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Abstract The terrestrial carbon (C) cycle is shifting to a state of dynamic disequilibrium under a rapid
global climate change. However, the magnitude of such disequilibrium is inherently hard to measure directly.
Abundant studies have revealed that the availability of nutrients, particularly nitrogen (N) and phosphorus (P),
constrains ecosystem productivity and carbon stocks across the globe. However, whether and how nutrient
limitation affects the disequilibrium magnitude of the terrestrial C cycle (X,) has never been evaluated. Here,
we developed an approach by combining a process-based numerical model and an analytical framework to
evaluate the role of nutrient limitation on X,. We found that nutrient limitation did have significant impacts
on the X . Over the modeled period of 1901-2013, absolute change in X, was 497.6 PgC under the C-only
run, while it decreased to 155.6 and 124.3 PgC under N and NP limitations, respectively. To understand the
underlying reasons, we further disaggregated the changes of X into changes in steady-state C storage and
transit C storage with the former being decomposed into a productivity-driven change, an ecosystem-C-
residence-time-driven (z,-driven) change, and a change induced by productivity-z, interactions. We found
that nutrient constrained the increase in X, primarily by dampening the productivity-driven changes in the
steady-state C storage. Reductions in the productivity-driven term under N and NP limitations accounted

for 94.7% and 94.9%, respectively, of the reductions in the steady-state C storage. These results indicate that
nutrient limitations have profound impacts on future climate-biosphere feedback by reducing the disequilibrium
magnitude of the terrestrial C cycle.

Plain Language Summary The steady-state assumption is prevalent in terrestrial carbon (C)

cycle studies, where C influxes are assumed to balance against C effluxes. However, climate change and other
disturbances have caused dynamic disequilibrium of the terrestrial C cycle. The disequilibrium magnitudes of
the terrestrial C sink and source vary over time under disturbances. Nutrient limitation, particularly from N and
P, is widely acknowledged as one of the influential factors to the terrestrial C sink. It remains unknown whether
and how nutrient limitation affects the disequilibrium magnitude of the terrestrial C cycle (X,). In this study,
we first used an analytical way to estimate the X, and further proposed a framework to disaggregate controls

on the dynamics of X,. We then applied the analytical framework to a C-N-P-coupled land-surface model to
investigate the role of nutrient limitation on the X . We found a significant nutrient limitation on the X . Over
the modeled period, the absolute change in X, was reduced by 68.7% and 75.0% under N and NP limitations,
respectively. These results indicate that nutrient availability can regulate the pattern of dynamic disequilibrium
in the terrestrial C cycle under future climate change.

1. Introduction

Anthropogenic carbon (C) emissions from fossil fuel combustion and land-use change have resulted in a rapid
increase in atmospheric CO, concentration and climate change (Canadell et al., 2007; Le Quéré et al., 2018;
Zaehle, 2013). These unprecedented changes in the climate system have caused the dynamic disequilibrium (or
instability) of the terrestrial C cycle (Luo & Weng, 2011), that is, the sink and source behaviors of the terrestrial
C cycle and the disequilibrium magnitude vary over time in response to a global change. For example, rises in
atmospheric CO, concentration have stirred the preindustrial C cycle, which stimulates plant C uptake, thus
enhancing the strength of terrestrial C sink. Over the last half-century, the terrestrial C sink nearly tripled in
magnitude, increasing from 1.3 + 0.4 GtC yr~! in the 1960s to 3.4 + 0.9 GtC yr~! in the 2010s (Friedlingstein
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et al., 2020). However, the CO, fertilization effect on terrestrial C sequestration is not infinite due to nutrient limi-
tation, particularly nitrogen (N) and phosphorus (P) limitations (Hessen et al., 2004; Vitousek et al., 2010). Based
on the concept of dynamic disequilibrium (Keenan & Williams, 2018; Luo et al., 2017; Luo & Weng., 2011;
Odum, 1969), disturbances and climate change lead to disequilibrium of the C cycle, while internal C processes
(i.e., C assimilation, partitioning, and decomposition) drive the ecosystem recovering toward a steady state. It is
thus reasonable to assume that nutrient limitation on C sequestration in a CO,-enriched environment might result
from nutrient influences on both the internal C processes and the disequilibrium magnitude of the terrestrial C
cycle.

Nutrient limitations on terrestrial C processes, especially vegetation productivity, have been widely observed
at both the site level (Elser et al., 2007; Menge & Field, 2007; Oren et al., 2001; Reich et al., 2006; Sionit
et al., 1981) and the global scale (e.g., Elser et al., 2007; Oren et al., 2001; Sionit et al., 1981; van Groenigen
et al., 2006; Xia & Wan, 2008). Not only the productivity but also the C allocation can be affected by the availa-
bility of nutrients. Under nutrient limitations, for example, plant trends to allocate more sequestrated C to below-
ground for fine root production and root exudation rather than stored in long-lived C compartments (Hofhansl
et al., 2016). Additionally, the nutrient limitation could affect both the quantity and the quality of produced
litter, altering the decomposition processes (Averill & Waring, 2017) and soil C storage (Crowther et al., 2019).
However, how nutrient limitation would influence the disequilibrium magnitude of the terrestrial C cycle is
unknown as it is hard to estimate in field studies. Terrestrial ecosystems act as C sinks or sources only when the
C cycle is at disequilibrium (Keenan & Williams., 2018; Luo & Weng., 2011). The dynamic of disequilibrium
magnitude can be a good indicator of the behavior of the terrestrial C cycle (Luo & Weng., 2011). Therefore,
understanding how nutrient limitation changes the disequilibrium magnitude of the terrestrial C cycle could have
important implications for predicting future land C sink strength.

