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Abstract

We use the Multiple Element Limitation (MEL) model to examine responses

of 12 ecosystems to elevated carbon dioxide (CO2), warming, and 20%

decreases or increases in precipitation. Ecosystems respond synergistically to

elevated CO2, warming, and decreased precipitation combined because higher

water-use efficiency with elevated CO2 and higher fertility with warming com-

pensate for responses to drought. Response to elevated CO2, warming, and

increased precipitation combined is additive. We analyze changes in ecosystem

carbon (C) based on four nitrogen (N) and four phosphorus (P) attribution fac-

tors: (1) changes in total ecosystem N and P, (2) changes in N and P
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distribution between vegetation and soil, (3) changes in vegetation C:N and C:

P ratios, and (4) changes in soil C:N and C:P ratios. In the combined CO2 and

climate change simulations, all ecosystems gain C. The contributions of these

four attribution factors to changes in ecosystem C storage varies among ecosys-

tems because of differences in the initial distributions of N and P between veg-

etation and soil and the openness of the ecosystem N and P cycles. The net

transfer of N and P from soil to vegetation dominates the C response of forests.

For tundra and grasslands, the C gain is also associated with increased soil C:

N and C:P. In ecosystems with symbiotic N fixation, C gains resulted from N

accumulation. Because of differences in N versus P cycle openness and the dis-

tribution of organic matter between vegetation and soil, changes in the N and

P attribution factors do not always parallel one another. Differences among

ecosystems in C-nutrient interactions and the amount of woody biomass inter-

act to shape ecosystem C sequestration under simulated global change. We

suggest that future studies quantify the openness of the N and P cycles and

changes in the distribution of C, N, and P among ecosystem components,

which currently limit understanding of nutrient effects on C sequestration and

responses to elevated CO2 and climate change.

KEYWORD S
carbon dioxide fertilization, carbon sequestration, carbon–nitrogen interactions, carbon–
phosphorus interactions, climate change, long-term ecological research (LTER), nitrogen
cycle, phosphorus cycle, terrestrial ecosystem stoichiometry

INTRODUCTION

The response of the terrestrial biosphere to elevated carbon
dioxide (CO2) and climate change integrates the responses
of many individual ecosystems, each with its own controls
on its response trajectory. These individual responses are
constrained by the unique biogeochemical characteristics
of the ecosystems, including (1) the stocks of elements such
as nitrogen (N) and phosphorus (P), (2) the cycling rates of
these elements within the ecosystem, (3) the openness of
these element cycles (ratio of external inputs to internal
cycling, Rastetter et al., 2021), and (4) the stoichiometric
flexibility of vegetation and soils (Austin & Vitousek, 2012;
Leakey et al., 2012). Meta-analyses suggest that nutrient
turnover rates (Ollivier et al., 2011), investment in nutrient
acquisition (Xiao et al., 2018), and plant tissue N:P ratios
(Yuan & Chen, 2015) all change in response to changes in
CO2 and climate. However, the responses to individual cli-
mate-change components are not consistent across biomes
(e.g., Silva & Anand, 2013; Xiao et al., 2018), which pre-
sents significant challenges to making global-scale general-
izations (Wieder et al., 2015). In addition, long-term
responses of ecosystems to changes in CO2 and climate are
difficult to assess experimentally (Rastetter, 1996) but, like
the response to other types of disturbance, likely require a
redistribution of N and P stocks among ecosystem

components (Rastetter et al., 1992) and a resynchronization
of interdependent N and P cycles (Gress et al., 2007;
Rastetter et al., 2013).

Many studies have addressed biosphere responses to ele-
vated CO2 and climate change across various spatial and
temporal scales. Global-scale land models are used to make
future projections of terrestrial biogeochemical responses to
climate change (Arora et al., 2020; Bastos et al., 2020; Eby
et al., 2013; Lawrence et al., 2019; McGuire et al., 2018;
Melillo et al., 2009; Monier et al., 2017, 2018; Reilly
et al., 2012; Zhu et al., 2020). Other studies have focused on
the responses of individual ecosystems using ecosystem-
scale manipulations and long-term observations (e.g., Her-
rick & Thomas, 2001; Mack et al., 2004; Paschalis
et al., 2017; Shaver et al., 2006; Shaver & Jonasson, 1999;
Wieder et al., 2017; Zaehle et al., 2014). Still others have
used ecosystem-scale models to make assessments for indi-
vidual ecosystem types (Campbell et al., 2009; Iverson
et al., 2017; Rollinson et al., 2017; Valipour et al., 2021;
Wang et al., 2019; Wu et al., 2019). Each of these
approaches has both advantages and drawbacks. Because of
the very broad scale of the application, global models neces-
sarily lack detail in the representation of ecosystem pro-
cesses. In contrast, ecosystem manipulations, long-term
observations, and ecosystem-specific models focus on indi-
vidual ecosystems and therefore do not provide a

2 of 29 RASTETTER ET AL.



standardized approach for comparing ecosystems. Here we
take an intermediate approach, much like that used by
Gerten et al. (2008) and Luo et al. (2008), where the same
model is applied to several ecosystems. We apply the Multi-
ple Element Limitation (MEL) model (Rastetter et al., 1997,
2013), a mass-balance model that simulates the movement
of carbon (C), N, P, and water among ecosystem compo-
nents and the constraints imposed by the interactions
among these resource cycles (Figure 1) to represent 12 eco-
systems ranging from prairie to forest and from the arctic to
the tropics. By representing this diverse range of ecosystems
with the same model and applying the same climate pertur-
bations, we can attribute differences in the simulated
response to the characteristics of the ecosystems and the
prevailing climate and not to the model used to simu-
late them.

Our primary goal is heuristic rather than predictive
(Oreskes et al., 1994). That is, our focus is on assessing
how differences in the distribution, throughput, cycling
rates, and interactions of C, N, P, and water affect ecosys-
tem responses to elevated CO2, warming, and increases
or decreases in precipitation. In accordance with this
heuristic goal, we examine these responses using the
same simulated changes in CO2 and temperature and the
same relative changes in precipitation across all ecosys-
tems. This standardized perturbation approach allows
responses to be attributed to differences among the eco-
systems and their prevailing climate rather than to

differences in the perturbations to the climate. Specifi-
cally, we will address the following questions:

1. Do ecosystems gain or lose C with elevated CO2 and
climate change?

2. To realize that change in C, do the ecosystems
a. also gain or lose N or P?
b. redistribute N or P between soil (low C:N and C:P)

and vegetation (high C:N and C:P)?
c. change vegetation C:N or C:P?
d. change soil C:N or C:P?

3. Do N dynamics and P dynamics shift in parallel to
accommodate changes in C?

4. Does the gain or loss of C depend on the openness of
the N and P cycles (quantified as the sum of N or P
inputs to the ecosystem divided by the total uptake of
N or P by vegetation over a year)?

5. Do changes in N and P stocks, distribution, and vege-
tation and soil stoichiometry differ among types of
ecosystems?

METHODS

Model

We use the Multiple Element Limitation (MEL) model,
which has been applied to study the recovery of northern
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Multiple Element Limitation (MEL) model. SOM is soil organic matter. For simplicity, only input and loss fluxes are labeled: PS, RA, RH1,

and RH2 are photosynthesis, autotrophic respiration, heterotrophic respiration from Phase I SOM, and heterotrophic respiration from Phase

II SOM. INH4, INO3, IDON, IPO4, and IP1 are inputs of ammonium (NH4), nitrate (NO3), dissolved organic N (DON), phosphate (PO4), and

primary P minerals. LNH4, LNO3, LDON, LPO4, and DNO3 are leaching losses of NH4, NO3, DON, and PO4 and losses of NO3 through

denitrification. Ppt is precipitation, EI is evaporation of intercepted precipitation, ET is transpiration, and RO is runoff. Not represented in

this figure are the run-in of water, NH4, NO3, DON, and PO4, which are simulated only for arctic wet-sedge tundra (ARC-w). Values for all

stocks and fluxes for all 12 ecosystems are presented in Table 1.
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hardwood forests from harvest (Rastetter et al., 2013) and
the recovery of arctic tundra both from thermokarst mass
wasting (Pearce et al., 2015) and from tundra fire (Jiang
et al., 2015). The model simulates changes in C, N, and P
stocks in and fluxes among plant biomass, Phase I and
Phase II (Melillo et al., 1989) soil organic matter (SOM),
detritus, and inorganic nutrients as well as changes in
soil water content (Figure 1). Daily driving variables are
atmospheric CO2, maximum and minimum air tempera-
ture, precipitation, total shortwave radiation, and nutri-
ent inputs. The full model structure is presented in
Appendix S1 and the model itself is available at https://
zenodo.org/record/6502583#.YmrnBNPMKUk. The MEL
model couples ecosystem C, N, P, and water cycles and
generates output for all stocks and fluxes on a daily time
step. The differential equations that describe the mass
balance for each of the simulated components of the eco-
system are solved numerically using a fourth/fifth-order
Runge–Kutta integrator with a time-step size that adapts
with each pass through the integrator to optimize preci-
sion and computation time (Press et al., 1986). The model
is coded in Lazarus 2.0.4 (http://www.lazarus-ide.org)
free Pascal and runs on a PC or Mac computer.

The model uses an aggregated representation of vege-
tation and soil components for the mass-balance equa-
tions (Figure 1). However, the vegetation biomass is
partitioned into woody and active tissues (leaves plus fine
roots) using an allometric equation that increases active
tissues asymptotically toward a maximum as total bio-
mass increases. The active tissues are further partitioned
into leaves and fine roots in proportion to the total
resource-acquisition effort allocated to canopy versus soil
resources (described in the next paragraph). Resource
requirements are assessed based on the current biomass
C, N, and P relative to the sum of the stoichiometric
optima for the individual tissues, which vary among
leaves, wood, and fine roots. Vegetation stoichiometry is
flexible, but resource-acquisition effort, respiration, and
litter stoichiometry are constantly adjusted to drive the
stoichiometry back toward the optimum. Microbial bio-
mass is implicitly aggregated into the Phase I SOM. How-
ever, microbial processes respond to the stoichiometry of
Phase I SOM, to the concentrations of ammonium (NH4),
nitrate (NO3), and phosphate (PO4) in soil solution, and
to soil temperature and soil moisture. The stoichiometry
of Phase I SOM is flexible, but the stoichiometry of Phase
II SOM is fixed.

