potential evapotranspiration; PS, precipitation seasonality; RC, relative 
contribution; TS, temperature seasonality; VPD, vapor pressure deficit.
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the negative effects of elevated PCO2
on foliar δ15N when deposition 

rates were within 5.3–12.6  kg N ha−1  year−1, and alleviate effects 
of elevated PCO2

 on foliar [N] when deposition rates were below 
18.9 kg N ha−1 year−1 (Figures 3h, 4h, and 5). Correlations between 
foliar δ15N and each environmental factor were basically consistent 
among species (Figure S8), while correlations between foliar [N] and 
PCO2

, MAT, N deposition, and TS were partly different among species 
(Figure S9a–c,h).

4  |  DISCUSSION

We sampled 12 distributed rather homogeneously over space and 
time, providing an ideal dataset to search for the trends and drivers 
of long-term changes in foliar δ15N and [N]. Based on the dataset, 
we determined temporal and spatial patterns of foliar δ15N and [N] 
in southern China over the past 90 years. Consistent with part of our 
hypothesis 1, foliar δ15N decreased significantly; however, foliar [N] 

F I G U R E  3  Correlations between foliar δ15N, the environmental factors and foliar N concentrations derived from the generalized 
additive mixed models (GAMMs). Blue dots represent partial residuals from the generalized additive mixed models (GAMMs). IR2 indicates 
incremental R2 derived from dominance analysis. Red lines and gray shadings are, respectively, for the predicted values and 95% confidence 
intervals from the GAMMs. (a) PCO2

 (partial pressure of atmospheric CO2 concentrations), (b) Mean annual temperature, (c) Mean annual 
precipitation, (d) Temperature seasonality, (e) Precipitation seasonality, (f) Vapour pressure deficit, (g) Potential evapotranspiration,  
(h) N deposition, and (i) Foliar N concentrations. [Colour figure can be viewed at wileyonlinelibrary.com]
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did not significantly change. Spatiotemporal variations of foliar δ15N 
were related to changes in [CO2] (−), N deposition (+/−), MAT (+), and 
foliar [N] (+), and the spatiotemporal variations of foliar [N] were as-
sociated with [CO2] (−), N deposition (+/−), MAT (+), and TS (+), in par-
tial support of our hypothesis 2. The complex effects of N deposition 
on foliar δ15N indicate that foliar δ15N does not necessarily reflect a 
decline in N availability. Significant effects of MAT, but not precipita-
tion, on foliar δ15N highlights the consistency but also differences in 

the response of N cycles to environmental factors between regional 
and global scales.

4.1  |  Trends in foliar δ15N and [N]

In the present study, both the mean values (0.29‰ vs 0.4‰) and the 
range (−8.26‰ to 12.86‰ vs −20.6‰ to 21.4‰) of foliar δ15N are 

F I G U R E  4  Correlations between foliar N concentrations and the environmental factors derived from the generalized additive mixed 
models (GAMMs). Blue dots represent partial residuals from the generalized additive mixed models (GAMMs). IR2 indicates incremental R2 
derived from dominance analysis. Red lines and blue shadings are, respectively, for the predicted values and 95% confidence intervals from 
the GAMMs. (a)  (PCO2

 partial pressure of atmospheric CO2 concentrations), (b) Mean annual temperature, (c) Mean annual precipitation,  
(d) Temperature seasonality, (e) Precipitation seasonality, (f) Vapour pressure deficit, (g) Potential evapotranspiration, and (h) N deposition. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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smaller than those reported in a global dataset (Craine et al., 2018). 
Our data cover a substantial range in climate and N deposition, but 
were limited to a few well-replicated species, which strongly reduces 
the confounding effect of phylogeny, type of mycorrhiza, and nitro-
gen fixation on foliar δ15N and leaf [N] (Tables S1 and S3). The decrease 
in foliar δ15N from 0.63 ± 2.83‰ in the 1920s to −0.19 ± 2.86‰ in 
the 2000s in this study is consistent with previous studies on leaves 
(McLauchlan et al.,  2010; Peñuelas & Estiarte,  1997) or tree rings 
δ15N (McLauchlan et al., 2007) at either global or local scales, which 
has been interpreted as evidence for reduced N availability (Craine 
et al., 2018; McLauchlan et al., 2010) and explained by CO2-driven 
progressive N limitation (Luo et al., 2004, 2006). Increasing N limi-
tation, however, appears implausible in regions such as southern 
China, with a strong increase in anthropogenic N emissions and 
consequent N deposition (Liu et al., 2011; Yu et al., 2019). By con-
trast, foliar or woody tissue δ15N increased in several tropical forests 
(Hietz et al., 2010, 2011), which was interpreted as the effect of N 
deposition and more open N cycles, or did not change (van der Sleen 
et al., 2015) during the 20th century.