The disequilibrium magnitude of the terrestrial C cycle can be estimated as the difference between ecosystem
C stocks at the steady and transit states (Luo et al., 2017). The concept of disequilibrium magnitude has two
inferences: (a) when the transient C stock is smaller (larger) than the steady-state C storage, the disequilibrium
magnitude is positive (negative) and the ecosystem could be potential C sink (source); (b) the uneven responses
of transient and steady-state C stocks to disturbances and climate change will lead to the disequilibrium magni-
tude varying over time. Thus, impacts of nutrient limitation on the disequilibrium magnitude of the terrestrial
C cycle depend on how nutrient availability regulates those key C processes that influence transient and steady-
state ecosystem C stocks differently. Specifically, the dynamic of transient ecosystem C stock is determined by
the balance between photosynthetic C input (i.e., net primary productivity; NPP) and multiple pathways of C
losses (Keenan & Williams, 2018). The steady-state ecosystem C stock is determined by net primary productivity
(NPP) and ecosystem C residence time (z), which measures how long the inputted C can reside in an ecosystem
(Sierra et al., 2017; Xia et al., 2013). Thus, the critical step to studying nutrient limitation on the disequilibrium
magnitude is to know how the abovementioned processes change under different nutrient conditions. Changes
in C influxes and effluxes are measurable in the natural ecosystem. However, changes in 7, are determined by a
myriad of biological processes, and some of these processes cannot be directly measured (Lu et al., 2018). Thus,
the dynamics of 7, are usually studied by modeling simulations and theoretical analyses (Lu et al., 2018; Sierra
etal., 2017).

Global land-surface models are widely used for understanding the long-term and large-scale terrestrial C cycle
(Fisher et al., 2014; Fisher & Koven, 2020; Huntzinger et al., 2013). The tight interactions involving C, N, and
P cycles have long been acknowledged as one of the most important factors determining the future terrestrial
C-cycle-climate feedbacks (Elser et al., 2007; Oren et al., 2001; Sionit et al., 1981; van Groenigen et al., 2006;
Wieder et al., 2015). Consequently, more and more models have implemented mechanistic representation of the
N cycle in recent decades (Gerber et al., 2010; Goll et al., 2012; Thornton et al., 2007; Wang et al., 2010; Wang
etal., 2018; Zaehle & Friend, 2010), and some of them have also incorporated the P cycle (Goll et al., 2012; Wang
et al., 2010, 2018; Zhu et al., 2019). In the ongoing Sixth Phase of the Coupled Model Intercomparison Project
(CMIP6, Eyring et al., 2016), more than half of the models explicitly represent the N limitation on the terrestrial
C cycle (Arora et al., 2020; Davies-Barnard et al., 2020; Jones et al., 2016). These achievements have paved the
way to study how N and P cycles interactively and independently affect the global terrestrial C cycle. We thus
take advantage of the C-N-P-coupled model to explore whether and how N and P limitations would change the
disequilibrium magnitude of the terrestrial C cycle.
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In this study, we first provided a theoretical framework to trace factors determining the disequilibrium magni-
tude of the terrestrial C cycle. Specifically, we separated the dynamic of disequilibrium magnitude into changes
in the steady-state C storage and the transit C storage. The steady-state C storage is further decomposed into a
productivity-driven change, a 7 -driven change, and a change induced by productivity-z,, interactions. Then, we
applied the framework with the Australian Community Atmosphere Biosphere Land Exchanges (CABLE) model,
which is the land module of the Australian Community Climate and Earth System Simulator (ACCESS-ESM1,
Law et al., 2017). The major aim of this study is to use global model simulations with (i.e., C-N and C-N-P) and
without (i.e., C-only) nutrient cycles to explore the impacts of nutrient limitation on the disequilibrium magnitude
of the terrestrial C cycle.

2. Material and Methods
2.1. Transient C Cycle Framework

The terrestrial C cycle initiates from photosynthesis through which plants assimilate C from the atmosphere for
the growth of leaf, root, and wood. Part of the sequestrated C is released back to the atmosphere through auto-
trophic respiration. Dead tissues of plants are further decomposed and transformed into soil inorganic matter
(SOM). Throughout the decomposition processes, some C is consumed and respired by microbes. These C
processes determine the dynamics of terrestrial C storage (?), which can be tracked by the below equation
(Huang et al., 2018; Luo et al., 2003, 2017; Luo & Weng, 2011; Xia et al., 2013):

PO~ Bu - AKEDX W) M
where the X(7) is a vector representing C stocks of different C pools at time 7. The u is C inputs from photosynthe-
sis (i.e., net primary productivity (NPP)), and the B is a vector representing the partitioning coefficients of u. The
first term, Bu(t), thus represents the partition of photosynthate among different live C pools (e.g., leaf, wood, and
root). The second term, AKE()X(t), describes the movements and exit rates of C atoms along their transferring
paths (Huang et al., 2018; Luo et al., 2017; Xia et al., 2013). The A, K, and £ are all matrices. The A is a transfer
coefficient matrix, representing movements of C atoms among multiple C pools. The K matrix represents the
exit rates of different C pools. The £ matrix represents the scalars of environmental factors, such as temperature,
moisture, and nutrients.