We use version VI of the MEL model, which has
some improvements to the plant resource acquisition
algorithm described in Rastetter et al. (2013) for version
IV. The major modification we made to the model for
the current application is a hierarchical allocation
scheme for resource-acquisition effort (Rastetter &
Kwiatkowski, 2020). We define effort allocated toward a

particular resource as the fraction of all vegetation assets
(e.g., allocation to leaf or root tissue, enzyme production,
carbohydrate expenditure) that can be allocated toward
the acquisition of resources from the environment. We
assume that these assets increase as biomass increases
and can be incrementally reallocated among resources.
Effort is first allocated toward acquisition of C, N, and P
based on the relative amounts needed to replace losses
(litterfall and respiration) and to correct any stoichiomet-
ric imbalance. The primary allocation of N effort is then
partitioned into sub-efforts allocated toward NH4, NO3,
dissolved organic N (DON), and symbiotic N fixation
based on the highest relative return of N per unit effort
expended. Because PO4 is the only available form of P
represented in the model, there is no analogous sub-effort
routine for P. The primary C effort is subdivided into
sub-efforts allocated toward CO2, light, and water acqui-
sition based on the highest relative increase in photosyn-
thesis per unit effort expended. All else being equal,
resource acquisition increases monotonically both with
biomass and with the effort allocated toward that
resource.

Model drivers

For the calibration, we drive the model with daily maxi-
mum and minimum temperature (Figure 2; Henshaw
et al., 2021), daily incoming shortwave radiation, atmo-
spheric CO2 concentration, daily precipitation (Figure 2;
Henshaw et al., 2021), and daily deposition rates for NH4,
NO3, PO4, dissolved organic C (DOC), and DON. We
specify a daily weathering rate for primary P minerals
that is constant through the year and calculated based on
the amount of primary P minerals for the specified soil
type (Yang & Post, 2011) and a 4000-year turnover time
(Boyle et al., 2013). For wet-sedge tundra (ARC-w) we
specify daily run-in water and associated amounts of run-
in NH4, NO3, PO4, DOC, and DON. For this site, we set
the annual amount of run-in water to five times the
annual precipitation. The timing of the water run-in for
ARC-w is the same as the runoff simulated for tussock
tundra (ARC-t). The amounts of NH4, NO3, PO4, DOC,
and DON in the run-in are set based on their respective
average annual concentrations in the simulations of
leaching losses for tussock tundra at steady state. Site
descriptions with drivers and links to data sources are in
Appendix S2.

Calibration

We calibrate the model to ecosystems with mature vege-
tation and well-developed soils so we can assume a
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steady state. This steady-state assumption clearly ignores
responses to climate change already underway in these
ecosystems. However, the assumption effectively
increases the degrees of freedom for calibration by a fac-
tor of 2 or 3 because we can assume, for example, that
plant uptake, litter losses, and net mineralization of
nutrients are all equal and that ecosystem inputs equal
outputs. With the gaps in data for most ecosystems, this
assumption helps make this analysis feasible. It also
limits us to a heuristic, rather than predictive, analysis.
We also recognize that by making this steady state
assumption that we are ignoring biomass accumulation
following infrequent disturbances like fire and erosive
events that alter soil properties, both of which can be
important in some of these biomes. The exceptions to this
undisturbed, steady-state approach are the two prairie
sites, where we also assume a steady state but with
annual burning. We specify the steady-state values for all
organic C, N, and P stocks and for most of the fluxes and
then iteratively adjust the rate parameters for the pro-
cesses until the annual cumulative C, N, P, and water

fluxes match specified annual gross flux values (Table 1).
We allow soil water, NH4, NO3, and PO4, as well as the
resource-acquisition sub-efforts for CO2, light, water,
NH4, NO3, DON, and symbiotic N fixation to self-adjust
during the calibration.

To constrain the primary efforts of C, N, and P acqui-
sition, we assume that the ratio of aboveground (light +
CO2) to belowground (N + P + water) effort is the same
as the leaf-to-fine-root biomass ratio. This proportionality
of canopy and soil resource acquisition efforts to leaf and
fine-root biomass does not make resource acquisition
proportional to leaf or fine-root biomass. Because of the
fast turnover of nutrients in soil solution, nutrient uptake
is more closely related to net mineralization than root
biomass and the rates of canopy resource acquisition
depend on the interactions among Beer’s Law and the
relative availability of CO2 and water. The allocation of
primary effort in the model helps maintain the stoichio-
metric balance but is not necessarily proportional to the
acquisition of individual resources. To impose the speci-
fied leaf-to-fine-root biomass ratio in the calibration, the
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TAB L E 1 Characteristics of the 12 ecosystems in this analysis.

Characteristic ARC-ta ARC-wb ARC-sc NWTd KBSe KNZf BNZ-lg BNZ-uh HBRi HFRj ANDk CAXl

Site characteristic

Latitude (N) 68� 380 68� 380 68� 270 40� 030 42� 240 39� 050 64� 450 64� 450 43� 570 42� 320 44� 140 �1� 480

Longitude (W) �149� 370 �149� 350 �149� 220 �105� 370 �85� 240 �96� 350 �148� 180 �148� 180 �71� 440 �72� 110 �122� 100 �51� 260

Elevation (m) 750 745 803 3744 274 387 400 460 530 335 768 30

Mean shortwave (MJ

m�2 day�1)

9.3 9.3 9.3 15.1 13.4 16.1 8.0 8.0 10.2 12.5 11.6 16.5

Mean annual

temperature (�C)
�9 �9 �9 �2 10 13 �5 �5 4 8 9 25

Mean growing-

season

temperature (�C)

9 9 9 7 19 25 14 14 13 17 11 25

Mean annual

precipitation

(mm year�1)

328 328 328 396 907 814 272 272 1496 1426 2370 2487

Soil type Histosol Histosol Histosol Inceptisol Alfisol Mollisol Histosol Inceptisol Inceptisol Inceptisol Andisol Oxisol

Field capacity (mm) 79 110 61 90 284 400 96 150 72 72 255 875

Wilting point (mm) 44 60 34 51 110 150 32 50 24 24 119 575

Soil depth (mm) 350 400 270 300 1000 1000 640 1000 479 479 796 2500

LAI (m2 m�2) 1.3 0.7 1.5 1.9 3.0 3.4 1.3 2.1 5.5 3.4 7.6 4.8

N openness

(unitless)m
0.0161 0.0244 0.0065 0.2614 0.1117 0.1316 0.0751 0.0377 0.0614 0.0696 0.0409 0.0236

P openness

(unitless)m
0.0156 0.0547 0.0086 0.0516 0.0097 0.0312 0.0129 0.0063 0.0081 0.0073 0.0422 0.0035

C stocksn

Plant C 759 567 1595 363 1526 1139 3868 6405 12006 14653 41372 25901

Detritus C 389 471 268 212 5 75 67 67 1310 2070 10218 1579

Phase I soil C 3341 5683 3245 1922 2243 2472 6047 3378 4302 3510 2443 4686

Phase II soil C 8710 14643 8433 5124 6190 6479 15624 8713 11332 9253 6300 12168

N stocksn

Plant N 13.4 12.4 35.8 6.1 26.3 16.0 18.4 25.2 83.4 126.3 77.7 163.0

Detritus N 7.2 12.6 6.6 5.4 0.13 1.9 0.1 0.1 5.4 9.1 18.7 10.4

Phase I soil N 80.5 230.8 127.4 87.5 121.5 101 132.6 75.2 170.8 116.1 50.9 190.7

Phase II soil N 313.3 1087.9 599.9 436.9 771.5 629.2 597.5 331.9 629.0 468.8 347.2 1012.9

NH4 0.038 0.081 0.071 1.408 2.941 0.781 11.263 6.644 0.288 0.333 0.327 1.442

NO3 0.009 0.001 0.003 0.256 0.399 0.104 0.297 0.128 0.010 0.010 0.007 2.429

P stocksn

Plant P 1.30 1.43 3.28 0.65 2.32 1.38 2.76 3.80 9.74 12.65 11.79 18.65

Detritus P 0.81 2.16 0.62 0.54 0.01 0.10 0.0066 0.0066 0.58 0.91 4.41 0.63

Phase I soil P 8.10 23.08 12.77 8.78 12.26 10.04 13.26 7.53 17.26 11.62 5.04 19.30

Phase II soil P 31.33 108.79 59.99 43.69 77.15 62.92 59.75 33.19 62.90 46.88 34.72 101.29

Primary P 9.5 31.7 17.5 21.6 28.8 106.9 17.6 16.7 17.1 24.1 34.6 3.8

Secondary P 6.0 22.0 12.0 9.0 17.0 18.0 12.0 7.0 21.0 11.0 22.0 75.0

PO4 0.0406 0.0275 0.0426 0.5621 0.4762 1.4305 0.7755 0.3966 0.0422 0.0512 0.2108 0.2335

C fluxesn

DOC-input 0.232 0.232 0.232 0.444 2.446 2.199 1.194 1.194 1.051 1.001 1.852 4.813

Net DOC run-in 0 9.32 0 0 0 0 0.00 0 0 0 0 0

Plant DOC uptake 4.42 3.37 12.77 3.51 12.02 13.47 7.41 14.59 0 0 0 0

GPP 409 193 741 412 879 1112 588 1113 947 1323 1076 2109

NPP 204 96 371 206 439 556 294 556 473 662 538 1055

Plant fire loss 0 0 0 0 12 4 0 0 0 0 0 0

(Continues)
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TAB L E 1 (Continued)

Characteristic ARC-ta ARC-wb ARC-sc NWTd KBSe KNZf BNZ-lg BNZ-uh HBRi HFRj ANDk CAXl