The interpretation of δ15N as an indicator of N availability was 
supported by parallel decrease (Craine et al.,  2018) or increases 
(Hietz et al., 2011) of foliar [N]. In our study, the temporal trends 
of declining foliar δ15N were not accompanied by statistically sig-
nificant declines in foliar [N] (Figure 1). While we found a relatively 
strong positive correlation between foliar δ15N and [N] consistent 
with prior observations (Figure 3i), long-term changes in foliar δ15N 
are apparently decoupled from changes in foliar [N]. This might be 
because increasing N deposition, which increases N availability, 
and [CO2], which reduce foliar [N] cancel each other out, or else 
changes in foliar δ15N are not affected by N availability alone, as 
suggested by the negative correlation between foliar [N] and PCO2

,  
and the positive correlations between foliar [N] and low-rate  

N deposition. Here, it should be pointed out that the correlations 
between N deposition and foliar [N] became negative at N depo-
sition rates above c. 18.9 kg N ha−1 year−1, which might result from 
the decreasing plant N uptake under high N deposition due to 
soil acidification and/or nutrient imbalance (Lu et al.,  2014; Pan 
et al.,  2020). In our dataset, there were rather few observations 
with high N deposition, so the effect of excessive N deposition on 
N availability, which will depend on soils and other factors, war-
rants further studies.

The constant foliar [N] observed over the past 90 years in the 
present study differs from the decrease observed at global scale 
during 1980–2010 (Craine et al.,  2018), and the increases related 
to anthropogenic N deposition in Panama (Hietz et al.,  2011) and 
whole China (Liu et al., 2013). The homeostasis of foliar [N] in forest 
trees in southern China is surprising given the strong increase in N 
deposition in the studied regions since 1960 (Figures S4h and S5). It 
is worth mentioning that the discrepancies between Liu et al. (2013) 
and the present study might be caused by unsystematic and un-
balance sampling in the former study (Pardo et al., 2013). The 981 
observations of plant foliar [N] in Liu et al. (2013) included 666 spe-
cies from across China, while our 1811 specimens only included 12 
species from southern China. The variable change in species com-
position over time and difference in species' response to various fac-
tors controlling foliar N could therefore explain differences among 
studies (Pardo et al., 2013). Additionally, although increased N depo-
sition can potentially increase foliar [N], progressive N limitation 
by elevated atmospheric [CO2] could have countered the effect of  
N deposition (Luo et al., 2004), which can be supported by the cor-
relations between foliar [N] and N deposition, PCO2

, and the temporal 
trends of foliar [N] before and after 1960 (Figure 3a,h; Figure S10b). 
Whatever the cause of the constant foliar [N] in our dataset, this pat-
tern deserves explanation. Therefore, we systematically analyzed 

F I G U R E  5  The effects of N deposition and PCO2
 on foliar δ15N (a) and N concentrations (b) derived from the generalized additive mixed 

models (GAMMs) showed in three-dimensional interaction plots. PCO2
, partial pressure of atmospheric CO2 concentrations. [Colour figure 

can be viewed at wileyonlinelibrary.com]
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the effects of various factors including [CO2], climate, and N deposi-
tion potentially affecting foliar δ15N.

4.2  |  Multiple factors influencing foliar δ15N

Various environmental factors affect foliar δ15N via influencing 
plant N availability or otherwise (Craine et al., 2009; Evans, 2001; 
Högberg, 1997). The correlations between foliar δ15N and the en-
vironmental factors that we found (Figure 3) coincide well with the 
patterns reported across other regions of China (Tang et al., 2021) 
and globally (Craine et al.,  2009). In addition to climate and soil 
(Fang et al., 2011), foliar δ15N was also negatively correlated with 
PCO2

 (Figure 4a). Increasing PCO2
 leads to enhanced photosynthe-

sis and growth in plants (BassiriRad et al., 2003), which increases 
the demand and absorption of N and decreases N availability 
(Luo et al.,  2004, 2006). The correlations between foliar δ15N 
and temperature were consistent with both Craine et al.  (2018) 
and Amundson et al.  (2003). Although increases in temperature 
may prolong the growing season (Elmore et al.,  2016), increases 
in mean annual temperature might enhance the process of soil N 
mineralization and increase the losses of 15N-depleted N, result-
ing in high plant N availability and/or high foliar δ15N (Amundson 
et al.,  2003; Dai et al.,  2020; Pardo et al.,  2006). In contrast to 
Craine et al.  (2018) and Amundson et al.  (2003), we did not ob-
serve the positive correlation between foliar δ15N and MAP, 
suggesting that forests can be affected by different factors in dif-
ferent regions.