The C cycle of a terrestrial ecosystem intrinsically tends to chase its steady state over a chronic time frame
(Keenan & Williams, 2018; Luo & Weng, 2011). When terrestrial C reservoirs reach their maximum storage
capacity at a steady state, there are no further net C exchanges (Luo & Weng, 2011). Therefore, the maximum C
storage capacity can be solved by letting Equation 1 equal 0 (dX(t)/dt = 0):

Xs(t) = (AKE®) " Bu(?) 2

where X_(#) is a vector representing the C storage capacity of different C pools in the steady-state condition
(Luo et al., 2017; Xia et al., 2013). The term, (AKE(¢))~'B, is a vector that measures the C residence time (7)
of different C pools. The sum of components in the vector is the ecosystem C residence time (z;), which is an
important ecosystem property involving multiple processes (Carvalhais et al., 2014), including C allocation (the
B vector), C transferring network (the A matrix), decomposition processes (the K matrix), and regulations from
environmental factors (the £ matrix). When considering the NPP as C inputs into an ecosystem, its total C storage
capacity X, (the sum of components in the vector X_ ) can thus be defined as

X.(t) = NPP(1) X 7£(1) ?3)

Under global changes, the terrestrial C cycle is in dynamic disequilibrium (Luo et al., 2017; Luo & Weng, 2011),
where the C storage of an ecosystem is perturbed away from its steady-state storage capacity. The difference
between the C storage capacity and the current C storage measures the disequilibrium magnitude of the ecosys-
tem (X,):

Xp() = X.(t) - X(1) 4

WEIET AL.

3of 17

35U8217 SUOWIWIOD 3AIEa1D) a|ceaidde a3 Ag pausenob a1e saoie YO ‘9sn Jo SajnJ J0j Akeiq1T8uluQ AB|IAA UO (SUO N IPUOD-PUE-SLLLIBIIOD A | 1M AR U |UO//:SANY) SUOIPUOD pue SWB | 8yl 88S *[£202/60/S0] uo Arigiauliug AB1IM ‘Aisiealun [pulod Aq 99009 TZ02/620T 0T/I0p/wod A 1M AriqipuljuosgndnBe//sdny wouy pepeojumoq ‘S ‘220z ‘T96869T2



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/20211G006764

The concept of X,, is first brought up by Luo et al. (2017). Originally, the X, is termed as “C storage potential,”
which is conceptually equivalent to the disequilibrium magnitude of the terrestrial C cycle (Luo et al., 2017; Luo
& Weng, 2011). To avoid confusion, we define the X, as “the disequilibrium magnitude of the terrestrial C cycle”
in this study. It should be noted that X, X, and X, are time-dependent, varying with changes in environmental
conditions. Because X is striving to chase X, over time, when X is smaller than X, (X,, > 0), ecosystem C storage
is expected to increase. Conversely, C losses will happen if X is larger than X_ (X, < 0).

2.2. Separate Controls on Changes in Disequilibrium Magnitude

The changes in disequilibrium magnitude of terrestrial C cycle over a specific period (AX,) can thus be quantified
based on the Equation 4:

AXp= AX.— AX 5)

where the AX_ represents changes in C storage capacity over that period. The AX describes changes in the terres-
trial C storage. Given X_ is codetermined by NPP and 7, (Equation 3), AX_ can thus be estimated by

AX. = NPP(t)r(t) — NPPyrgo (6)

where the NPP(f)z,(t) represents C storage capacity at the end of the period and NPP,, represents the initial C
storage capacity. In order to investigate how changes in C inputs and residence time would influence AX , Equa-
tion 6 can be rearranged as

AXC=(NPP()+ANPP)X(TE()+ATE)—NPR)TEQ (7)
AX. = NPP)Atg + tg)ANPP + AtgcANPP (8)

where NPP, and 7, are the initial values of NPP and 7, respectively. ANPP and Ar, are changes in NPP and 7,
relative to their initial values. By further combining Equation 8 with Equation 5, the changes in the disequilibrium
magnitude of the ecosystem C cycle can be represented by AX, as

AXP=NPP()ATE+TE0ANPP+ATEANPP—AX )

On the right side of Equation 9, the first term represents changes in C storage capacity rising from changes in 7. In
this term, 7,; changes over time, while NPP is held constant at the initial value, which measures z,-driven changes
in X, but excludes the influence of changes in 7, on NPP. Similarly, the second term represents NPP-driven
changes in X, excluding the influence of changes in NPP on 7, while the third term represents changes in C
storage capacity, resulting from the interactions between NPP and z,.. The last term represents the changes in
transient C stock.

2.3. Model Description and Experimental Design

The Australian Community Atmosphere Biosphere Land Exchange (CABLE) model (version 2) was applied to
conduct the abovementioned mathematical analysis. CABLE is one of the land-surface models, which has fully
coupled C, N, and P cycles to simulate land-atmosphere exchange of water, energy, and gases (Wang et al., 2010;
Zhang et al., 2011). The structure of the terrestrial C cycle in the CABLE model is shown in Figure S1 of
Supporting Information S1. There are 9 C pools in the CABLE model, including leaf, root, wood, metabolic
litter, structural litter, coarse woody debris, fast SOM, slow SOM, and passive SOM. Detailed information about
converting the modeled land C cycle into the matrix form is provided in the Supporting Information S1.

In the CABLE model, nutrient limitation occurs when the nutrient supply cannot meet the minimal plant demand.
Nutrient availability influences terrestrial C sequestration by downregulating photosynthesis, altering allocation
patterns, and controlling the decomposition processes (Fleischer, Rammig, et al., 2019; Wang et al., 2010; Wei
et al., 2019). For the minimal plant demand on N, it is calculated as the product of maximum N:C ratio and NPP
minus resorbed N. The minimal demand on P is modeled similarly as a function of maximum P:C ratio, NPP, and
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Table 1 resorbed P. Available nutrients for plant uptake depend on the dynamic of the

Data-Model Comparison on the Global Terrestrial Carbon (C) Fluxes and
Stocks in the 2000s

Observation-based

Variables C-only CN CNP estimates

GPP 180 141 137 112.4% 135.9°
NPP 90.6 56.5 52.6 58.5¢ 52.3%ys; 44.4¢
NEE —5.2 -2.0 =17 —2.6 +0.5¢
Plant C storage 1,038 554 514 412.3 + 227¢
Soil C storage 2,479 1,336 1,179 1,873 (1,332-2,195)"

Note. The C fluxes are estimated as the 2001-2010 means in the unit of Pg C
yr~!. The C stocks are estimated as the size of C storage at the end of 2000s
in the unit of Pg C.