Litter C fine 187.8 90.7 302.6 189.5 223.2 406.1 288.4 555.1 342.0 454.0 301.6 647.1

Litter C coarse 20.9 9.0 80.8 20.0 216.2 159.2 13.0 16.0 131.3 207.6 236.5 407.5

Litter fire loss 0 0 0 0 23 89 0 0 0 0 0 0

Phase I respiration 160 81 314 157 357 404 226 435 365 512 479 932

Phase II respiration 42.7 13.4 54.9 28.9 35.2 48.2 54.9 108.5 101.2 139.7 52.2 77.2

DOC Leaching 2.1 11.3 2.1 20.7 15.3 12.4 14.0 14.0 8.2 10.4 8.5 50.4

N fluxesn

NH4 input 0.015 0.015 0.015 0.138 0.389 0.475 0.126 0.126 0.236 0.559 0.041 0.125

NO3 input 0.020 0.020 0.020 0.181 0.389 0.523 0.055 0.055 0.462 0.301 0.057 0.108

Fire NO3 input 0 0 0 0 0.758 1.874 0 0 0 0 0 0

DON input 0.019 0.019 0.019 0.921 0.242 0.342 0.097 0.097 0.131 0.125 0.074 0.233

Net NH4 run-in 0 0.00819 0 0 0 0 0.000 0 0 0 0 0

Net NO3 run-in 0 0.0241 0 0 0 0 0.0000 0 0 0 0 0

Net DON run-in 0 0.608 0 0 0 0 0.00 0 0 0 0 0

Symbiotic N fixation 0 0 0 0.18 1 0 0.083 0.083 0 0 0 1.62

Non-symbiotic

N fixation

0.0907 0.0859 0.0909 0.0007 0.2500 0.2507 0.603 0.603 0.127 0.127 0.450 1.6201

Plant NH4 uptake 1.60 1.30 4.22 1.56 4.37 4.86 1.69 3.42 10.4 10.9 4.15 9.61

Plant NO3 uptake 0.56 0 0.57 2.23 1.52 1.68 0 0 3.09 3.24 0.049 10.08

Plant DON uptake 1.19 0.91 3.45 0.949 3.25 3.64 2.00 3.94 0 0 0 0

Plant fire loss 0 0 0 0 0.406 0.143 0 0 0 0 0 0

Litter N fine 2.97 1.97 6.24 4.42 3.90 5.98 3.76 7.4 13.0 13.2 3.77 18.6

Litter N coarse 0.388 0.241 2.00 0.505 5.82 4.06 0.023 0.028 0.545 0.917 0.432 2.67

Litter fire loss 0 0 0 0 0.570 2.27 0 0 0 0 0 0

NH4 immobilization 6.96 2.56 16.6 12.9 20.6 23.2 5.30 11.5 49.5 52.0 14.4 73.3

NO3 immobilization 1.68 0.0400 2.60 2.29 2.90 3.08 1.47 2.16 4.50 4.61 2.42 5.47

Phase I N

mineralization

9.24 2.88 20.0 16.3 24.5 25.5 6.24 12.8 61.7 63.3 18.1 92.3

Phase II N

mineralization

1.53 0.995 3.90 2.46 4.39 4.68 2.10 4.13 5.62 7.08 2.88 6.43

NH4 leaching 0.00183 0.0352 0.00445 0.0216 0.01841 0.00620 0.036 0.0382 0.0201 0.0263 0.0229 0.00726

NO3 leaching 0.00540 0.0044 0.00310 0.0494 0.0344 0.0381 0.0125 0.01000 0.00796 0.00955 0.00620 0.167

DON leaching 0.137 0.741 0.137 1.35 1.00 0.81 0.91 0.915 0.533 0.681 0.553 3.29

Nitrification 2.23 0 3.16 4.39 4.30 2.60 1.43 2.12 7.53 7.95 2.46 15.9

Denitrification 0 0 0 0 1.00 0.2 0.0029 0 0.395 0.395 0.04 0.242

P fluxesn

PO4 input 0.002 0.002 0.002 0.02 0.0008 0.0007 0.0017 0.0017 0.0035 0.0043 0.03 0.0023

Fire PO4 input 0 0 0 0 0.0847 0.1259 0 0 0 0 0 0

NET PO4 run-in 0 0.0203 0 0 0 0 0.0000 0 0 0 0 0

Primary P

weathering

0.0024 0.0079 0.0044 0.0054 0.0072 0.0267 0.0044 0.0042 0.0043 0.0060 0.0087 0.0009

Secondary P

weathering

0.0015 0.0055 0.003 0.0023 0.0042 0.0045 0.0030 0.0017 0.0053 0.0028 0.0055 0.0187

Plant PO4 uptake 0.283 0.181 0.742 0.492 0.826 0.880 0.472 0.93 0.962 1.42 0.916 0.920

Plant fire loss 0 0 0 0 0.0277 0.00960 0 0 0 0 0 0

Litter P fine 0.239 0.140 0.554 0.442 0.188 0.663 0.471 0.93 0.904 1.32 0.814 0.756

Litter P coarse 0.0435 0.0413 0.188 0.0505 0.610 0.208 0.001299 0.001573 0.0580 0.0918 0.102 0.164

Litter fire loss 0 0 0 0 0.0570 0.1163 0 0 0 0 0 0

PO4 immobilization 0.864 0.260 1.92 1.52 2.35 2.62 0.677 1.37 5.40 5.66 1.68 7.88

(Continues)
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rate constants for CO2 and light acquisition are adjusted
so that the acclimation routine allocates effort above gro-
und to match the LAI specified for the calibration
(Table 1). We set the primary efforts for N and P acquisi-
tion equal to one another under the assumption that the
major source of these nutrients is recycling within the
ecosystem and that the two cycles are synchronized at
steady state (Rastetter et al., 2013). For the calibration,
we assume the effort allocated toward water (C effort �
water sub-effort) is proportional to an index of annual
water demand divided by annual precipitation. The index
of annual water demand is the sum over the year of the
saturation vapor pressure at the maximum daily tempera-
ture minus the saturation vapor pressure at the minimum
daily temperature (MPa).

Calibration sites

We calibrate the MEL model to 12 ecosystems, 11 of
which are within the National Science Foundation
(NSF) Long-Term Ecological Research (LTER) program

(Table 1). These ecosystems are from a wide variety of
biomes and climatic conditions ranging from prairie to
forest and from the arctic to the tropics. Although we
try to compile the data for each ecosystem from a single
site, those data are never complete and the data that are
collected are typically collected in different years with
different weather conditions. We therefore supplement
these site data with data from other similar sites and
sometimes fill data gaps based on mass balance,
assumed stoichiometric rules, or other generalized rela-
tionships (the key ecosystem properties needed for the
model are listed in Table 1, seasonal patterns we use for
calibration are illustrated in Figure 2, and more
detailed description of sites and the data needed to
parameterize the model, including sources, are in
Appendix S2).

Comparison to eddy-covariance data

We calibrate all 12 of these ecosystems to the specified
C, N, P, and water stocks and annual fluxes (Table 1)

TAB L E 1 (Continued)

Characteristic ARC-ta ARC-wb ARC-sc NWTd KBSe KNZf BNZ-lg BNZ-uh HBRi HFRj ANDk CAXl

Phase I P

mineralization

0.994 0.341 2.27 1.76 2.66 2.91 0.94 1.88 5.80 6.37 2.31 8.16

Phase II P

mineralization

0.153 0.0995 0.390 0.246 0.439 0.468 0.210 0.413 0.562 0.708 0.288 0.643

PO4 leaching 0.0044 0.030 0.0064 0.0254 0.0080 0.0274 0.0061 0.0059 0.00781 0.0103 0.0387 0.00320

Secondary P

formation

0.0015 0.0055 0.0030 0.0023 0.0042 0.0045 0.0030 0.0017 0.0053 0.0028 0.0055 0.0187

Water fluxesn

Rain 158 158 158 259 792 768 174 174 1108 1218 1825 2482

Snow 170 170 170 137 114 47 98 98 388 208 545 0

Run-in 0 873 0 0 0 0 0 0 0 0 0 0

Interception 33 23 58 131 147 171 39 65 270 183 370 534

Transpiration 98 105 73 111 397 317 196 76 228 222 150 956

Run off/percolation 197 1838 197 154 362 326 37 131 998 1021 1850 1231

aArctic LTER, North Slope, Alaska; Arctic Moist-Acidic Tussock Tundra ecosystem.
bArctic LTER, North Slope, Alaska; Arctic Wet Sedge Tundra ecosystem.
cArctic LTER, North Slope, Alaska; Arctic Shrub-Tundra ecosystem.
dNiwot Ridge LTER, Front Range, Colorado; Alpine Dry Meadow Tundra ecosystem.
eKellogg Biological Station LTER, southern Michigan; Restored Tall-grass Prairie ecosystem.
fKonza Prairie LTER, Flint Hills, Kansas; Native Tall-grass Prairie ecosystem.
gBonanza Creek LTER, Central Alaska; Boreal Lowland Black Spruce Forest ecosystem.
hBonanza Creek LTER, Central Alaska; Boreal Upland Black Spruce Forest ecosystem.
iHubbard Brook LTER, central New Hampshire; Northern Hard-wood Forest ecosystem.
jHarvard Forest LTER, central Massachusetts; Transition Oak-Maple Forest ecosystem.
kH. J. Andrews LTER, Cascade Range, Oregon; Temperate Coniferous Forest ecosystem.
lCaxiuanã National Forest, Par�a, Brazil; Tropical Rainforest ecosystem.
mOpenness is a measure of ecosystem dependance on external nutrient sources relative to internal nutrient cycling. It is quantified as the sum of all N or P inputs to the

ecosystem divided by the total uptake of N or P by the vegetation over a year.
nUnits as follows: C stocks, g C m�2; N stocks, g N m�2; P stocks, g P m�2; C fluxes, g C m�2 year�1; N fluxes, g N m�2 year�1; P fluxes, g P m�2 year�1; Water fluxes, mm

year�1.
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under the assumption of a year-to-year steady state.
The within-year dynamics are the result of the interac-
tion of the parameterization and the daily drivers we
use in this calibration but are not used to constrain the
calibration. For sites where nearby eddy-covariance
data are available (Bret-Harte et al., 2019; Euskirchen
et al., 2014; NEON, 2021, details in Appendix S3), we
compare the daily net ecosystem production (NEP)
predicted by the model to eddy-covariance estimates of
net ecosystem CO2 exchange (NEE) under the assump-
tion that negative NEE is a good approximation of NEP
(Chapin et al., 2006). Because the calibration and eddy-
covariance tower sites are not necessarily the same and
because the weather data we use in the calibration are
not necessarily derived from the eddy-covariance
towers, we compare the model predictions to several
years of eddy-covariance data to assess the model
against the multi-year mean NEE for the ecosystem
(Figure 3).

