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ABSTRACT

Nitrogen (N) and phosphorus (P) have been demonstrated to limit terrestrial carbon (C) storage in terrestrial
ecosystems. However, the reliable indicator to infer N and P limitation are still lacking, especially in subtropical
forests. Here we used a terrestrial ecosystem (TECO) model framework in combination with a Bayesian approach
to evaluate effects of nutrient limitation from added N/P processes and data sets on C storage capacities in two
subtropical forests (Tiantong and Qianyanzhou [QYZ]). Three of the six simulation experiments were developed
with assimilating data (TECO C model with C data [C-C], TECO C-N coupling model with C and N data [CN-CN],
and TECO C-N-P model with C, N, and P data [CNP-CNP]), and the other three ones were simulated without as-
similating data (C-only, CN-only, and CNP-only). We found that P dominantly constrained C storage capacities
in Tiantong (42%) whereas N limitation decreased C storage projections in QYZ (44%). Our analysis indicated
that the stoichiometry of wood biomass and soil microbe (e.g., N:P ratio) were more sensitive indicators of N
or P limitation than that of other pools. Furthermore, effects of P-induced limitation were mainly on root biomass
by additional P data and on both metabolic litter and soil organic carbon (SOC) by added P processes. N-induced
effects were mainly from added N data that limited plant non-photosynthetic tissues (e.g., woody biomass and
litter). The different effects of N and P modules on C storage projections reflected the diverse nutrient acquisition
strategies associated with stand ages and plant species under nutrient stressed environment. These findings sug-
gest that the interaction between plants and microorganisms regulate effects of nutrient availability on ecosys-
tem C storage, and stoichiometric flexibility of N and P in plant and soil C pools could improve the
representation of N and P limitation in terrestrial ecosystem models.

© 2021 Elsevier B.V. All rights reserved.

* Corresponding author at: School of Ecological and Environmental Sciences, East China Normal University, 500 Dongchuan Road, Shanghai 200062, China.

E-mail address: xhzhou@des.ecnu.edu.cn (X. Zhou).

https://doi.org/10.1016/j.scitotenv.2021.148485
0048-9697/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.148485&domain=pdf
https://doi.org/10.1016/j.scitotenv.2021.148485
mailto:xhzhou@des.ecnu.edu.cn
https://doi.org/10.1016/j.scitotenv.2021.148485
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

Z.Du, . Wang, G. Zhou et al.
1. Introduction

The availability of macronutrients, predominantly nitrogen (N) and
phosphorus (P), widely constrains the fluxes and storage of carbon
(C) in terrestrial ecosystems. These nutrients are the most elusive
factors in predicting the size of the terrestrial sink and the future
climate-C cycle feedback (Vitousek and Howarth, 1991; Hungate et al.,
2003; Arora et al., 2013). As atmospheric CO, concentration increases,
plants will require great soil mineral nutrients to facilitate the enhanced
photosynthesis and tissue construction (Finzi et al., 2006; Melillo et al.,
2011; Norby et al, 2010). On the other hand, the enhanced C
assimilation will dilute tissue nutrient concentration and decrease litter
quality (i.e., higher litter C:N/C:P ratio; Craine et al., 2009; Kou-
Giesbrecht and Menge, 2019; Vigulu et al., 2019). Meanwhile, soil mi-
crobes decomposing the low-quality litter may need to immobilize
more nutrients to maintain their stoichiometric balance, which further
exacerbates nutrient limitations (Luo et al., 2004, 2006; Reich et al.,
2006). Increased external nutrient inputs (e.g., N deposition, parent
material weathering) and accelerated nutrient mineralization rates
under climatic warming may enhance soil nutrient availability
(Melillo etal., 2002) and partly alleviate plant-microbe nutrient compe-
tition (Hungate et al., 2003; Wieder et al., 2015b). However, whether
these additional nutrients are sufficient to meet the enhanced plant
nutrient demands in natural ecosystems remains unknown.

Generally, temperate and boreal ecosystems are N-limited due to
slow N mineralization, while tropical forests and savannah ecosystems
are P-limited in their highly weathered soil (Cleveland et al., 2002;
Lebauer and Treseder, 2008; Li et al., 2016). These phenomena have
been largely confirmed by field manipulative experiments with ele-
vated CO, and/or nutrient addition (i.e., N and P fertilization) (Norby
et al., 2010; Reich et al., 2006; Tian et al., 2019), which have yielded
valuable insight into our understanding of nutrient limitation on terres-
trial C cycling (Liu et al., 2013; Niu et al., 2016; Zheng et al., 2019). How-
ever, previous studies are most based on manipulative experiments in
which the potential consequences of perturbation (i.e., N and P addi-
tion) are largely intertangled. Thus, the magnitudes of nutrient limita-
tion effects on natural ecosystems and their interactions with the
climate system are less quantified (Vitousek and Howarth, 1991;
Galloway et al.,, 2004; Arneth et al., 2010).

Nitrogen deposition has increased dramatically in recent decades
through human-caused reactive N input (Jia et al., 2014; Bai et al.,
2015). It is expected that subtropical forests will respond differently to
increasing N deposition due to indirect effects of P and cation availabil-
ity (Liu et al,, 2013; Fan et al., 2015; Zheng et al., 2015). However, the
only source of atmospheric P deposition is through dust and flying ash
from wildfires, which is relatively small in amount and difficult for
plants to directly assimilate (Mahowald et al., 2008; Pefiuelas et al.,
2012, 2013). Thus, the imbalanced N and P inputs into the subtropical
forest ecosystems would drive the nutrient availability toward more P
limitation (Li et al., 2016; Q. Zhang et al., 2017; X. Zhang et al., 2017,
Jiang et al., 2018). It is still not well characterized that how much N
and/or P limits plant biomass and production as well as ecosystem C
storage in subtropical ecosystems.