IPFLUXCOM (Jung et al., 2017). P"VPM (Zhang et al., 2017). “MODIS17A2
(Running et al., 2015). ‘CARDAMOM (Bloom et al., 2016). “GIMMS-
NPP (Kolby Smith et al., 2016). ‘Global carbon budget 2021 (Friedlingstein
et al., 2021). eSpawn et al., 2020. "SoilGrids (Hengl et al., 2017). ‘LandGIS
(https://zenodo.org/record/2536040#.Xhx HRBfOKUF). THWSD V1.2
(Wieder, 2014).

soil mineral N pool and the soil labile P pool.

Nutrient availability is determined by multiple processes regulating nutri-
ent inputs and outputs (Zaehle & Dalmonech, 2011). In the CABLE model,
processes leading to increased N inputs include N deposition (from forcing
data), N fixation, and mineralization (Wang et al., 2010). Depletion in available
N can result from immobilization, gaseous losses, and N leaching. Gaseous N
losses are modeled proportionally to net mineralization, while N leaching is
assumed to be proportional to the soil mineral N pool size (Wang et al., 2010).
Given that the separation of NH4* and NO3- is not represented in the CABLE
model, nitrification and denitrification processes are not explicitly modeled,
and ammonia volatilization is not included when modeling N losses.

Soil labile P can be gained from biological and biochemical P minerali-
zation. Biological P mineralization happens along with the mineralization
of soil organic matter and is calculated based on the P:C ratio and the C
decomposition rate of that pool (Wang et al., 2010). Biochemical P miner-
alization is modeled as a function of the pool size of soil organic P, the N
cost for phosphatase production and P uptake, and the maximal specific
biochemical P mineralization rate (Wang et al., 2007). Additionally, P
inputs from weathering and atmospheric deposition are directly added to
the soil labile P pool. Depletions in the labile P pool are mainly from leach-
ing losses (Wang et al., 2010).

Meteorological data (temperature, precipitation, downward shortwave radiation, downward longwave radiation,
specific humidity, pressure, and wind speed) from CRU-NCEP (New et al., 1999, 2000) and observed atmos-
pheric CO, concentration data from 1901 to 2013 (Keeling & Whorf, 2005) were used to force CABLE model at
a 1° x 1° resolution. The CABLE model in C-only, C-N, and C-N-P modes was spun up separately to approach
their steady states in 1901, where X, equals zero. The semi-analytical solution method was used to accelerate the
spin-up (Xia et al., 2012). Then, we undertook three sets of experiments (C-only, C-N, and C-N-P) from 1901 to
2013 to estimate the effects of incorporating nutrients cycle on AX,, (the difference in mean X, between 2004—

2013 and 1901-1910). Our study did not consider influences from anthropogenic land use and land cover change
(LULCC). The N deposition rate was specified at 1990s levels and kept constant over the simulated period (Wang
et al., 2010). Variables needed for the above analysis on AX, were outputted under the three sets of experiments.

The C-only simulation is considered as the baseline. We used the C-N simulation minus the C-only simulation to

assess N limitation on AX, and the C-N-P simulation minus the C-N simulation to assess the P limitation on AX .

3. Results

3.1. Evaluating Model Performance in Simulating Global Terrestrial C Cycle

We first conducted a data-model comparison on terrestrial C stocks and fluxes to evaluate the performance of the
CABLE model in the terrestrial C cycle. In general, the CABLE model in C-N and C-N-P configurations could
capture the global terrestrial C cycle in the 2000s (Table 1). The modeled mean GPP over 2001-2010 was 141
Pg C yr~! in the C-N configuration, which was slightly larger than the observation-based estimates (112.4-135.9
Pg C yr~!). The modeled GPP (137 Pg C yr-1) in the C-N-P mode was close to the range derived from data
products. The modeled NPP and net ecosystem exchange under CN and CNP runs fell within the range of obser-
vation-based estimates. The magnitude of modeled global plant C storage under the C-N and C-N-P coupling

schemes matched with the estimates derived from data products (Table 1). The modeled soil C storage under the
C-N configuration (1,336 Pg C) was within the observation-based estimates (1,332-2,195 Pg C). The modeled
soil C storage in the CNP run was 1,179 Pg C slightly smaller than the range derived from data products. In the
C-only mode, the CABLE model overestimated both terrestrial C stocks and fluxes in the 2000s (Table 1).
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Figure 1. (a) The time series of global terrestrial carbon (C) storage capacity (X,) and C storage (X) from 1901 to 2013 under C-only, C-N, and C-N-P coupling
schemes. The shaded outlines show the time series of annual X, and the solid lines show the annual X. The shaded areas indicate the disequilibrium magnitude (X,),
which is estimated as the difference between X, and X. (b) Absolute changes in X, X, and X, under three different coupling schemes over the modeled period, estimating
as the difference between 2004-2013 means and 1901-1910 means.