Simulations

For each of the 12 sites, we run six 100-year simulations
beginning from the calibrated steady state (72 simulations
total). The six simulations are (1) increasing CO2 from 400
to 800 μmol mol�1, (2) warming from current temperatures
to current plus 3.5�C, (3) decreasing precipitation from
100% to 80% of the current annual rate, (4) increasing pre-
cipitation from 100% to 120% of the current annual rate, (5)
doubling of CO2, 3.5�C warming, and 20% decrease in pre-
cipitation, and (6) doubling of CO2, 3.5�C warming, and
20% increase in precipitation. The MEL model uses an
index of vapor pressure deficit (VPD) calculated from satu-
rated vapor pressure at the daily maximum and minimum
temperatures. For these simulations we use the present-day
daily temperature range throughout. The VPD increases
with warming because the average temperature increases,
but we do not consider any additional changes in VPD asso-
ciated with changes in the daily temperature range.

ARC-t ARC-w ARC-s NWT

KNZ BNZ-l BNZ-u
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F I GURE 3 Daily gross primary production (GPP), net ecosystem production (NEP), and ecosystem respiration (ER) for the 12

ecosystems under the climate data we use to calibrate the model. Ecosystem respiration is plotted as negative values to emphasize that it is a

loss from the ecosystem. Under the steady-state assumption of the calibration, NEP integrated over the year is zero. The gray dots behind the

main plots are eddy covariance estimates of NEP. For the Bonanza lowland boreal forest (BNZ-l) eddy covariance data are from Euskirchen

et al. (2014). For the tundra sites (ARC-t and ARC-w) eddy covariance data are from Bret-Harte et al. (2019). The remaining eddy covariance

data are derived from NEON (2021) data. Ecosystems are identified in Table 1.
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For these simulations, increases in CO2 and tempera-
ture are linear over the 100 years. The temperature
increase is added to the daily weather driver used to cali-
brate each site, thereby retaining current seasonal pat-
terns in temperature. For decreases in precipitation, we
assume drought conditions occur during the latter part of
the growing season. To impose this drought, we specify a
rainfall pattern for year 100 in which rainfall events clos-
est to the end of the growing season, but prior to the time
litterfall begins, are removed. The cumulative volume of
the rainfall events that are removed in year 100 is equal
to 20% of the initial annual rainfall (Figure 2). To meet
this 20% cutoff, only a fraction of the earliest of these
late-growing-season rainfall events is removed. For
increased precipitation, we use an analogous approach,
but double the rainfall events during the latter part of the
growing season, such that 20% of the annual rainfall vol-
ume is added to the year-100 rainfall pattern (Figure 2).
For the precipitation simulations, we transition linearly
from the current rainfall pattern to the year-100 drought
and augmented rainfall patterns. Thus, in year 1 of the
simulation, a small amount is removed or added to each
of the affected late-growing-season rainfall events so that
the annual precipitation decreases or increases by 0.2% of
the initial annual precipitation. In subsequent years the
same amount is removed or added to each of the affected
rainfall events until the full drought or augmented rain-
fall pattern is imposed in year 100. For wet-sedge tundra
(ARC-w) we increase or decrease run-in water in propor-
tion to the increase or decrease in precipitation, but we
leave the annual amount of NH4, NO3, PO4, DOC, and
DON in the run-in unchanged (i.e., concentrations either
decrease or increase as the run-in increases or decreases).

For all these simulations the drivers continue to
change up through year 100 and therefore the ecosystems
do not reach a new steady state. In any case, the ecosys-
tems would require more than 100 years to establish a
new steady state once the drivers no longer change
because of the slow response time of soils. For the arctic
and boreal sites, we simulate changes with warming in
the rates of freeze and thaw of the seasonally active soil
layer using a soil energy budget. However, we only
account for soil down to the specified soil depth (Table 1)
and therefore do not account for additional contributions
to nutrient and C budgets from permafrost deeper than
this depth.

Post-simulation attribution analysis

We use these simulations to determine changes in ecosys-
tem C, N, and P stocks and fluxes in response to CO2 and
climate. We then focus our analyses on identifying

nutrient and stoichiometric factors that best explain
changes in total ecosystem C in response to changes in
CO2 and climate. Here we present the attribution equa-
tions for N as derived in Rastetter et al. (1992); the equa-
tions for P are analogous. In this attribution analysis, we
consider five general classes of nutrient effects on gains
or losses of total ecosystem C.

Changes in total ecosystem C associated with changes
in total ecosystem N:

ΔCT,ΔNT ¼ΔNT qVf VþqS 1� f Vð Þð Þ: ð1Þ

Changes in total ecosystem C associated with a change in
the fraction of total ecosystem N that is in vegetation:

ΔCT,Δf V ¼Δf VNT qV�qSð Þ: ð2Þ

Changes in total ecosystem C associated with changes in
vegetation C:N:

ΔCT,ΔqV ¼ΔqVNTf V: ð3Þ

Changes in total ecosystem C associated with changes in
soil C:N:

ΔCT,ΔqS ¼ΔqSNT 1� f Vð Þ: ð4Þ

Changes in total ecosystem C associated with the interac-
tion of Equations (1)–(4):

ΔCT,int ¼Δf V ΔqV�ΔqSð ÞNT

þΔNT ΔqVf VþΔqS 1� f Vð ÞþΔf V qV�qSð Þð Þ
þΔNTΔf V ΔqV�ΔqSð Þ:

ð5Þ

CT and NT are the total C and N initially in the ecosystem
(g C m�2 and g N m�2), qV and qS are the initial C:N
ratios of the vegetation and soil (g C g�1 N;), fV is the
fraction of the total ecosystem N that is initially in the
vegetation, and the Δ preceding a variable indicates the
change in value of that variable between initial and year
100. For this attribution analysis, soil is the sum of the C,
N, or P for inorganic, detritus, and Phase I and Phase II
SOM. Both primary and secondary P minerals are catego-
rized as external to the ecosystem because of their long
turnover times and consequent weak short-term interac-
tion with the other ecosystem components. Thus, release
of PO4 from primary or secondary P minerals is treated
as an input of P to the ecosystem and formation of sec-
ondary P minerals is treated as a loss of P from the eco-
system. The values calculated in Equations (1) through
(5) sum to the total change in ecosystem C over the
100 years. To facilitate comparison among ecosystems
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with diverse characteristics, we normalize the values
from Equations (1) through (5) to percent changes in
total ecosystem C by dividing by CT and multiplying
by 100.

In the initial steady state, the cycling of N and P are
synchronized so that both N and P become available to
support primary production in proportion to plant
requirements (Rastetter et al., 2013). Superficially, the N
and P cycles are similar, but there are important differ-
ences. (1) In the model, there are four potential sources
of N to plants and microbes, NH4, NO3, DON, and N fixa-
tion, but the only direct source of P is PO4. (2) In addition
to deposition, N can enter the ecosystem through symbi-
otic or non-symbiotic N fixation, both of which are bio-
logically controlled processes that are responsive,
respectively, to vegetation and soil stoichiometry. In con-
trast, new P can enter the active ecosystem cycle only
through atmospheric deposition or the slow weathering
of primary or secondary P minerals, and in the model
these inputs are independent of organisms or biological
demand. (3) The formation and weathering of secondary
P minerals serves as a long-term buffer on P availability
in the ecosystem, there is no analogue of this process for
N. (4) Fires volatilize a significant amount of N, but most
of the P in the burned biomass and organic matter
remains in the ecosystem. Because of these differences,
the direct responses of the N and P cycles to climate
change can differ and thereby disrupt the synchroniza-
tion between N and P over the 100-year simulations.
Therefore, the N-attribution factors associated with a
change in ecosystem C might differ from the P-attribu-
tion factors associated with the same change in ecosys-
tem C. To examine these interactions, we calculated
correlations for each ecosystem between the N-attribu-
tion analysis and the P-attribution analysis in two ways:

1. We calculate the correlation within treatments across
attribution factors to address the question “In its
response to a particular treatment, do the N and P
characteristics of the ecosystem change in parallel?”

2. We calculate the correlation within attribution factors
across treatments to address the question “Do analo-
gous N and P attribution factors respond in parallel
across all the treatments?”

RESULTS AND DISCUSSION

Comparison to eddy flux data

For the arctic (ARC-t and ARC-w), tallgrass prairie
(KNZ), and boreal lowland and upland sites (BNZ-l and
BNZ-u) sites, the model and eddy-covariance estimates of

NEP are consistent for the growing season, although the
variance in the eddy flux data is large (Figure 3). For the
winter, our model predictions are low (more negative) for
KNZ and BNZ-u, which might reflect inhibition of CO2

efflux because of frozen soil and snowpack. For the tran-
sition forest (HFR), the model estimates are low relative
to the eddy-covariance data. Our assumption of a steady
state is likely wrong for this site. Barford et al. (2001) and
Finzi et al. (2020) estimate that this forest is accumulat-
ing C at a rate between 160 and 300 g C m�2 year�1,
which is consistent with the amount by which our model
estimates are low. Eddy-covariance estimates can have
large year-to-year variation (Barford et al., 2001; Finzi
et al., 2020; both estimate 50%). Furthermore, a compari-
son to the net C budget only tests a small component of
the overall model. Any data available for a more compre-
hensive test of the model had to be used for calibration
(Table 1). We therefore limit ourselves to a heuristic anal-
ysis of the responses of these diverse ecosystems to ele-
vated CO2 and standardized changes in climate (Oreskes
et al., 1994). Predictive interpretation of our results will
need to wait for a more comprehensive corroboration.