Notably, both the correlations between N deposition and foliar δ15N 
and N deposition and foliar [N] were non-linear and affected by the N 
deposition rate (Figures 3h, 4h, and 5). These results might help to ex-
plain the sometimes-conflicting observations of relationships between 
N deposition and changes in plant δ15N (Hietz et al., 2011; McLauchlan 
et al., 2017; Peñuelas & Filella, 2001; Vallano & Sparks, 2013).

In general, we expected foliar δ15N to increase continually with 
the increasing N deposition due to increase in N availability, but 
the reverse also has been reported in various ecosystems (Fang 
et al., 2011; Felix et al., 2017; Li et al., 2020; Peñuelas & Filella, 2001; 
Vallano & Sparks, 2013). Changes in N deposition, however, can af-
fect foliar δ15N either by changes in N cycle or by the direct δ15N 
signal of deposition. In the first case, we would expect to see an 
increase in ecosystem and foliar δ15N with deposition, which is op-
posite to what we found. In the second case, the effect will depend 
on the δ15N signal and the amount of N deposited. Although agricul-
tural fertilizer has a δ15N signal close to 0, due to fractionation by 
gaseous losses, atmospheric NHy derived from the fertilizer has neg-
ative signal (Liu et al., 2008; Qu et al., 2016). Therefore, increasing 
use of N fertilizers might explain the decline in foliar δ15N. When N 
input has reached a level of ecosystem saturation, N losses increase, 
resulting in increasing soil and foliar δ15N, which can explain the pos-
itive correlation between foliar δ15N and N deposition under high N 
deposition (Figure 3h). Besides, the main source of atmospheric N 
deposition changed from agricultural (NHy) to industry (NOx, e.g., 

traffic emissions), which might also contribute to the rate-dependent 
relationship. Early on, sources of atmospheric N in Guiyang, one of 
regions in our study, were urban sewage and agricultural NHy, which 
was characterized by low δ15N (Liu et al.,  2008; Qu et al.,  2016). 
During 2006–2017, the dominant atmospheric N compounds and 
sources changed from 15N-depleted NHy (−15 ~ 0‰) to less depleted 
or 15N-enriched NOx (−5 ~ 5‰, Felix & Elliott, 2014; Heaton, 1990; 
Liu et al., 2008; Rivero-Villar et al., 2018; Shan et al., 2019) in urban 
regions (Zhao et al., 2019), which might affect the δ15N in leaves. The 
change in the form of N in deposition was slow and occurred in the 
later period covered by our study (Yu et al., 2019; Zhao et al., 2019), 
allowing for decreases in foliar δ15N of trees in southern China over 
the past 90 years. Given the lower spatial resolution of N deposition 
data used in the present study, further studies based on long-term 
data of N deposition with higher spatial resolution should be con-
ducted to refine the rate-dependent relationships between N depo-
sition and foliar δ15N.

4.3  |  Nitrogen deposition affects the use of foliar 
δ15N as an indicator of N availability

Using a balanced design with samples from regions of strongly in-
creasing and regionally variable N deposition, we found that MAT, 
N deposition, PCO2

, and foliar [N] can affect foliar δ15N. These fac-
tors drive the changes in foliar δ15N in different directions where in-
creasing MAT would increase, increasing PCO2

 would decrease foliar 
δ15N, and the effect of N deposition depends on the rate and signal 
of N deposition. Although we do not question the general relation-
ship between ecosystem δ15N and N saturation, under conditions 
of changing N deposition plant δ15N signals are more challenging to 
interpret. Increased atmospheric deposition of N in southern China 
(Figures S4h and S5; Lu & Tian, 2014; Yu et al., 2019) should have 
increased N availability, foliar [N], and foliar δ15N as found in tropical 
forests (Hietz et al., 2011). However, the rate-dependent relation-
ship between foliar δ15N and N deposition and the relative stable 
foliar [N] over the past 90 years found in the present study suggest 
that the decreasing trends of foliar δ15N may not always indicate a 
decrease in N availability. Therefore, the form of N, its isotopic com-
position, and rates of N deposition should be considered when as-
sessing N availability based on foliar δ15N.
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