3.2. Nutrient Limitation on the Disequilibrium Magnitude of the Terrestrial C Cycle

Nutrient limitation remarkably reduced the initial states of terrestrial C storage (X) and C storage capacity (X,
Figure 1). Under the C-only simulation, the initial values of X_and X were 3,286 Pg C (Figure 1a, X_ = X at the
steady state, X, = 0). Considering limitations from N and NP led to 46.1% and 51.4% reductions, respectively, of
the initial value of X. Without nutrient limitation, the terrestrial ecosystem accumulatively sequestrated 222.1 Pg
C (AX) over the modeled period (Figure 1b), while the accumulation of C storage capacity (AX,) was more than
threefold larger (719.7 Pg C, Figure 1b). As a result, the magnitude of disequilibrium increased to 497.6 Pg C
from 1901 to 2013 (Figure 1b, AX, = AX — AX). Once nutrient limitation from N was considered, AX, and AX
decreased to 262.1 Pg C and 106.5 Pg C, respectively, which resulted in a far smaller AX, (155.6 Pg C) compared
with that in the C-only simulation (Figure 1b). Further incorporation of the P cycle with the C-N cycle led to
relatively small impacts on AX , AX, and AX,, (Figure 1).

Although three biogeochemical interactions (C-only, C-N, and C-N-P) consistently showed that AX, was positive
at a global scale over the period of 1901-2013 (Figure 1b), some regions had negative AX, under nutrient limi-
tations, such as the subtropical desert in Africa, parts of Europe, and parts of Australia (Figures 2b and 2c). In
these regions, AX_ was smaller than AX, which indicated a high potential of C losses in the future. The latitudinal
pattern under the C-only simulation showed that the northern high-latitude areas had the highest AX,, than any
other place, whereas profound reductions in AX, were detected over these regions once nutrient limitation was
incorporated (Figure 2d). Nutrient limitations weakened AX,, by affecting both the AX, and the AX (Figures 1
and 2). However, the spatial patterns of AX, under three different biogeochemical interactions all showed good
agreement with those of AX, (Figures 2a—2h), which indicate the determinative role of AX, for AX,. We thus
further separated controls on AX_ into three components, as shown in Figure 3, to understand the underlying
mechanisms governing the magnitude of AX .

3.3. Evaluation of Controls on AX_  Under Nutrient Limitations

Among these components, the NPP-driven term (7,,ANPP) was the primary factor controlling the magnitude of
AX_ over the modeled period (Figure 3). For the C-only run, the NPP-driven change in the global terrestrial C stor-
age capacity was 694.2 Pg C (Figure 3a), accounting for 96.3% of the AX . Without nutrient limitation, the decid-
uous needle leaf forest (DNF) showed significant NPP-driven changes in X_ (Figure 3a and Figure 4a). Due to the
long initial ecosystem residence time (584 years) in DNF, even a small change in NPP (0.054 kgC m~2 year™")
could lead to huge impacts on equilibrium C storage change (Figure 4b). The situation in the evergreen broadleaf
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Figure 2. The spatial distributions of net change in the magnitude of disequilibrium (AXp), carbon (C) storage capacity (AX,), and ecosystem C storage (AX) over the
period of 1901-2013, which are estimated by subtracting values at the end of the period (20042013 mean) from the initial values (1901-1910 mean) for C-only (a, e,
i), C-N (b, f, j), and C-N-P (c, g, k) coupling schemes. Zonal mean plots under three coupling schemes are shown in (d), (h), and (1).

forest (EBF) was different from that in DNF. Over the EBF region, NPP-driven changes in X_ were mainly a
result of changes in NPP (0.28 kg C m~2 year™!), while the initial ecosystem residence time was relatively short
(30.3 years, Figure 4b). Although the DNF had the largest AX_ than other biomes (Figures 5a and 5¢), the realized
terrestrial C sequestration was small (AX = 2.04 KgC m~2, Figure S8 in Supporting Information S1) in compar-
ison with evergreen needle leaf forest (ENF) (3.01 KgC m~2), EBF (5.09 KgC m~2), and deciduous broadleaf
forest (DBF) (4.61 KgC m~2). The large unachieved C sequestration in DNF was primarily because its AX,, was
large, accounting for 92.2% of the AX, (Figure S7 in Supporting Information S1). If the external climate condition
keeps constant over an enough long period, the large AX, in DNF can be achieved.

Reductions in 7, ANPP accounted for 94.7% and 94.9% of the reductions in AX, under N and NP limitations,
respectively (Figure 3). For the CN run, except for the C4 grassland (C4G), all biomes included in our analysis
showed shrinking in 7, ANPP (Figure 4a). In comparison with the CN run, reductions in 7, ANPP by further
incorporating feedbacks from the P cycle (the CNP run) were minor for all biomes (Figure 4a). Globally, N limi-
tation resulted in a 48.6% reduction in ANPP and shortened the 7, by 3.2% (Figure 4b). P limitation (CNP—CN)
only slightly reduced ANPP and had hardly effects on 7, (Figure 4b).

3.4. Nutrient Limitation on Disequilibrium Magnitude in Plant and Soil C Pools

Over the modeled period, AX, in the plant C pool was far smaller than that in the soil C pool under the three
configurating schemes (Figure 5). Without nutrient limitation, the AX,, in plant and soil C pools was 66.9 Pg C
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Figure 3. Comparison of three determinative components of AX_ under three biogeochemical interactions. The first and second columns show the net primary
productivity (NPP)-driven change and the 7 -driven change in land carbon (C) storage capacity. The third column shows changes in C storage capacity resulted from
interactions between NPP and 7.
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T,

and 430.7 Pg C, respectively, at the global scale over 1901-2013 (Figure 5). The AX in plant C pool decreased
to 64.3% under N limitation and to 66.8% under NP limitation. Meanwhile, AX,, in soil C pool reduced to 69.4%
and 76.3% under N and NP limitations, respectively. Nutrient limitations also changed the spatial distributions of