Responses to elevated CO2 alone

Over the 100-year simulations, all but one of the sites
gain C with increased atmospheric CO2 alone. The C
gains are generally small as a percentage of total ecosys-
tem C (<1%–6%, Table 2) because a large fraction of that
C is in soils, especially Phase II soils, which respond
slowly (over millennia). In eight of the 12 ecosystems, the
response of vegetation to elevated CO2 is much stronger
(>10%, Table 2). The one ecosystem that loses C with ele-
vated CO2 is the lowland boreal forest (BNZ-l; Table 2).
The small loss by this forest is due to the increased water-
use efficiency with elevated CO2, which results in
decreased transpiration, increased runoff, and therefore
increased leaching losses of N and P from the ecosystem
(Figures 4 and 5). These leaching losses depend on the
concentrations of NH4, NO3, and PO4 in soil solution and
on the dissolution of DON from soil. The losses of N and
P are therefore not proportional to one another. Several
other ecosystems lose N by this mechanism (ARC-t,
ARC-w, ARC-s, KNZ, BNZ-u, HBR, and HFR), but the
effect on C loss is compensated by increases in soil C:N
ratio (ARC-t, ARC-w, ARC-s, KNZ, BNZ-u) and by the
redistribution of N from soil to vegetation (BNZ-u, HBR,
and HFR) so that these ecosystems gain rather than lose
C. Other than the lowland boreal forest, the only ecosys-
tem that loses P is the tallgrass prairie (KNZ), but
increases in vegetation and soil C:P ratio compensate so
that there is no net C loss from the ecosystem. In all five
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TAB L E 2 Percent change in vegetation, soil, and total-ecosystem C after 100 years in simulations of elevated CO2, warming, decreased

and increased precipitation (Ppt), alone and in combination.

Site
2 � CO2 + 3.5�C
� 20% Ppt �20% Ppt 2 � CO2 +3.5�C +20% Ppt

2 � CO2 + 3.5�C
+ 20% Ppt

ARC-t

Vegetation 23.38 1.38 13.59 12.21 �0.20 24.16

Soil 0.22 0.26 0.61 0.00 �0.27 �0.06

Total 1.46 0.32 1.31 0.66 �0.26 1.24

ARC-w

Vegetation 32.25 3.65 10.62 21.88 �3.76 29.95

Soil 1.00 0.64 0.55 0.27 �0.58 0.02

Total 1.80 0.72 0.81 0.82 �0.66 0.79

ARC-s

Vegetation 10.73 0.48 10.67 1.44 �0.04 11.22

Soil 0.78 0.16 0.77 0.13 �0.18 0.57

Total 1.90 0.19 1.88 0.28 �0.16 1.77

NWT

Vegetation 97.22 �56.24 27.34 66.79 18.02 89.46

Soil 5.27 �17.67 4.47 2.34 3.55 4.07

Total 7.53 �18.62 5.03 3.93 3.91 6.18

KBS

Vegetation 47.85 �34.35 17.43 �8.70 �2.77 31.14

Soil 2.08 �9.73 1.67 �1.54 0.11 0.83

Total 8.51 �13.19 3.88 �2.55 �0.29 5.09

KNZ

Vegetation 29.20 6.27 2.07 18.77 �14.65 16.37

Soil 1.87 0.63 0.84 0.86 �3.09 0.37

Total 4.51 1.18 0.96 2.59 �4.20 1.92

BNZ-l

Vegetation 37.91 �33.47 �1.34 �9.73 �2.68 35.61

Soil �1.02 �3.75 �1.99 �2.73 �2.33 �3.44

Total 4.81 �8.20 �1.89 �3.78 �2.38 2.40

BNZ-u

Vegetation 14.80 �3.31 �0.32 23.51 3.95 26.51

Soil 0.65 0.61 1.44 �0.52 �0.77 �0.34

Total 5.47 �0.73 0.84 7.67 0.84 8.81

HBR

Vegetation 3.97 �52.43 13.27 6.71 �0.63 23.05

Soil �0.17 0.50 �0.55 �2.18 �0.63 �3.44

Total 1.53 �21.31 5.15 1.49 �0.63 7.47

HFR

Vegetation 12.10 �34.90 12.59 11.19 �2.68 22.15

Soil �0.05 5.36 �1.26 �3.28 �0.80 �5.44

Total 5.96 �14.54 5.58 3.87 �1.73 8.20

(Continues)
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ecosystems where symbiotic N fixation is modeled explic-
itly (NWT, KBS, BNZ-l, BNZ-u, and CAX), elevated CO2

increases N demand and stimulates N fixation. However,
in only three of these ecosystems (NWT, KBS, and CAX)
is there a resulting N accumulation and associated C
gain. In the other two ecosystems (BNZ-l and BNZ-u) the
N gain through N fixation is compensated by a larger
increase in NH4, NO3, and DON leaching, resulting in a
net loss of ecosystem N. For most of the tundra and grass-
land ecosystems (ARC-t, ARC-w, ARC-s, NWT, and
KNZ), the C gain results predominantly from an increase
in the C:N and C:P ratio of soil and from an input of PO4

into the active P cycle, mostly from secondary minerals
(Figures 4 and 5). For the restored prairie (KBS), the C
gain also results from an increase in soil C:P, but the
stimulation of symbiotic N fixation results in a large
increase in ecosystem N and an associated decrease in
soil C:N. For four of the forested ecosystems (HBR, HFR,
AND, and CAX), the C gain is mostly in vegetation and is
possible because of a net increase in the fraction of eco-
system N and P that is in vegetation (Figures 4 and 5).
The upland boreal forest (BNZ-u) also gains C by a net
transfer of N from soil to vegetation, but not a parallel
transfer of P; instead, the C:P of the vegetation increases.
The upland boreal forest (BNZ-u) also gains C because
soil C:N and C:P increases.

Responses to warming alone

All but three ecosystems (KBS, BNZ-l, and CAX) gain C
with 100 years of warming alone (Table 2). This C gain
results from the direct stimulation of photosynthesis and
N and P mineralization by warming, all of which pro-
mote plant growth. Therefore, warming in most ecosys-
tems causes a net increase in the fraction of total
ecosystem nutrient stocks that are in vegetation (Figures 4
and 5). The resulting stimulation of productivity in our

simulations is stronger than the stimulation of soil respi-
ration in most ecosystems. The increased production also
enables all these ecosystems to accumulate N and P. The
tropical rainforest (CAX), restored prairie (KBS), and
lowland boreal forest (BNZ-l) lose C with warming.
These ecosystems rely on symbiotic N fixation for 7.6%
(CAX), 9.1% (KBS), and 2.2% (BNZ-l) of the N supporting
annual primary production and therefore do not cycle N
as tightly as the other ecosystems (i.e., a more open N
cycle in that N input to the ecosystem is larger relative to
internal N cycling than in the other ecosystems). Stimula-
tion of N mineralization by warming has two effects in
these ecosystems. First, the increase in available N
induces a redistribution of sub-efforts among the N
sources, which inhibits N fixation, resulting in a �30%
decline in symbiotic N fixation in the tropical rainforest
(CAX) and �60% decline in the restored prairie (KBS)
and lowland boreal forest (BNZ-l). Second, the increase
in mineral N increases the N losses in all three ecosys-
tems. The net result is a loss of N from the ecosystem
and, in the rainforest (CAX), a decrease in the fraction of
the remaining N in vegetation. To accommodate this loss
of N, the ecosystems lose P (including losses to secondary
P minerals), redistribute P from vegetation to soils, and
decrease the C:P of soils (Figures 4 and 5). The upland
boreal forest (BNZ-u) and alpine dry meadow (NWT) also
have symbiotic N fixation that declines with warming
(BNZ-u by �20% and NWT by �60%). However, the stim-
ulation of growth by warming is strong enough that these
ecosystems gain C, increase N and P retention, and gain
N and P.

Responses to decreased precipitation alone

The gradual decrease over 100 years in the magnitude of
the rainfall events in the latter part of the growing season
results in a substantial loss in vegetation biomass in half

TAB L E 2 (Continued)

Site
2 � CO2 + 3.5�C
� 20% Ppt �20% Ppt 2 � CO2 +3.5�C +20% Ppt

2 � CO2 + 3.5�C
+ 20% Ppt

AND

Vegetation 12.04 �0.04 5.18 5.25 �0.82 10.65

Soil �3.96 �0.83 0.77 �4.17 �0.31 �3.35

Total 7.00 �0.29 3.79 2.28 �0.66 6.25

CAX

Vegetation 22.94 �17.89 11.68 �9.93 10.92 16.33

Soil �3.67 �5.70 3.56 �3.84 1.36 3.09

Total 11.81 �12.79 8.28 �7.38 6.92 10.79

Note: Sites are identified in Table 1.
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of the ecosystems (Figure 6 and Table 2). Of these ecosys-
tems, some begin to lose biomass early in the simulations
(NWT, KBS, BNZ-l, and CAX, Figure 6). In the others,
several years of declining rainfall are required before a
critical level of water limitation is reached and biomass
declines (HBR, and HFR, Figure 6). Some work, espe-
cially dendroecological studies, indicate that water avail-
ability strongly regulates forest ecosystem C gain (at least
in the aboveground biomass), even when water is not
obviously limiting (Martin-Benito & Pederson, 2015). The
drought results in losses of vegetation C that are propor-
tionally larger than C losses from soil (if any). Thus, a
decrease in the fraction of total ecosystem N and P in veg-
etation is a major attribution factor contributing to C loss

in these six ecosystems (Figures 4 and 5). The decreased
production also decreases the amount of litter produc-
tion. Because litter has higher C:N and C:P ratios than
the soil, the decrease in litter inputs results in a decline
in the soil C:N and C:P in these six ecosystems, contribut-
ing to the total ecosystem C loss (Figures 4 and 5).