Terrestrial ecosystem models can be used to predict the land C storage
dynamic and its feedback to climate but with large uncertainties
(Friedlingstein et al., 2006; Ahlstrom et al., 2012; Arora et al., 2013).
One of the major sources of uncertainty is how to accurately represent ef-
fects of N and/or P limitation on biogeochemical models (Hungate et al.,
2003; Wieder et al., 2015b; Thomas et al., 2015). Most terrestrial models
typically implement a fixed or narrow flexible stoichiometric relationship
between C and N/P among different pools to maintain the internal stoi-
chiometry between nutrient external supply and assimilation by organ-
isms (Thornton et al., 2009; Wang et al., 2010; Zaehle and Friend,
2010). The effects of nutrient limitation on plant growth or NPP might
thus occur if the nutrient supply cannot keep up demand of tissue con-
struction (Thomas et al., 2015; Averill and Waring, 2018; Du et al.,
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2018; Omidvar et al., 2021). However, model representation of the
fixed or narrow flexible ratios of elements among different pools has
made it difficult to capture effects of imbalanced N and P inputs on C stor-
age capacities under different nutrient stressed environment. Further-
more, only a few ecosystem models or land surface models represent C-
N-P biogeochemistry (e.g., CABLE and DNDC; Wang et al., 2010;
Gilhespy et al., 2014; Zhu et al., 2019), which have proven more compli-
cated to quantify the uncertainties arising from those additional N and P
processes (Wieder et al.,, 2015a; Du et al,, 2017; Shi et al,, 2018).

This study was designed to address the hypothesis that the flexible
stoichiometries (i.e., C:N:P ratios) of plants and soil are sensitive indica-
tors of soil nutrient availability in different nutrient stressed environ-
ments. We further hypothesize that added N and P module may
differentially limit model projection of ecosystem C storage in N- and
P-limited forests. Six experiments were conducted to distinguish the in-
formation from N/P modules in constraining key parameters (C turn-
over rate, C:N, C:P ratios and C allocation rate) in two subtropical
forest ecosystems by model intercomparisons in a terrestrial ecosystem
(TECO) model framework with Bayesian approach. The Shannon infor-
mation index (SII) was used to calculate the relative information gains
from both the N and P modules (including processes, measurements,
and both), using a random variable as represented by probabilistic den-
sity functions (Weng and Luo, 2011; Du et al,, 2017).

2. Materials and methods
2.1. Site information and data source

The data used in this study were obtained from two subtropical forest
ecosystem sites, both of which have been described in Zhang et al. (2010),
Du et al. (2015), H. Liu et al. (2019) and R. Liu et al. (2019). In brief, the
Tiantong site (Tiantong) is situated in a subtropical evergreen broad-
leaved plantation in Zhejiang Province, China (29°48' N, 121°47’ E).
This area is characterized as a subtropical monsoon climate with humid
hot summers and dry cold winters (Zhou et al., 2017). Mean annual tem-
perature is 16.2 °C, ranging from 4.2 °C in January to 28.2 °C in July and
mean annual precipitation is 1374 mm, which mainly occurs from May
to August (data from China Climatological Survey in Tiantong,
Zhejiang). The soil type is Acrisol with texture is mainly sandy to silty
clay loam, and pH ranges from 4.4 to 5.1 (Yan et al., 2006). The dominant
tree species in this region include Castanopsis fargesii, Lithocarpus glaber
and Schima superba, and the age of the plantations is about 60 years old
(H. Liu et al., 2019; R. Liu et al,, 2019). The N and P depositions of this re-
gion are 36.02 kg N ha/y and 0.75 kg P ha/y, respectively (Zhu et al., 2016).

Qianyanzhous site (QYZ) is located in Jiangxi Province, China (26°44’
N, 115°03’ E) and is a subtropical evergreen coniferous plantation,
established in 1980s on a former evergreen broadleaf forest (Huang
et al,, 2007). The dominant species of current vegetation are Pinus
massoniana, P. elliottii and Cunninghamia lanceolata. By 2017, the age
of the three plantations was approximately 32 years old (Dai et al.,
2018). Based on the meteorological records from 1985 to 2007, the
mean annual temperature and precipitation were 17.9 °C and 1475
mm, respectively (Wen et al., 2010). Soils weathered from red sand-
stone and mudstone are classified as Typic Dystrudepts, Udepts and
Inceptisols (Wang et al., 2012), and pH ranges from 4.5 to 5.2 (Mo
et al., 2018). The N and P depositions of this region is about 18.4 kg N
ha/y and 0.74 kg P ha/y, respectively (Zhu et al., 2016; Gao et al,, 2017).

Data used in this study included climatic and biotic variables, includ-
ing air temperature at top canopy [Ta], photosynthetically active radia-
tion [PAR], relative humidity [RH], leaf area index [LAI], and C-related
measurements in the corresponding N and P data sets. The C-related
measurements included foliage, woody and fine root biomass, litterfall,
microbial C, forest floor C, soil C, soil respiration and LAIL The corre-
sponding N and P data sets included N and P pools in foliage, woody tis-
sues, fine roots, microbes, forest floor, and mineral soil, litterfall N and P,
soil inorganic N and P, net soil N and P mineralization, plant N and P
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uptake, N and P input from atmospheric deposition, and biological N fix-
ation and soil P weathering. The biotic data were described elsewhere,
for Tiantong site in Gao et al. (2014), Zheng et al. (2017), K. Zhang
et al. (2020) and P. Zhang et al. (2020), and for QYZ site in Li et al.
(2006), Zhang (2013), Q. Zhang et al. (2017) and X. Zhang et al.
(2017). The measurement methods, times, and frequencies for these
data sets have been described in detail by Du et al. (2015, 2017), H.
Liu et al. (2019) and R. Liu et al. (2019). At Tiantong site, the climatic
variables were available from 1953 to 2010, and the biotic measure-
ments were collected from 2011 to 2015. At QYZ site, the climatic vari-
ables were available from 1980 to 2010, and the biotic measurements
were collected from 2003 to 2009. The climatic variables of the both
sites were downloaded from the Chinese Ecosystem Research Network
(CERN, www.cern.ac.cn).