AX, in plant and soil C pools. For the C-only run, AX, over tropical and boreal regions was positive and relatively
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Figure 4. (a) Net primary productivity (NPP)-driven change (z,,ANPP) in X, for different biomes over the period of 1901-2013. (b) Net changes in NPP versus initial
residence time (1901-1920 mean) in different biomes under three coupling schemes. Details for the abbreviations: ENF-evergreen needle leaf forest, EBF-evergreen
broadleaf forest, DNF-deciduous needle leaf forest, DBF-deciduous broadleaf forest, shrub-shrub land, C3G-C; grassland, and C4G-C, grassland.
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Figure 5. The spatial distributions of AX,, in plant and soil carbon (C) stocks over the period of 1901-2013. The first row
of the maps shows condition under the C-only simulation. The second and third rows are for the C-N and C-N-P coupling
schemes, respectively.

large compared with other regions (Figures 5a and 5b). When N limitation was considered, reductions of AX ) in
plant and soil C pools were detected globally (Figures Sc and 5d), especially over boreal regions (Figure 5). In
comparison with N limitation, the impacts of P limitation on AX,, were far smaller in both plant and soil C pools.

The large AX, in the soil C pool was primarily because it had large AX, but relatively small AX over the modeled
period (Figure 6). Under the C-only simulation, the AX in the plant C pool was 187.5 Pg C (Figure 6a). The
AX_ in soil C pool (532.1 Pg C) was nearly threefold larger than that in plant C pool (Figure 6b). However, the
AX in the plant C pool (120.6 Pg C) was larger than that in the soil C pool (101.4 Pg C, Figure 6). Nutrient
limitation shrank AX in plant and soil C pools mainly by reducing the 7, ANPP, which was the dominant
component driving the equilibrium C storage change in both the plant and soil C pools (Figure 6). In the soil C
pool, considering N and NP limitations caused negative Az, thus leading to negative NPP Az, and At ANPP
(Figure 6¢).

For both plant and soil C pools, the 7, ANPP was the dominant component for AX_ at the global scale (Figure 6).
However, the spatial distributions of 7, ANPP for plant (Figure 7) and soil (Figure 8) C pools were different.
Without nutrient limitations, most of the 7, APP in soil C pool located in boreal regions, while the plant C pool
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Figure 6. Separating controls on AX,, in plant (a) and soil (b) carbon (C) stocks under three biogeochemical interactions. The first stacked color bar shows three
components determining AX,. The second one shows AX and AX,,. The inserted panel (c) shows changes in C storage driven by changes in residence time and the
interactions between C inputs and C residence time.

showed larger 7,,ANPP over the tropical region than the boreal region. Incorporating nutrient limitation reduced
the 7, ) ANPP in soil C pool globally, especially profound over the boreal region. For the plant C pool (Figure 8),
nutrient limitations almost eliminated the 7, ANPP over the boreal region and greatly reduced the 7, ANPP over
the tropical region (Figure 7).

AXc-Plant uy X ANPP AT X NF’F’0 A+ X ANPP

CN

CNP

KgC m KgC m2 KgC m2

Figure 7. The spatial patterns of AX_ in plant and its three determinants over the period of 1901-2013. The first column represents AX_ in the plant carbon (C) pool
under three biogeochemical interactions. The second and third columns show changes in X, driven by changes in C residence time and net primary productivity (NPP),
respectively. The last column shows changes in X resulted from co-changes in both NPP and C residence time.
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Figure 8. The spatial patterns of AX_ in soil and its three determinants over the period of 1901-2013. The first column represents AX_ in the soil carbon (C) pool under
three biogeochemical interactions. The second and third columns show changes in X, driven by changes in C residence time and C input from plant, respectively. The
last column shows changes in X resulted from co-changes in both C input into soil and C residence time.

4. Discussion
4.1. Decrease in Xp Under Nutrient Limitation

The X, measures the extent to which the current C storage is away from the steady-state C storage. As an ecosys-
tem tends to chase its steady state (Keenan & Williams, 2018; Luo et al., 2017), the X,7 thus represents the amount
of C does not achieve currently. If the same environmental conditions persist for a long time, however, the amount
of unachieved C could be attained (Keenan & Williams, 2018; Luo et al., 2017; Luo & Weng, 2011). In our anal-
ysis, we find that the X, increases considerably over the modeled period without nutrient limitation (Figure 1),
whereas the magnitude of its increase is constrained under the N and NP limitations (Figure 1 and Figure 2). If
the current environmental conditions keep constant to an infinite time, the constrained increase in X,7 indicates
that nutrients limit the attainable C sequestration.

Under transit changes in disturbances and climate, the terrestrial C cycle is in dynamic disequilibrium (Luo
et al., 2017; Luo & Weng, 2011). In this study, we disaggregate the changes in disequilibrium magnitude (AX )
into the changes of terrestrial C stocks in equilibrium (AX,) and transit state (AX, Equation 5). We further show
that nutrient limitations will perturb the status of the C cycle, not only lowering the AX, but also reducing the
AX_. In the natural ecosystems, the estimate of the disequilibrium magnitude of the terrestrial C cycle could be
achieved by applying space-for-time substitution. For example, in an overgrazed grassland, the disequilibrium
magnitude of ecosystem C stock can be estimated by measurements with a paired-plot sampling design of prox-
imal plots under overgrazing and without grazing (Conant & Paustian, 2002). The disequilibrium magnitude of
the soil C stocks in the overgrazing plot can be approximated as the difference of soil C storage between the undis-
turbed and overgrazed plots. However, it should be noted that the estimates of the disequilibrium magnitude in C
stocks in those empirical studies are generally based on the assumption that historical C losses can be regained
with the restoration of the ecosystem (Cannell, 2002; Conant & Paustian, 2002; Lal, 2004).