All three arctic ecosystems (ARC-t, ARC-w, ARC-s),
the tallgrass prairie (KNZ), the upland boreal forest
(BNZ-u), and the temperate coniferous forest (AND) gain
N and P with decreased precipitation because the
resulting decrease in runoff decreases N and P leaching
losses (Figures 4 and 5). For all these ecosystems, the
change in vegetation biomass is small (Figure 6). For the
tallgrass prairie (KNZ), this nutrient gain increases

N
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F I GURE 4 N-attribution of the percent change in total ecosystem C between initial and year-100 in response to doubled CO2 (CO2),

3.5�C warming (�C), and 20% decrease or increase in precipitation (�Ppt, +Ppt), alone or in combination. The changes in CO2, temperature,

and precipitation are imposed gradually as linear changes over 100 years. The five N-attribution factors (Equations 1–5) are the changes in
total ecosystem C associated with (1) the changes in total ecosystem N (ΔCTΔNT), (2) changes in the fraction of total ecosystem N in

vegetation (ΔCTΔfveg), (3) changes in vegetation C:N (ΔCTΔqveg), (4) changes in soil C:N (ΔCTΔqsoil), and (5) the interactions among 1–4
(ΔCTΔinteraction). The sum of these five attribution factors for each treatment equals the total percent change in ecosystem C over the

100 years. These total percent changes are presented in Table 2. Ecosystems are identified in Table 1.
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vegetation biomass for the first �40 years of the simula-
tion before the increasing level of drought begins to
decrease biomass (Figure 6); in year 100 the biomass is
nevertheless about 6% higher than the initial biomass
(Table 2).

The differences in response to drought between the
two boreal forests (BNZ-l and BNZ-u) and between the
restored prairie (KBS) and the tallgrass prairie (KNZ) are
particularly striking because each pair of ecosystems are
seemingly similar. The differences in response can be
traced to differences in ecosystem characteristics. For the
two boreal forests, the difference can be attributed to the

differences in soil depth and consequent differences in
available water-holding capacity (Table 1, field capacity
minus wilting point). The lower water-holding capacity
of the lowland boreal forest (BNZ-l) in our calibration
means that the soil cannot hold enough water to supply
the water needs of the vegetation during the drought
whereas the upland boreal forest (BNZ-u) soil can.

Although the tallgrass prairie (KNZ) and the restored
prairie (KBS) have the same soil depth in our calibra-
tions, the difference in soil types means that the available
water-holding capacity is 44% higher in the tallgrass prai-
rie (KNZ) than the restored prairie (KBS, Table 1). The
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F I GURE 5 P-attribution of the percent change in total ecosystem C between initial and year-100 in response to doubled CO2 (CO2),

3.5�C warming (�C), and 20% decreased or increased in precipitation (�Ppt, +Ppt), alone or in combination. The changes in CO2,

temperature, and precipitation are imposed gradually as linear changes over 100 years. The five P-attribution factors (analogous to

Equations 1–5, but for P) are the changes in total ecosystem C associated with (1) the changes in total ecosystem P (ΔCTΔPT), (2) changes in

the fraction of total ecosystem P in vegetation (ΔCTΔfveg), (3) changes in vegetation C:P ratio (ΔCTΔqveg), (4) changes in soil C:P ratio

(ΔCTΔqsoil), and (5) the interactions among 1–4 (ΔCTΔinteraction). The sum of these five attribution factors for each treatment equals the total

percent change in ecosystem C over the 100 years. These total percent changes are presented in Table 2. The results presented here are for

the same simulations as in Figure 4. Ecosystems are identified in Table 1.
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tallgrass prairie (KNZ) therefore can store more water to
sustain it through a dry period. In addition, the imposed
drought in the tallgrass prairie (KNZ) is immediately pre-
ceded by a wet period and the largest rainfall event of the
year while the imposed drought in the restored prairie
(KBS) is preceded by a dry period and the ecosystem is
already in a drought before the imposed decrease in pre-
cipitation (Figure 7). Without this serendipitous large
rainfall event and the high water-holding capacity of the
soil at the tallgrass prairie (KNZ), it too would be more
responsive to the imposed drought. Finally, the high rate
of symbiotic N fixation in the restored prairie (KBS)
means that it is not as responsive to the decrease in
leaching losses of N with decreased precipitation. The
higher N retention therefore has a stronger fertilizing
effect on the tallgrass prairie (KNZ) than the restored
prairie (KBS). Because of the weak response to decreased
leaching losses of N and the strong drought effect, the
restored prairie (KBS) loses over a third of its vegetation

biomass (Figure 6). For the tallgrass prairie (KNZ), the
effect of higher nutrient retention is stronger than the
effect of drought, resulting in a net increase in vegetation
biomass in the simulation (Figure 6).

The biomass loss because of drought is high in ecosys-
tems with high plant water demand relative to the soil
water-holding capacity. In addition, the decline in pro-
duction results in less N uptake by vegetation, which can
lead to inorganic N accumulation in soil that is leached
out during wet periods of the year. These N losses can
lead to further limitation on plant production, resulting
in a positive feedback between decreased production and
N loss. The N losses are strongest in ecosystems where
deposition of NH4, NO3, and DON are high relative to
the plant uptake of NH4, NO3, and DON. This ratio of
deposition to uptake is a measure of the openness of the
ecosystem N cycle (Rastetter et al., 2021). Across all 12
ecosystems, the amount of vegetation biomass remaining
after 100 years of decreasing precipitation can be
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intensity of rainfall events in the latter part of the growing season by successively larger amounts each year until the annual precipitation is

decreased or increased by 20% by year 100. Ecosystems are identified in Table 1.

16 of 29 RASTETTER ET AL.



predicted from water demand relative to the available
water-holding capacity of the soil and from the openness
of the N cycle:

B100

B0
¼ 1:26�0:12

ET

AWC
�1:87

TN

ΩN
R2 ¼ 0:78,p<0:001
� � ð6Þ

where B0 and B100 are vegetation biomass at years 0 and
100 of the reduced precipitation simulation (g C m�2), ET

is the annual transpiration at the calibrated steady state
in year 1 (mm year�1), AWC is the available water-hold-
ing capacity of the soil (mm; Table 1 field capacity minus
wilting point), TN is the sum of NH4, NO3, and DON
deposition in year 1 (g N m�2 year�1), and ΩN is the
internal N cycling rate in year 1 (g N m�2 year�1; esti-
mated as the sum of plant N uptake of NH4, NO3, and
DON). Although the N- and P-attribution factors are
strongly correlated in the simulations of the ecosystems
that lose biomass in response to decreased precipitation
(NWT, KBS, BNZ-l, HBR, HFR, and CAX; Table 3),
unlike the openness of the N cycle, the openness of the P
cycle (ratio of P deposition plus weathering to internal P
cycling) is not correlated with biomass loss.

Responses to increased precipitation alone

Increasing precipitation at the end of the growing season
has less pronounced effects on vegetation biomass than
decreasing precipitation (Figure 6). In the alpine dry
meadow (NWT), where transpiration is high relative to
the available water-holding capacity, increased precipita-
tion increases production, symbiotic N fixation, and plant
biomass. The C gain in this ecosystem is attributed to the
fixation-driven increase in ecosystem N, to an increase in
soil C:N and C:P resulting from the increased production
and litter inputs to soil, and to an increase in ecosystem P
resulting from the higher production and consequent
higher P retention efficiency (Figures 4 and 5). The
restored prairie (KBS) also gains N through symbiotic N
fixation, but the ecosystem does not also gain P (Figures 4
and 5). Instead, N accumulates in the soil and soil C:N
decreases. The net result is little net change in vegetation
biomass (Figure 6). For the tropical rainforest (CAX), the
increase in precipitation occurs just before the beginning
of the dry season, so the soil water reserves increase and
can maintain production for longer through the dry sea-
son, which allows biomass to accumulate (Figure 6). The
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ecosystem C gain in the tropical rainforest (CAX) is
attributed predominantly to a net transfer of N and P
from soil to vegetation (Figures 4 and 5). The remaining
ecosystems either change little in response to increased
precipitation or lose a small amount of C because N and
P are leached out of the ecosystem by increased runoff
(Figures 4 and 5).

Response to multi-component climate-
change simulations

All ecosystems gain C in response to the combined ele-
vated CO2, warming, and either increased or decreased
precipitation (Table 2). The increase in water-use effi-
ciency associated with elevated CO2 and the increase in
fertility associated with higher mineralization with
warming compensates for the lower water supply in the
simulations with a 20% decrease in precipitation. Thus,
even those ecosystems that lose a large amount of C in
the simulation with decreased precipitation alone gain C
in the simulation where that decrease in precipitation is
coupled with elevated CO2 and warming.

To help assess the relative importance of the individ-
ual climate factors on the multi-component climate-
change simulations, we calculate type-I regressions
(Sokal & Rohlf, 1995) of percent change in total

ecosystem C in multi-component versus single-compo-
nent simulations; regressions combine simulations with
decreased and increased precipitation (Figure 8). The
response to elevated CO2 alone dominates the response
in the multi-component climate-change simulations
(Figure 8a; regression near the 1:1 line). If ecosystems
with symbiotic N fixation are removed from the analysis,
the response to warming alone also contributes signifi-
cantly to the multi-component response (Figure 8b). The
responses to either decreases or increases in precipitation
are not correlated to the overall responses in the com-
bined climate-change simulations (Figure 8c). Because of
the compensating effects of increased water-use efficiency
with elevated CO2 and increased fertility with warming,
the interactions among elevated CO2, warming, and
decreased precipitation are strongly synergistic for the six
ecosystems that lose biomass in the simulations with
decreased precipitation alone (Table 2; NWT, KBS, BNZ-
l, HBR, HFR, and CAX). In these six ecosystems, the
multi-component response is synergistic in that the sum
of the changes in ecosystem C in response to each climate
component alone is negative, but the ecosystems never-
theless gain C in the multi-component simulations
(Figure 8d). Luo et al. (2008) found similar synergistic
interactions in their simulations of forested and the prai-
rie ecosystems. The interactions among elevated CO2,
warming, and increased precipitation are nearly additive

TAB L E 3 Correlation between N- versus P-attribution factors for each ecosystem within treatments across attribution factors.