2.2. Model description

Both the Terrestrial ECOsystem C-N coupling model (TECO-CN) and
C-N-P coupling model (TECO-CNP) used in this study are variants of the
TECO C-only version (TECO-C) incorporating additional key N and P
processes, respectively (Fig. 1). The TECO-C model is a process-based
ecosystem model designed to examine critical processes regulating in-
teractive responses of plants and ecosystems to climate change (Luo
and Reynolds, 1999). Based on the TECO-C model, the TECO-CN has
been developed by incorporating C:N ratio with eight various C and N
pools in addition to soil mineral N pool (Fig. 1) as extensively described
in Shietal. (2016) and Du et al. (2017).The TECO-CNP follows the TECO-
CN approach with some modifications including eight tissue P pools
(i.e., foliage, woody, fine roots, metabolic and structural litter, fast,
slow and passive soil organic matter) and three soil mineral P pools
(i.e., soil labile P, sorbed P and strongly sorbed P).

In the TECO-CNP model, carbon enters the ecosystem via canopy
photosynthesis (i.e., GPP) while N and P are assimilated by plants
from mineral soil, and are then allocated into foliage biomass (X;),
woody biomass (X>), and fine roots (X3). Dead plant materials enter
into the metabolic (X4) and structural litter (X5) compartments, and
are decomposed by microbes (Xg). Part of the litter C is respired, and

Phosphorus cycle
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the remaining is converted into slow (X7) and passive SOM (Xg). The
N and P transfer follow the same path with C within the ecosystem,
and can be expressed mathematically by the following three matrix
equations:

‘C% — BU(t)—£(DACX()

dN _

E = ruNmin(t)H_g(t)ACR ]X(t) (])
4P — cuPuy(DO—EMACSX(0)

X(0) = Xo;N(0) = No;P(0) = Pg

where X = (X;,Xz, ...,Xg)T, N= (N], Ng, N3, veey Ng)Tand P= (P], Pz, P3, ceny
Pg)" are 8 x 1 vectors, representing sizes of C, N and P in foliage, wood,
fine roots, metabolic litter, structural litter, microbes, slow and passive
SOM, respectively. B = (by, by, b3, 0,0,0,0,0)", IT = (my,m5,1 — m; —
1,,0,0,0,0,0)Tand © = (64,6,,1 — 6; — 6,,0,0,0,0,0)" are vectors of al-
location coefficients of C, N and P assimilated into leaves, woody tissues
and fine roots, respectively. U(.) is the C input fixed by canopy-level
photosynthesis (i.e., gross primary productivity, GPP). r,, and ¢, are the
rate of plant N and P uptake, respectively. Ny,i»(.) and Pjgp(.) represent
amounts of available N and P in the soil, respectively. §(.)is a scaling
function accounting for temperature and moisture effects on C decom-
position. A and C are 8 x 8 matrices given by

1 0 0o o0 O o0 0 o
O -1 0 0 0 0 0 0
o 0 -1 0 0 0 0 0
0712 0 0712 —1 0 0 0 0 .
A= o288 1 0288 0 -1 0o o o (C-4a8O
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0 0 0 0 0275 0206 —1 0
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where diag(C) denotes an 8 x 8 diagonal matrix with diagonal entries
given by the vector ¢ = (cy,¢5,-+,¢cg)". Components G = 1,2,-,8)
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Fig. 1. Schematic diagram of the terrestrial ecosystem carbon (C), nitrogen (N) and phosphorus (P) coupling model (TECO-CNP). Black arrows indicate C-cycle processes, blue arrows show

N-cycle processes and red arrows show P-cycle processes. SOM, soil organic matter.
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represent C transfer coefficients associated with pool X; (j = 1,2,--,8).R
and S are 8 x 8 diagonal matrix with the diagonal elements given by the
vectors R = (11, 15, T3, ..., 13) and S = (s, 53, 53, ..., )7, representing the
C:N and C:P ratios in the eight organic pools (i.e.), respectively. In this
study, the key parameters, including C transfer coefficients, C:N ratio,
C:P ratio, and 9 other parameters for calculating nutrient uptake and al-
location were estimated simultaneously (Table S1).

2.3. Data assimilation with Bayesian inversion approach

A Bayesian probabilistic inversion approach was employed to iden-
tify model parameters by combing models with data. A detailed descrip-
tion of the data assimilation approach was given by Xu et al. (2006),
Zhou et al. (2010), and Du et al. (2017) as well as Appendix A. Here,
we only provided a brief overview.

To apply Bayes' theorem, we first specified the prior probability den-
sity function (PDF) p(c) by giving a set of limiting intervals for parame-
ters ¢ with uniform distribution (Table S1), and then constructed the
likelihood function p(Z|c) on the basis of the assumption that observa-
tion errors followed a Gaussian distribution. The likelihood function p
(Z| c) was specified according to distributions of observation errors

(&)

P(Z|c) exp {—Z ! Zm(e,»(t))z} 3)

i 20—? tEobs

where o7 is the measurement error variance of each dataset and e;(t) is
the error for each modeled value X;(t) compared with the observed
value Z;(t) at time t.