The quantification of disequilibrium magnitude is also hard in modeling studies due to the high requirement for
computation capacity. Consequently, the assumption of a steady state is widely applied in terrestrial C cycle stud-
ies (Carvalhais et al., 2014; Dybzinski et al., 2015; Koven et al., 2015; Todd-Brown et al., 2013). In these studies,
C inputs are assumed to balance against C outputs despite plenty of evidence, suggesting that the terrestrial C
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cycle is in a transient state (Lugo & Brown, 1986; Luo & Weng, 2011). Moreover, applying the steady-state
assumption can cause biases in both modeling (Carvalhais et al., 2008) and observational studies (Luyssaert
et al., 2008). When applying the steady-state assumption, future analyses should consider the influences of dise-
quilibrium magnitude on their results (Luo & Weng, 2011).

To understand the underlying mechanism controlling the dynamic of disequilibrium magnitude, we decompose
the AX_ into three components: the NPP-driven change (7, ANPP), the 7 -driven change (NPPAt,), and the
NPP-7,-interaction-induced change (At ,ANPP) (Equations 8 and 9). Based on a steady-state assumption, many
previous studies also separate controls on AX_ from different aspects (Koven et al., 2015; Taylor & Lloyd, 1992;
Todd-Brown et al., 2014; Varney et al., 2020). However, separations in these studies are not comprehensive
enough to include all terms shown in Equation 8. For example, effects from changes in NPP and 7, on terrestrial C
sink are separated by allowing one factor that varies with time and setting the other constant (Koven et al., 2015;
Todd-Brown et al., 2014; Varney et al., 2020). How changes in NPP and 7, interactively (A7 ANPP) contribute
to AX_ is rarely considered, which could cause bias in long-term estimations. It is especially the case under the
nutrient limitation. Plant NPP is constrained by nutrient availability, and poor-quality litters (high C:N ratio) are
yielded, which alter decomposition rate and 7. The changed 7, could in turn trigger changes in nutrient availabil-
ity, further affecting NPP. Thus, the NPP-z,, interactions will change the AX_ slowly, and the impacts should not
be ignored over a chronic period.

4.2. Nutrient Limitation Reduces AX by Constraining NPP-Driven Increases in X,

Over the modeled period of 1901-2013, nutrient limitations reduce AX,, primarily by constraining NPP-driven
(tz, ANPP) increases in the terrestrial C storage capacity (Figure 3 and Figure 6). To some extent, this pattern
agrees with the widely observed nutrient limitations on NPP among biomes (Elser et al., 2007; LeBauer &
Treseder, 2008; Norby et al., 2010). In field experiments, the nutrient limitation is generally defined by the stim-
ulated rate of biological processes after adding nutrients (Vitousek et al., 2010). In such a way, terrestrial produc-
tivity is widely found to be constrained by N and P availability (Elser et al., 2007; LeBauer & Treseder, 2008).
However, based on the nutrient-limited NPP alone, we cannot extrapolate the extent to which the steady-state
C storage (Crowther et al., 2019) and the disequilibrium magnitude would be limited by nutrients. Assuming 7,
does not significantly change, the same magnitude of reduction in NPP under nutrient limitation could lead to
different extent of impacts on AX, and AX, as shown in Figure 4b. Taking the DNF and ENF as examples, the
DNF shows a relatively small reduction in NPP under N limitation compared to ENF. However, the DNF shows
severer nutrient constraints on the NPP-driven changes in X_ than the ENF because the DNF has a larger 7,

Over the short term, it is not surprising that nutrient limitation strongly reduces the NPP-driven term as photo-
synthesis and plant growth are sensitive to nutrient availability. Over a chronic period, the 7,-driven term (primar-
ily determined by At,) could turn to influence AX, and AX, under nutrient limitations (Fleischer, Rammig,
et al., 2019). At a global scale, we find that the 7.-driven term (NPPArz,) is restrained by nutrients (Figure 3),
whereas the 7,-driven term makes minor contributions to the AX_ under three biogeochemical interactions
(Figure 3 and Figure 4). The minor contribution of the 7 -driven term is due to the relatively small Az, over
the modeled period (Figure S6 in Supporting Information S1). Note that we calculate 7, based on a bottom-up
approach that multiplies all determinative processes using the model's matrix representation (Supporting Infor-
mation S1). As observations of stocks and fluxes can easily be obtained, many previous studies apply the stock-to-
flux ratio (the turnover time) to indicate the time characteristics in the C cycle (Carvalhais et al., 2014; Fleischer,
Rammig, et al., 2019; Friend et al., 2014; Koven et al., 2015; Todd-Brown et al., 2013), such that the calculated
turnover time is highly dependent on C fluxes. Under nutrient limitation, for example, NPP is more responsive
than ecosystem C storage. Thus, the ratio is more changeable over time in comparison with the calculated 7, in
our study. Recently, Lu et al. (2018) found that ecosystem C turnover time deviates from residence time under
warming and rising atmospheric CO, concentration. Under nutrient limitation, it thus needs cautions when using
the turnover time to interpret the time characteristics of the C cycle (Wang et al., 2019).