Site
2 � CO2 +

3.5 �C � 20% Ppt �20% Ppt 2 � CO2 +3.5 �C +20% Ppt
2 � CO2 +

3.5 �C + 20% Ppt

ARC-t 0.89* 0.73 0.77 0.92* 0.75 0.32

ARC-w 0.97** 0.35 0.67 0.64 0.36 �0.13

ARC-s 0.92* 0.94* 0.94* 0.88* 0.91* 0.83

NWT 0.79 1.00** 0.95* 0.94* 0.91* 0.91*

KBS 0.67 0.83 0.23 �0.62 0.06 0.74

KNZ 0.96** 0.99** 0.96** 0.82 0.89* 0.95*

BNZ-l 0.92* 0.97* 0.18 0.90* 0.28 0.94*

BNZ-u 0.56 0.68 �0.13 0.89* 0.70 0.85

HBR 0.80 0.96** 1.00** 1.00** 0.74 1.00**

HFR 0.97** 1.00** 0.99** 1.00** 0.86 1.00**

AND 0.99** 0.98** 0.93* 1.00** 0.99** 0.98**

CAX 0.96** 1.00** 0.89* 1.00** 0.95* 0.94*

Regression y = �0.25x + 1.41 y = �0.52x + 1.52 y = �1.00x + 1.52 y = �0.57x + 1.56 y = �0.61 + 1.38 y = �0.63x + 1.48

R 2 0.17 0.32 0.60 0.45a 0.37 0.29

p 0.175 0.055 0.010 0.023a 0.035 0.071

Note: *p < 0.05, df = 3, **p < 0.01, df = 3. Regressions relate the correlations for each climate-change scenario, across sites, to the fraction of plant N uptake in
the form of dissolved organic nitrogen (DON) or symbiotic N fixation. To linearize correlations for the regression, they are transformed with a modified arcsine
transform (Equation 7). Sites are identified in Table 1.
aRestored Tall-grass Prairie (KBS) correlation removed as an outlier in regression for warming.
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for all but two of the ecosystems (near the 1:1 line in
Figure 8d). That is, the response in the multi-component
simulation is about equal to the sum of the responses in
the single-component simulations. For the lowland
boreal forest (BNZ-l) the interaction is synergistic
because elevated CO2 and warming stimulate plant pro-
duction and redistribute N and P from soil to vegetation
enough to compensate for leaching losses of N and P
(Figures 4 and 5). For the alpine dry meadow (NWT) the
interaction is antagonistic because all three of the indi-
vidual climate components increase N fixation and P
retention but constraints on these processes limit the
magnitudes in the multi-component simulations to less
than the sum of the responses to the individual compo-
nents (Figures 4 and 5).

To help assess the relative importance of the N and P
attribution factors in the multi-component climate-
change simulations, we calculate type-II regressions

(Sokal & Rohlf, 1995) across all 12 ecosystems of percent
change in total ecosystem C versus the percent contribu-
tion by each attribution factor (red [N] and blue [P] lines
in Figures 9 and 10). Analyzed across all ecosystems, the
regressions for the redistribution of N and P from soil to
vegetation have a slope near 1, indicating that this redis-
tribution is the dominant factor contributing to C gain.
The slopes for the other attribution factors are much
steeper, indicating their weaker contribution to C gain
when analyzed across all 12 ecosystems.

The importance of this N and P redistribution
depends in part on the element concentrations in vegeta-
tion versus soil. A high C:N in vegetation relative to soil
results in a large increase in total C when N is
redistributed from soil to vegetation. Thus, the percent
increase in ecosystem C is positively correlated with the
ratio of vegetation C:N to soil C:N (ratio of ratios) for the
multi-component simulations with both decreased
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(R = 0.64, p < 0.05) and increased (R = 0.66, p < 0.05)
precipitation. Similarly, the percent increase in ecosystem
C is positively correlated with the ratio of vegetation to
soil C:P for the multi-component simulations with
decreased (R = 0.75, p < 0.01) and increased (R = 0.65,
p < 0.05) precipitation. The relatively high C:N and C:P
of trees causes forested ecosystems to have a higher per-
cent increase in ecosystem C than the tundra and grass-
land ecosystems, especially in the simulations where
precipitation increased (Figures 9 and 10). The only non-
forested ecosystems with high percent C gains are the
alpine dry meadow (NWT) and the restored prairie
(KBS), both of which have symbiotic N fixation.

In all five ecosystems that have symbiotic N fixation
(sites with leguminous and/or actinorhizal species), the
rate of N fixation increases in the multi-component

simulations, except in the tropical rainforest (CAX) when
precipitation decreases. Despite the general increase in
fixation, leaching losses result in both the boreal forests
(BNZ-l and BNZ-u) losing N in the multi-component sim-
ulations with increased precipitation. In the same simula-
tions, the lowland boreal forest (BNZ-l) also loses a small
amount of P while in the upland boreal forest (BNZ-u),
higher P demand and consequent higher retention effi-
ciency results in a small P gain (Figures 5 and 10). With
decreased precipitation in the multi-component simula-
tions, water limitation in the lowland boreal forest
decreases nutrient demand resulting in a small loss of N.
Because of symbiotic N fixation in the alpine dry meadow
(NWT) and the restored prairie (KBS), the C gain associ-
ated with increased ecosystem N is larger than the C gain
associated with increased ecosystem P in the multi-

F I GURE 9 Changes in total ecosystem C in the combined climate-change simulations with decreased precipitation in relation to the

change in total ecosystem C attributed to each of the N and P attribution factors (Equations 1–5). Results for the N-attribution factors are in

red symbols and results for the P-attribution factors are in blue. Squares are for the forested ecosystems (BNZ-l, BNZ-u, HBR, HFR, AND,

and CAX). Circles are for tundra and grassland ecosystems (ARC-t, ARC-w, ARC-s, NWT, KBS, and KNZ). Ecosystems are identified in

Table 1. Red lines are type-II regressions through the N-attribution data and blue lines are type-II regressions through the P-attribution data.

Black 1:1 lines are to help gauge the relative importance of each attribution factor; regression lines closer to the 1:1 line contribute more to

the overall response.
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component climate simulations with both decreased
(Figure 9a) and increased (Figure 10a) precipitation. Sim-
ilarly, both ecosystems increase soil C:P more than soil C:
N (Figures 8d and 9d) because of this difference in N ver-
sus P gain. In contrast, the tropical rainforest (CAX)
accumulates neither N nor P in the multi-component
simulation with decreased precipitation and the soil C:N
and C:P remain almost constant (Figures 8a,d). More N
than P is redistributed from soil to vegetation (Figure 9b),
which is compensated by an increase in the vegetation C:
P and a small decrease in the vegetation C:N (Figure 9c).
In the multi-component simulation with increased pre-
cipitation, the tropical rainforest accumulates N through
symbiotic N fixation (Figure 10a) and compensates with
a larger increase in the soil C:P than C:N and a large
decrease in the vegetation C:N (Figure 10c).

Despite a four- to five-fold difference in the ratio of
plant to soil C, N, and P, the three arctic ecosystems clus-
ter tightly with respect to the percent change in ecosys-
tem C and the fraction of that change attributable to each
of the attribution factors (Figures 9 and 10). In the com-
bined-component simulations with decreased precipita-
tion, all three ecosystems accumulate a small amount of
N and P because of the decrease in leaching losses, redis-
tribute a small amount of N and P from soil to vegetation,
and increase the C:N and C:P of soil (Figure 9). In the
combined-component simulation with increased precipi-
tation, these three arctic ecosystems lose N through
increased leaching but retain and accumulate a small
amount of P (Figure 10a). This higher retention of P over
N indicates a tendency toward P limitation in these simu-
lations, which is consistent with the findings of Yang

F I GURE 1 0 Changes in total ecosystem C in the combined climate-change simulations with increased precipitation in relation to the

change in total ecosystem C attributed to each of the N and P attribution factors (Equations 1–5). Results for the N-attribution factors are in

red symbols and results for the P-attribution factors are in blue. Squares are for the forested ecosystems (BNZ-l, BNZ-u, HBR, HFR, AND,

and CAX ). Circles are for tundra and grassland ecosystems (ARC-t, ARC-w, ARC-s, NWT, KBS, and KNZ). Ecosystems are identified in

Table 1. Red lines are type-II regressions through the N-attribution data and blue lines are type-II regressions through the P-attribution data.

Black 1:1 lines are to help gauge the relative importance of each attribution factor; regression lines closer to the 1:1 line contribute more to

the overall response.
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et al. (2021) for the response of tundra during permafrost
thaw. Nevertheless, this difference in N versus P reten-
tion is compensated by a larger increase in the soil C:N
than C:P ratio (Figure 10d). The tallgrass prairie (KNZ)
responds similarly to the arctic sites, but with a stronger
redistribution of N and P from soil to vegetation and a
larger increase in soil C:N and C:P, and consequently, a
larger percent increase in total ecosystem C (Figures 9
and 10).

Interactions between N and P: Within
treatments across attribution factors

We analyze the interactions between N- and P-attribu-
tion factors by first calculating correlations within
treatments across attribution factors (Table 3). We then
regress these correlations against various ecosystem
characteristics or combinations of characteristics
(Table 1). Here we present only the most noteworthy
relationships (Tables 3 and 4). Because correlations are
asymptotic to both �1 and 1, we linearize the correla-
tion data using a modified arcsine transform before per-
forming the regressions:

y¼ sin�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5 1þRð Þ

p� �
ð7Þ

where R is the correlation coefficient between N- and P-
attribution factors and y is the transformed value.