Generally, added modules can improve model ability to capture
ecosystem responses to environmental changes but may increase un-
certainty with less identifiable parameters. Meanwhile, increasing the
observational data sets would decrease the uncertainty to a certain
degree by providing additional information. There are two criterions
to verify model simulation with Bayesian analysis (Du et al., 2017).
One criterion is the posterior PDFs of those estimated parameters, and
another criterion to judge the validity is the comparison between simu-
lated and observed data (Wu et al., 2009; Weng and Luo, 2011; Du et al.,
2015).

Six data assimilation experiments were conducted as follows:
(i) TECO-C model without assimilating data (C-only) and (ii) with as-
similating eight sets of C data (i.e., foliage, woody, and fine root biomass,
litterfall, forest floor C, microbial C, soil C, and soil respiration, C-C); (iii)
TECO-CN model without assimilating data (CN-only) and (iv) with as-
similating both C and N data (i.e., N in foliage, woody tissues, fine
roots, litter fall, microbes, forest floor, and mineral soil, soil inorganic
N, plant N uptake, and external N input, CN-CN); (v) TECO-CNP model
without assimilating data (CNP-only) and (vi) with assimilating C, N
and P data (i.e., P in foliage, woody tissues, fine roots, litter fall, mi-
crobes, forest floor, and mineral soil, soil inorganic P, plant P uptake,
and external P input, CNP-CNP).

2.4. Relative changes and information contributions on C pools

Model inter-comparisons were used to calculate the relative
changes of C pools (RCP) from nutrient modules. The relative changes
from N processes (RCP'"), data (RCPNP) and both (N module, RCPN™)
were calculated as

RCPNM — 1 foCN(t)

i (t) = log, Xic_c(t>

NP oy XN (4)
RCP;™ (t) = log, X0

RCPYP(t) = RCPY™ (t)—RCP}" (¢)

Science of the Total Environment 795 (2021) 148485

where XV =N(), XSC(£), XN(t) and XE(t) (i =1, 2, ..., 8) are the C pool
sizes simulated in CN-CN, C-C, CN-only and C-only models at time ¢, re-
spectively. Similarly, the RCPs from P processes (RCP?), data (RCP')
and both (P module, RCP™) were calculated as:

o CNP—CNP, 1)
RCP;™(t) = logzi)’(iCN{N(t)
XN (1) (5)
RCP(t) = log ,
i ( ) 82 X,»CN(t)

RCP{P(t) = RCP™ (t)—RCP{" (¢)

where X{N~NP(t) and XIN(t) (i = 1, 2, ..., 8) are the C pool sizes sim-
ulated in CNP-CNP and CNP-only models at time ¢, respectively.

The relative information gains (Kullback and Leibler divergence,
D) (Kullback and Leibler, 1951) which calculate the differences in
the distributions of simulated C pools between two versions of the
TECO framework (CN-CN and C-C, CN and C-only, CNP-CNP and CN-
CN, CNP and CN-only). The relative information gain (D) was calcu-
lated as

DX X)) = 3 o) o8 22

(6)

n
i=1

3. Results
3.1. Parameter estimation and comparison

In Tiantong site, eight parameters for TECO-C model with C data (C-
C), three for TECO C-N coupling model with C and N data (CN-CN), and
six for TECO C-N-P model with C, N, and P data (CNP-CNP) relating to
the C cycle were well constrained in the three experiments with assim-
ilating observation (Fig. 2a). Seven parameters associated with the N
cycle were well constrained in CN-CN and CNP-CNP (Fig. 2b), and
seven parameters related to the P cycle were well constrained in CNP-
CNP (Fig. 2c). However, in QYZ site, the number of well-constrained pa-
rameters with assimilating data had nine parameters for C-C, ten for CN-
CN, and nine for CNP-CNP relating to C cycle (Fig. 3a); seven parameters
for CN-CN and five for CNP-CNP relating to N cycle (Fig. 3b); and six pa-
rameters for CNP-CNP relating to P cycle (Fig. 3¢). Without assimilating
data, almost all parameters were not constrained (Figs. 2 and 3).

Although these parameters were well constrained when assimilat-
ing observational data sets, the estimated median of boxplots of most
parameters among experiments were considerably different (Figs. 2
and 3). For these C-related parameters, the medians of C; (1.82 mg C
g~ ' d~" for Tiantong and 1.89 mg C g~ ' d~! for QYZ, respectively), Cg
(13.1and5.8mg Cg 'd™"), b; (0.19and 0.25mg Cg~'d™ ') and b3
(0.38 and 0.4 mg C g~ ' d~') were highest in C-C, respectively, while
the Medians of C; (3.7 and 6.6 mg C g~ ' d~') and C; (0.11 and
0.057 mg C g~ 1 d™1) in CN-CN, and those of C, (0.42 and 1.3 mg C
g 'd™"),Cs(1.5and 1.3 mg Cg~'d '), Cg (0.024 and 0.008 mg C
g 1'd 1) and b, (0.36and 047 mg Cg~ ' d~!) in CNP-CNP were highest
(Figs. 2a and 3a).

For those N-related parameters in Tiantong site, the medians of CN3
(294mgCg'd™ "), CNs(1.05mgCg~'d™1),CN,(540mgCg 'd™ 1)
and CNg (4.01 mg C g~' d~!) were no significant differences between
CN-CN and CNP-CNP, but CN, was higher in CNP-CNP (425.7 mg C g~ !
d™") than that in CN-CN (280.4 mg C g~ ' d~!). However, in the QYZ
site, the medians of CNg (31.6 mg Cg~'d™") and ku (1263 mg Cg™!
d~!) were higher in CN-CN than in CNP-CNP (24.4 and 264 mg C g !
d™', respectively). The medians of CN; (469 mg C g~' d™!), CN,
(4559 mgCg 1d™!),CN; (80.6mgCg 'd!) and CN5 (10.5 mg C
g~ 1 d™") were higher in CNP-CNP than those in CN-CN.