Without nutrient limitations, many regions show slight increases in 7, (Az,. > 0) over the modeled period (Figure
S6 in Supporting Information S1). Considering nutrient limitation diminishes the positive Az, (Figures S6d and
S6f in Supporting Information S1), which results in the negligible effects of both NPP,At, and A7, ANPP on
changes in AX_ (Figure 3). The Az, can be explained by how the respired C composition and the compartment C
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age structure change (Lu et al., 2018; Rasmussen et al., 2016; Sierra et al., 2017). Previous modeling analysis with
the CABLE model shows that climate warming could increase 7, by stimulating the depletion of fast-turnover soil
organic C and changing the C age structure (Lu et al., 2018). Raising in atmospheric CO, concentration could
decrease 7,; by increasing C input of a young age (Lu et al., 2018). Insufficient nutrient supply could constrain
young C uptake under enrichment in atmospheric CO,, which could dampen the decrease in compartment C age
structure. On the other hand, the decomposition of soil organic matter is also limited by nutrient availability,
slowing down the depletion of fast-turnover soil organic C under climate warming. The two opposite effects
might become comparable under nutrient limitations, which leads to the insignificant change in 7, in this study.

4.3. Nutrient Limitation on AXp in Plant and Soil

We also apply the proposed framework to investigate AX,, in plant and soil C pools, given that relevant processes
operate at different time scales for plant and soil. The plant C pool has a smaller AX,, in comparison with the soil
C pool although C accumulation in the plant C pool is larger than that in soil C pool over the modeled period
(Figure 6). For the soil C pool, it has a nearly threefold larger C-input-driven (C inputs from plant litter) increase
in X, than the plant C pool, while its large AX, causes a great proportion of C storage capacity to be unattained
over the modeled period (Figure 6). These results imply that the potential of plant C pool to increase C sequestra-
tion is limited as both the C storage capacity and the magnitude of disequilibrium are relatively small for the plant
C pool. In contrast, the disequilibrium magnitude in the soil C pool is large but can be significantly constrained
by nutrient availability (Figure 6 and Figure 8). Under nutrient limitations, we detected decreases in soil C resi-
dence time (Figure S10 in Supporting Information S1), which might result from acceleration of decomposition
to alleviate nutrient limitation on plant growth. To maximize ecosystem C sequestration strength, it thus requires
efficient plant-soil feedbacks in C and nutrient cycling over the long term (De Deyn et al., 2008).

Parametric and structural uncertainty related to C-nutrient coupling could affect the estimated magnitude of
nutrient limitation on AX. In the CABLE model, parameters determining soil N availability (i.e., N leaching
rate) can cause significant variations in AX,, (Figure S13 in Supporting Information S1). Many previous studies
have extensively evaluated uncertainty associated with biogeochemical cycling in the CABLE model (Exbrayat
et al., 2013; Lu et al., 2013; Wang et al., 2010, 2011; Xia et al., 2017). Those studies suggest that a lack of
flexibility in allocation patterns (Xia et al., 2017), incomplete representation of N fixation (Fisher et al., 2019),
and weak interaction between C and P cycles (Fleischer, Rammig, et al., 2019) can together cause uncertainty
in the modeled terrestrial C cycle. Furthermore, current C-nutrient coupled models varied widely in represent-
ing key processes controlling the dynamics of nutrient cycling and the C-nutrient interactions (Davies-Barnard
et al., 2020; Du et al., 2018; Fleischer, Rammig, et al., 2019). For example, some models apply an optimizable
plant allocation strategy, whereas others use a fixed allocation ratio (Fleischer, Rammig, et al., 2019). Mecha-
nisms associated with nutrient availability and nutrient acquisition are also differently represented among models
(Meyerholt et al., 2020). When applying different C-nutrient-coupled models to investigate the nutrient limitation
on disequilibrium magnitude in the terrestrial C cycle, results might differ among models. Although our analysis
is based on a single C-N-P-coupled land-surface model, the proposed framework can be generally applied to other
models, which could help investigate how changes in NPP, 7, and land C storage could affect AX, in different
model assumptions of C-nutrient coupling.

Some other limitations should also be noted. First, the vegetation distribution in CABLE is prescribed (Wang
et al., 2010). Thus, changes in terrestrial C sink induced by vegetation dynamics under climate change and rising
in atmospheric CO, concentration are not involved in our study. Furthermore, human-induced land use and land
cover change (LULCC) and changes in atmospheric N deposition are not considered. Including land use and
land cover change (LULCC) has been estimated to reduce land C uptake to different degrees (Wang et al., 2015).
Deforestation and inappropriate land management could even turn the terrestrial C sink into a source (Wang
et al., 2015). We thus speculate that LULCC might change the disequilibrium magnitude from positive to nega-
tive over many areas. However, the extent to which N deposition can relieve nutrient limitation on the disequi-
librium of the terrestrial C cycle needs further research. Especially, future enhanced N deposition is projected to
cause shifts in the spatial pattern of N and P limitations (Fleischer, Dolman, et al., 2019; Pefiuelas et al., 2013).
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5. Conclusion

Overall, we assessed whether and how nutrient limitations from N and P would drive changes in the disequilib-
rium magnitude of the terrestrial C cycle. We find that nutrient conditions do have impacts on the disequilibrium
magnitude. Without sufficient nutrient supply, increases in the disequilibrium magnitude under the stimulation
of CO, and climate change are largely dampened (Figure S2 in Supporting Information S1). The diminishing
disequilibrium magnitude indicates that nutrient limitation affects the current terrestrial C sequestration strength
(AX) and the capacity of an ecosystem to sequestrate C from the atmosphere. Over the modeled period, nutrient
limitation decreases the AX, primarily by dampening NPP-driven increases in the steady-state C storage. The
influences from changes in 7 (the 7,-driven term and the NPP-7 -interaction term) are negligible in this study,
but might become dominant over a long time period. This study recommends more research efforts to combine
the field observations and process-based models to explore the changes in the disequilibrium magnitude of terres-
trial C stock in specific ecosystems. Overall, our study underscores the importance of nutrient availability in
determining the disequilibrium magnitude of the terrestrial C cycle in a transient state.
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