Compared with those in Tiantong site, a combination of higher C:N
ratios and lower C:P ratio led to lower N:P ratios for several C pools in
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Fig. 2. Median (central line), 25 to 75% range (wide boxes), 5 to 95% range (whiskers) for 11 parameters relating to carbon (C) cycle across all six assimilation experiments (panel a), for 11
parameters relating to nitrogen (N) cycle in four experiments (i.e., CN-only, CN-CN, CNP-only and CNP-CNP, respectively, panel b), and for 11 parameters relating to phosphorus (P) cycle
of both the CNP-only and CNP-CNP (panel c) in the Tiantong site. See Table S1 for parameter abbreviations and units.

QYZ site (Fig. 4), such as woody biomass (N:P ratio of 12.8 for QYZ vs. 22
for Tiantong), metabolic litter (5.9 vs. 16) and Microbe (0.4 vs. 4.3)
pools. However, the lower N:P ratio (27 vs. 58) for slow SOM pool in
QYZ might be mainly caused by the higher C:N ratio (15 vs. 5.4) com-
pared with that in Tiantong site. The stoichiometries (i.e., C:N, C:P and
N:P ratios) for the rest of C pools, including foliage, structural litter,
and passive SOM, were no significant difference between the two sites.

3.2. C storage forecasts and relative contributions of nutrient modules

In both Tiantong and QYZ sites, long-term forecasts of the C storage
increased at first and then slowly reached the plateau for all six experi-
ments (Fig. 5). The annual C storage size varied considerably from
77.7 kg C m~2 for CNP-CNP experiment to 142.0 kg C m~2 for C-C in
Tiantong site at the end of this century (Fig. 4a), and from 81.4 for CN-
only to 132.2 kg C m~2 for C-C in QYZ site (Fig. 5b). Assimilation of
data sets substantially reduced variations of forecasted C contents

among the three experiments except the CN-CN experiment in Tiantong
site. Additionally, assimilating nutrient data introduced their limitation
effects on C projections for CNP-CNP by 45.3% in Tiantong site, and by
25.6% for CN-CN and 13.4% for CNP-CNP in QYZ site.

The effects of nutrient modules among C pools changed largely be-
tween the two sites (Fig. 6). In Tiantong site, most C pools were limited
by additional N data, such as wood biomass (X5, —148%), metabolic lit-
ter (X4, —64.5%), structural litter (X5, —137%), and fast (X5, —152%),
slow (X7, —144%) and passive (Xg, —37.3%) SOM, but foliage biomass
(X1, +142%) and fine root pool (X3, +49.4%) increased as well as stim-
ulated effects of added N processes on all C pools except fine root pool
(X5, —47.3%). Additional P data and processes induced positive (i.e., X;
[+74.5%], X> [+150%], X5 [+67.9%], X6 [+123%], X7 [+190%], X5
[+71.6%]) and negative (i.e., Xo [—10.5%], X5 [ —4.8%], X4 [—239%], X5
[—114%], X [—254%], X7 [—180%], Xs [—155%]) effects for most C
pools. However, in the QYZ site, additional N data limited woody bio-
mass (—50.5%), fine root (—12.9%), structural litter (—72.4%), and
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Fig. 3. Median (central line), 25 to 75% range (wide boxes), 5 to 95% range (whiskers) for 11 parameters relating to carbon (C) cycle across all six experiments (panel a), for 11 parameters
relating to nitrogen (N) cycle in four experiments (i.e., CN-only, CN-CN, CNP-only and CNP-CNP, respectively, panel b), and for 11 parameters relating to phosphorus (P) cycle in both CNP-
only and CNP-CNP (panel c¢) in the QYZ site. See Table S1 for parameter abbreviations and units.

total C storage (—47.9%), and added N processes affected the fast
(—169%), slow (—95%) and passive (—118%) SOM pools and total C
storage (—44.2%) (Fig. 6b). Additional P processes induced less effects
on most C pools except total C storage (+21.9% vs —2.6%) compared
with the added P data in QYZ site (Fig. 6d). For both sites, the offset be-
tween nutrient data and processes decreased the combined effects of
nutrient modules on most C pools as well as the total C storage. Never-
theless, added N module induced the negative effects on woody bio-
mass, which was the largest contribution on total C storage for both
Tiantong (—40.9%) and QYZ (—56.4%) sites. The P module induced neg-
ative effect on metabolic litter (—49.9%) in Tiantong site and positive ef-
fect on slow SOM (+51.1%) in QYZ site, which were also the largest
contribution on total C storage.

The information contributions (i.e., relative information gain [RIG])
of additional nutrient modules from data sets and processes were quan-
tified by Shannon information index (SII, Eq. (5), Fig. 7). In both
Tiantong and QYZ sites, added N data, N processes, and both N data

and process induced the biggest RIGs for passive SOM (0.15 bit for
Tiantong and 0.96 bit for QYZ), slow SOM (0.03 and 0.1 bit), and passive
SOM (0.12 and 0.52bit) pools, respectively. The biggest RIGs were from
slow SOM (0.68 bit), structural litter (0.09 bit) and slow SOM (0.59 bit)
pools as a result of added P data, P processes and both in Tiantong site,
respectively, while the passive SOM (0.83 bit), structural litter (0.13
bit) and passive SOM (0.4 bit) were the biggest RIGs induced by P
data, processes and both, respectively.

4. Discussion

4.1. Effects of N vs. P limitation on ecosystem C storage in two subtropical
forests

This study evaluated the determinants of nutrient status in subtrop-
ical forests by gradually integrating nutrient processes and measure-
ments in a model-data fusion framework. The results demonstrated
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site.

that Tiantong site was dominantly P-limited while effects of N limitation
decreased ecosystem C storage projections in QYZ site. Therefore, the in-
dicators of N- and P-dominated limitations under natural ecosystems
could be distinguished and the underlying mechanisms behind the dif-
ferent nutrient stress could be recognized.

Our approach effectively distinguished effects of N and P limitations
according to two lines of evidence. First, N limitation dominantly

(a)
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Fig. 5. Total ecosystem carbon (C) dynamics projections in the two subtropical forests,
(a) Tiantong site and (b) QYZ site, using 5000 random parameters sampled from
posteriori parameter space (C-only, CN-only, CNP-only, C-C, CN-CN and CNP-CNP) used
in TECO-C, TECO-CN and TECO-CNP, respectively. The line is mean value and the
respective shaded band shows uncertainties (95% confidence intervals) for the spread
over 5000 simulations for each experiment. Median (central line), 25 to 75% range
(wide boxes), 5 to 95% range (whiskers) for the projections at the end of the projections
are shown in the right for each experiment, respectively.

decreased the C storage projections in QYZ site, but P limitation did in
Tiantong site (Fig. 5). Added P module induced the largest decrease on
C sequestration projections in Tiantong site, while added N module in-
duced the greatest constrains in QYZ site. Specifically, the nutrient ef-
fects on slow-turnover pools drove long-term C storage trajectories for
the both sites but probably with different mechanisms. In Tiantong
site, the combination of fast turnover rate of metablic litter (C4) and
high C allocation rate (b,) regulated the sizes of metablic litter and
woody biomass in CNP-CNP (Figs. 2a and S3). However, in QYZ site,
the C storage projections were regulated by added N module, which
constrained the turnover rate of slow SOM (C;) and allocation of
woody biomass (b,) (Fig. 3). This may be related to slow-turnover
pools in woody species acting as nutrient reservoirs, which are more re-
sponsive indicators for soil nutrient availability than fast-turnover pools
(Garrish et al., 2010; Schreeg et al., 2014). This might be due to that nu-
trient demands varied for different tree species and/or tree ages be-
tween the Tiantong and QYZ sites (Lu et al., 2010; H. Liu et al., 2019;
R. Liu et al., 2019). These findings were consistent with the results
from the field nutrient addition experiments, demonstrating that re-
sponses of C storage to N and P constraints mainly resulted from the dif-
ference in soil physical or chemical properties (Vitousek et al., 2010),
plant species composition (Huang et al., 2012), and forest succession
(Davidson et al., 2007; Yan et al., 2018; Ma et al., 2020) between two
subtropical forests.

Second, different effects of N and P limitation were proved by flexi-
ble N:P ratios for specific C pools. Specifically, the N:P ratios were higher
in Tiantong than in QYZ sites for woody biomass, metabolic and struc-
tural litter, microbe and slow SOM, but were not the case for the foliage
and fine roots (Fig. 4). The variations of N:P ratios for both plant and
SOM pools occurring between the two sites displayed the adaptability
of natural ecosystems under different nutrient stress (Sterner and
Elser, 2002; Elser et al., 2000; Cleveland and Liptzin, 2007). Different
N:P ratios for those slow turnover pools (i.e., wood, structural litter
and slow SOM) reflect the imbalanced accumulation of nutrient storage
in the two subtropical forest ecosystems. Higher N:P ratios for slow
turnover pools indicated relatively less stored P in Tiantiong site in com-
parison with those in QYZ site (Fig. 4). However, low N:P ratios in fo-
liage and fine roots may have illustrated that plants increased the
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degree of P availability following those fast-turnover tissues in P-limited
site. We also found a higher N:P ratio in litter and further led to higher
N:P ratios in SOM in Tiantong than QYZ sites (Fig. 4), implying that P-
limited trees tended to serve more P from both fine roots and leaves
prior to abscission. This is probably due to the fact that nutrient reloca-
tion is an important mechanism in the subtropical forest ecosystems to
retain N or P in plant developing tissues (Escudero et al., 1992; Aerts,
1996; Crous et al., 2019; Xu et al., 2020). Those findings were consistent
with previous studies that the amount of both N and P resorption tend
to increase under nutrient stress (Reed et al,, 2012; Vergutz et al.,
2012; Du et al., 2020). In contrast, our results revealed that N:P ratios
of fast turnover pools in plant parts (e.g., leaf and fine root) should not
be treated as indicators for nutrient limitation in a given ecosystem
(de Campos et al., 2013; Crous et al., 2019).

As nutrient cycling in natural ecosystems is largely driven by the mi-
croorganisms (Waldrop and Firestone, 2004; Spohn et al.,, 2016), both
the stoichiometry and activity of microbes are related to resource acqui-
sition and are usually used as predictors of nutrient limitation
(Cleveland and Liptzin, 2007; Sinsabaugh et al., 2009; Waring et al.,
2013). There was a considerable difference in the N:P ratio of microbial
biomass between the two sites (Fig. 4). The added P-related measure-
ments in Tiantong site showed a high sensitivity of the total C to the mi-
crobial C:P ratio (R> = 0.72, Fig. S3). In contrast, added N-related data
led to a high sensitivity of the total C to the microbial turnover rate
(Ce, R? = 0.57, Fig. S4) in the QYZ site. Those results suggested that
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the P- and N-related measurements contained different information in
constraining the stoichiometry of soil microorganisms, which could be
treated as an indicator of nutrient limiting. Those findings were sup-
ported by a long-term fertilization experiment in forest ecosystems, in
which plant production and litter decomposition were limited by N
and/or P availability largely due to soil ages, driving both the stoichiom-
etry and activities of soil microorganisms (Vitousek and Farrington,
1997; Hobbie et al., 2007; He et al., 2020).

4.2. N and P effects on C storage projections

The different effects of N and P limitations on C storage projections
between the two subtropical forest ecosystems reflected that the bio-
geochemical processes were associated with vegetation type, soil type,
nutrient acquisition strategy of plants and microbes, and soil nutrient
availability. Distinguishing the N and P effects via model intercompari-
son in the TECO framework can provide a unique opportunity to quan-
tify the effects of nutrient availability and limitation on ecosystem C
processes.

The plant photosynthetic capacity is also associated with the leaf N
and P concentrations, reflecting plant investment in photosynthetic ma-
chinery for light harvesting and carboxylation rates (Walker et al., 2014;
Bahar et al., 2017; Yan et al., 2018). In this study, we assumed the same
nutrient effects on GPP at the two sites, since we used the identical GPP
as model forcing for all the TECO versions (Fig. 1). However, both added
N and P modules increased the size of foliage C pools in the two sites
(Fig. 6), mostly due to a decrease in foliar turnover rate (Cy, Figs. 2, 3,
S3 and S4). Integrating N- and P-modules prolong the leaf life span,
leading to increased plant nutrient use efficiency (Liu et al., 2013;
Norby et al., 2017). Tiantong site had the higher variation in foliar turn-
over rate than QYZ site (Figs. 2 and 3), which supported the idea that the
weaker homeostatic control existed in leaf turnover due to different tree
species and the stand age (Kattge et al., 2009; Garrish et al., 2010; Liu
etal, 2013).

Both N- and P-modules induced large effects on woody biomass for
the two sites (Fig. 6), but with different mechanisms. In the Tiantong
site, added N module decreased the woody pool size, which was mainly
driven by decreased woody C allocation (b,) (Figs. 2 and S3). On the
contrary, added P module induced positive effect mainly due to in-
creased C allocation to woody tissue. However, in QYZ site, both
added N- and P-modules increased the turnover rate of woody (C3),
resulting in the negative effects of the woody pool (Figs. 3 and S4).
Those different effects on woody tissue further affected C transfer to
the metabolic litter and slow SOM in Tiantong and QYZ sites (Fig. 6), re-
spectively. One possible reason is the difference of nutrient use strate-
gies between the two sites with the different stand ages. That is,
under nutrient stress, older stands in Tiantong site tend to adjust ele-
ment allocation to maintain the stoichiometric balance, while younger
stands in QYZ site accelerated the turnover of nonphotosynthetic tissues
(e.g., woody and root). Another reason may be the species-specific nu-
trient economy under different environmental conditions (Wright and
Westoby, 2003; Reed et al., 2012; Yan et al,, 2018). The tradeoff of turn-
over (including allocation and decomposition) between woody and
metabolic litter would be a strategy for the evergreen broadleaf forest
in Tiantong site under unbalanced N and P conditions (Li et al., 2016;
Camenzind et al., 2018). However, for the evergreen coniferous forest
in QYZ site, faster turnover rate of wood decomposition and higher
soil C accumulation seemed to be main mechanism to relieve the effects
of nutrient limitation compared with those in Tiantong site (Deng et al.,
2017; Kou et al,, 2018).

4.3. Model uncertainties from nutrient modules
Models have the potential to explore effects of multiple ecological

processes and evaluate the likelihood of future projections (Luo et al.,
2011). However, model performance can be influenced by both
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additional process and data (Wieder et al., 2014; Hararuk et al., 2015;
Du et al,, 2017). In this study, we explored the sources of uncertainty in
the N and P modules with respect to the data and processes in the two
subtropical forest sites by quantifying the differences in relative informa-
tion among six experiments of TECO model. Overall, the nutrient data of-
fered the beneficial information (i.e., positive information gain) while the
added nutrient processes increased noise (i.e., negative information gain)
for most C pools in long-term projections in both sites (Fig. 7). Additional
observational data provided complementary information for parameter
constraint while added processes induced less identifiable information
(e.g., fewer constrained parameters), which were consistent with those
from previous studies (Thomas et al., 2015; Du et al., 2015, 2017). For in-
stance, additional processes of N and P resulted in negative information
gain, while added N and P data induced positive information gain for pro-
jections of SOM pools in the two sites. Similarly, the total SOM amount
was partitioned into three pools (i.e., fast, slow and passive SOM), induc-
ing high model uncertainty with more parameters, whereas both the N-
and P-related data for SOM provided complementary information to con-
strain those parameters (Figs. 2 and 3). However, the negative informa-
tion gain from additional nutrient data also existed in a few pools in
both sites, such as the metabolic and structural litter (Fig. 7), suggesting
that the information contained in the nutrient data was insufficient to
separate these two litter pools.

Currently, most biogeochemical models follow a similar structure for
the C-N coupling to the TECO model, such as DAYCENT, G-DAY, O-CN,
LPJ-GUESS and TECO, but only a few models were incorporated into P
processes (e.g., CABLE, DNDC, Wang et al., 2010; Gilhespy et al., 2014).
Previous studies have demonstrated that those models can be used to
interpret terrestrial ecosystem dynamics in response to observed or ma-
nipulated environmental change. The existed models with P process are
difficult to incorporate observation into models to estimate parameters
and assess the model structure. We thus implanted the P module in our
TECO model to examine effects of nutrient limitation on C storage ca-
pacity. Despite specific representations of some processes in the TECO
model framework (e.g., a much larger SOM pool) compared with other
models, our analysis still showed an improvement in quantifying the
different patterns of nutrient limitation between two subtropical forest
ecosystems by adding nutrient modules in terrestrial ecosystem models.

5. Conclusions

Improving representation of nutrient limitation is a high priority for
ecosystem and land surface modeling, especially when these models
simulate responses of C storage capacity to imbalanced N and P inputs.
In this study, we investigated the effects of the N- and P-modules on C
storage capacities by gradually integrating nutrient processes and mea-
surements in a model-data fusion framework at two subtropical forests.
The results showed that P dominantly constrained C storage capacities
in Tiantong whereas the N limitation decreased C storage projections
in QYZ site. Stoichiometry of wood biomass and soil microbe were
good indicators of N/P availability under natural ecosystems. These find-
ings suggest that the distinct nutrient demands for different trees spe-
cies and tree ages, and representation of flexible stoichiometries for
both slow-turnover pools and soil microbe are essential to improve eco-
system C storage projection in the future.

Code availability

The code for TECO-C, TECO-CN and TECO-CNP is available at
https://github.com/zgdu/MCMC_TECO-CNP (last access: 4 November
2020).
Data availability

The data for this paper are available upon request to the correspond-
ing authors.
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Appendix A. Data assimilation

We used a Bayesian inversion approach which built upon the Bayesian
probabilistic inversion to assimilate the observed datasets into the
models. Bayes' theorem states that the posterior probability density
function (PDF) p(c|Z) of model parameters c can be obtained from prior
knowledge of parameters and information generated by a comparison
of simulated and observed variables. The theorem can be expressed as
follows:

p(Zlo)p(c)
p2)

where p(c) is the prior probability density distribution PDF, p(c|Z) rep-
resents the probability of the observed data, and p(Z|c) is the likelihood
function for parameter c that expresses the fit between the modeled and
observed data. The prior PDF of the estimated parameters p(c) was
specified as the uniform distribution over a set of specific intervals
(see Table 1). Lower and upper limits of the intervals were set by syn-
thesizing values from the literature, knowledge of the system, the raw
model output, and prior information from Luo et al. [2003], Wu et al.
[2009] and Shi et al. [2016]. The likelihood function p(Z|c) was calcu-
lated with the assumption that observation errors followed a Gaussian
distribution with a zero mean (Eq. (3)), The error for each modeled
value X;(t) compared with the observed value Z;(t) at time t, expressed
by

p(cl2) = (A1)

Table 1
The biometric data sets that were assimilated in this study.
Variable Tiantong QYZ Unit
Size of Mean + Size of Mean + std
data std data

Soil respiration 41 23+16 157 22+ 1.1 gCm2d~!
Litterfall C 4 435 + 42.7 7 923 4 122 gCm 2y~!
Wood C 4 8671 + 564 7 6606 + 1051 gCm ™2
foliage C 4 217 + 18.6 7 419 + 66 gCm—?
Mircobe C 5 164 + 18.0 4 975+ 9.1 gCm—?
Nee 4 3561 + 667 2 3944 + 118 gCm—?
Litterfall N 5 6.7 + 0.7 7 9.6+ 1.0 gNm2y!
Wood N 4 314 +20 7 154+ 24 gNm2
Leaf N 4 6.1 £0.5 6 11.7 £ 19 gNm™2
Soil TN 11 581 + 69 4 107 £+ 24 gNm 2
Inorganic N 8 34+ 06 5 22+ 05 gNm?
Litterfall P 5 0.8 +02 5 1.08 + 0.1 gPm 2y~!
Wood P 4 1.7 £ 0.1 4 1.8 +03 gPm 2
Leaf P 4 0.7 + 0.1 4 0.5+ 0.1 gPm2
Soil TP 11 34.7 + 4.1 3 46.7 + 6.3 gPm™2
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ei = Zi(t)=Yi(t) (A3)

To calculate Y;(t) from the modeled data X;(t), we used the mapping
operator & = (¢}, ¢%,...,©5)" to match the simulated state variables (C
and N contents of the eight pools) and fluxes to the observational vari-
ables at time t (Luo et al., 2003; Du et al., 2015; Shi et al,, 2016), and P is
a9 x 8 matrix given as

0.75 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 0.75 0 0 0 0 0
Cq 0 0 0 0 0 0 0
b = 0 0 0 0.75 0.75 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 1 1 1

0.25¢; 0.25¢; 0.25¢3 0.55c4 0.45c5 0.7¢g 0.55c; 0.55cg

0 0 0 0.55¢c4 0.45c5 0.7cg 0.55¢; 0.55cg

(Ad)

For the each pool or flux, the modeled value was expressed as

Yi=¢X(i),i=12,...,9 (A5)

The posterior PDFs p(c|Z) for the model parameters were generated
from prior PDFs p(c) with observations Z using a Markov chain Monte
Carlo (MCMC) sampling technique. The Metropolis-Hastings (M-H) al-
gorithm [Metropolis et al., 1953; Hastings, 1970] was used as the
MCMC sampler. New proposal parameter points were generated by:
" = k1 4 r(Omax—Omin) (A7)
where 6,,,qx and 6,,,;, are the maximum and minimum values of the given
parameter space, respectively, and r is a random variable between —0.5
and 0.5 with a uniform distribution. Whether the new point ¢"®" was ac-
cepted or not dependent on the value of the ratioR = ;’(giw, “? compared
with a uniform random number N from O to 1. Only if R 2N, the new
point was accepted (i.e., ¥ = c"%); otherwise c* = ¢*~' (Xu et al,,
2006). We formally made five parallel runs using the M-H algorithm
with 600,000 simulations for each run. Each run started from a random
initial point in parameter spaces to eliminate the effect of the initial con-
dition on stochastic sampling. The acceptance rates for the five runs
tested by the Gelman-Rubin (G-R) diagnostic method in the three ex-
periments ranged from 5% to 10% (Xu et al.,, 2006). The initial samples
(approximately 6000 for each run) were discarded after the running
means and standard deviations (SDs) were stabilized (regarded as the
burn-in period).

All the accepted samples from five runs after the burn-in periods
(approximately 100,000 samples in total) in each experiment were
used to construct posterior PDFs. The same sets of simulated C contents
of the eight pools were generated by 98-year forward model runs with
these accepted parameters.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148485.
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