Within treatments across attribution factors the corre-
lations varied widely among ecosystems (Table 3). The
degree of correlation between N- and P-attribution fac-
tors is not significantly related to the percent change in
vegetation, soil, or total C except for the multi-compo-
nent simulation with increased precipitation (p � 0.05).
The correlation between N and P attribution factors for
each treatment decreases as the fraction of plant N
uptake in the form of DON and symbiotic N fixation
increases (see regression at bottom of Table 3). The
decline in correlation is strongest for elevated CO2 alone,
warming alone, and increasing precipitation alone.
Unlike uptake of NH4 and NO3, which roughly parallel
the uptake of PO4, there is no source of P in the model
that is parallel either to DON uptake directly from soil
organic matter or to symbiotic N fixation. However, there
are P parallels to DON uptake and symbiotic N fixation
in nature. For example, mycorrhizal acquisition of
organic P (Bunn et al., 2019) parallels DON uptake and

TAB L E 4 Correlation between N- versus P-attribution factors for each ecosystem within attribution factors across treatments.

Site

Correlation between N-attribution factors and P-attribution factors

Change in total
ecosystem N
versus P

Redistribution of
N versus P
between soil and
vegetation

Change in
vegetation C:N
versus C:P

Change
in soil C:N
versus C:P

Interactions
among N versus
P attribution
factors

ARC-t 0.45 1.00** 0.99** 0.77 0.91*

ARC-w 0.52 1.00** 0.99** 0.34 0.97**

ARC-s 0.48 0.99** 1.00** 0.96** 0.96**

NWT 0.99** 1.00** 1.00** 0.98** 1.00**

KBS 0.93** 0.98** 0.88* 0.79 0.90*

KNZ 0.94** 1.00** 0.98** 0.76 0.80

BNZ-l 0.59 0.98** 0.77 0.84* 0.73

BNZ-u 0.71 0.93** 0.90* 0.29 0.94**

HBR 0.76 1.00** 0.57 0.97** 0.30

HFR 0.99** 1.00** 0.91* 0.99** 0.75

AND 0.78 1.00** 0.99** 1.00** 1.00**

CAX 0.90* 0.99** 0.91* 0.98** 0.28

Regression y = 1.72x + 1.12 y = 1.75z + 1.49 y = 4.44z + 1.31 y = �2.16w + 3.34 y = 7.21z + 1.15

R 2 0.48 0.28 0.33 0.36 0.41

p 0.011 0.075 0.052 0.039 0.024

Note: *p < 0.05, df = 4, **p < 0.01, df = 4. Regressions relate the correlations for each attribution factor, across sites, to either the openness of N cycle (x), the
openness of P cycle (z), or the fraction of ecosystem N in soil (w). To linearize correlations for the regression, they are transformed with a modified arcsine
transform (Equation 7). Sites are identified in Table 1.
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mycorrhizal weathering of apatite (Blum et al., 2002) par-
allels symbiotic N fixation in ecosystems where apatite is
present in the rooting/mycorrhizal zone (unlikely at
CAX; Porder & Hilley, 2011). These are processes that
could be added to the model, but the data needed to cali-
brate these processes are not yet available.

Thus, the N and P characteristics of an ecosystem do
not necessarily change in parallel in its response to a par-
ticular treatment. The degree to which N and P attribu-
tion factors of the ecosystem change in parallel does not
constrain ecosystem C gains and losses in our simula-
tions, indicating some independence between N and P
constraints and some degree of desynchronization of the
two cycles in response to climate change. This
desynchronization is facilitated in our model by the
diversity of N sources to vegetation for which there are
no analogous P sources.

Interactions between N and P: Within
attribution factors across treatments

The correlations between N- and P-attribution factors
across treatments are generally strong (Table 4). The
highest correlations are for the net redistribution of N
and P between soil and vegetation and for changes in the
C:N and C:P of vegetation, indicating the tight coupling
of the N and P cycle and tight regulation of vegetation
stoichiometry in our model. Both correlations increase
weakly with the openness of the P cycle (p � 0.075 and p
� 0.052, respectively). However, these relationships to
the P-cycle openness have little ecological meaning
because all the correlations are high; thus, the redistribu-
tions of N and P are tightly parallel and the C:N:P stoichi-
ometry of vegetation is tightly regulated in our model.

The correlations between net gain or losses of N ver-
sus P range from 0.45 to 0.99 and increase with the open-
ness of the N cycle (Table 4; p � 0.011), but not with the
openness of the P cycle. Thus, ecosystems with open N
cycles can adjust N gains and losses to match the net
gains in P. In the model, it is more difficult for ecosys-
tems with less open N cycles to make this adjustment, at
least within the 100 years of the simulations. In our sim-
ulations, the N cycle is more open than the P cycle in all
but three of the ecosystems (Table 1); because of its open-
ness, the N cycle adjusts to the P cycle and not the other
way around.

The correlations between changes in soil C:N and C:P
ratios range from 0.34 to 1. The correlations decrease as
the fraction of total ecosystem C, N, or P that is in soil
increases (Table 4, strongest relation for N: p � 0.039).
Rather than buffering the soil stoichiometry, a large soil
stock opens more opportunities for N and P to change

independently. Because most of the total-soil N and P are
in dead organic matter rather than microbial biomass,
the soil C:N:P is not as strongly constrained by microbial
stoichiometry as the vegetation C:N:P is by plant
stoichiometry.

The correlations between the N and P interactive
terms in the attribution analysis increase with the open-
ness of the P cycle (Table 4; p � 0.024), but not with the
openness of the N cycle. Because this term represents all
potential interactions among four primary attribution
factors, it is difficult to attribute ecological meaning to its
relation to the openness of the P cycle. Nevertheless, the
results relating correlations between net gain or losses of
N versus P to the openness of the N cycle but not the P
cycle (above) indicate that the N cycle adjusts to the P
cycle. The relation of the interactive terms to the open-
ness of the P cycle might simply reflect the constraints
imposed by the P cycle and a more open P cycle opens
more opportunities for the four attribution factors to
interact.

Thus, the ecosystem characteristics that influence the
correlation between N and P differ for each of the attribu-
tion factors. This difference in the ecosystem characteris-
tics influencing each attribution factor explains why the
within-treatment, across-attribution factor correlations
are generally weaker than the within-attribution factor,
across-treatment correlations.

Implications, cautions, and caveats

Thornton et al. (2009) demonstrated the importance of
including N feedbacks in assessing responses of the ter-
restrial biosphere to elevated CO2 and climate change.
Our analyses indicate that P also plays an important role.
Co-limitation of ecosystems by N and P is widely recog-
nized (Davidson & Howarth, 2007; Du et al., 2020;
Elser et al., 2007; Klodd et al., 2016; Ostertag & DiManno,
2016), and the relation of this co-limitation to soil parent
material and climate is becoming clear (Augusto
et al., 2017). With this recognition, both N and P are
increasingly being incorporated into global models (Goll
et al., 2012; Thum et al., 2019; Wang et al., 2010; Yang
et al., 2019). We build on this general understanding by
showing how global change alters the synchronization
between N and P cycles and how these responses differ
among ecosystems. Desynchronization of N and P cycles
is a likely response to many types of disturbance includ-
ing climate change; recovery from that disturbance
involves reestablishing that synchronization (Rastetter
et al., 2013). The divergence in N versus P attribution
among ecosystems is especially large under elevated CO2

and in simulations where plant N acquisition relies on N
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fixation or organic N uptake. These results highlight the
importance of the ongoing uncertainty in how plant
nutrient acquisition influences C storage under global
change. For example, mycorrhizal acquisition of P from
SOM or apatite parallel DON use by plants and symbiotic
N fixation, which could help maintain synchrony in our
model between N and P cycles in response to climate
change and result in stronger C sequestration in those
ecosystems constrained by P limitation.

Compiling the data needed to do this type of analysis
is difficult. We fill data gaps as best we can but are still
left with questions. For example, processes that are
clearly important at some sites are not reported for
others. Does the process not occur at these sites, or has it
just not been investigated (e.g., N fixation, DON leaching
loss and DON use by vegetation)? Details about the P
cycle are particularly problematic (e.g., gross mineraliza-
tion and immobilization, plant access to organic forms of
P). The lack of stable-isotope tracers makes it difficult to
quantify the P pools and fluxes necessary to inform a
more complete model, although some progress on
methods is being made (see Helfenstein et al., 2018). In
addition, sampling standards reflect the specific goals of
the original study and do not necessarily apply to ques-
tions about whole-ecosystem nutrient cycling. Sampling
protocols and methods also differ among ecosystem
types; methods developed for forests might not apply, or
be applied, in grasslands or tundra. These differences can
introduce biases when doing cross-biome analyses. For
example, exchangeable P methods have been developed
for soils of different pH and comparing them across natu-
ral ecosystems can be problematic. Such limitations are
the major impetus for our heuristic rather than predic-
tive goal.

The same difficulty in compiling data to calibrate the
model also limits the ability to constrain sensitivity ana-
lyses on the simulations. A proper constraint of such an
analysis would require quantification of the variability of
each of the variables in the analysis. Otherwise, the anal-
ysis would need to rely on an arbitrary variance (e.g.,
�10%), which can lead to misleading conclusions
because it amplifies the significance of variables with
lower actual variance and underestimates the signifi-
cance of variables with higher actual variance. Neverthe-
less, a comparison of the responses to CO2 and climate
among the ecosystems in our analysis does provide some
assessment of sensitivity. For example, the three arctic
tundra ecosystems tend to cluster together in most of our
analyses despite an approximately three-fold difference
in vegetation biomass and an approximately two-fold dif-
ference in SOM (e.g., Table 2, Figures 9 and 10). Simi-
larly, the northern hardwood and transition oak–maple
forests tend to cluster in our analyses (Figure 10) except

when precipitation is decreased (Figure 9). In contrast,
although having similar characteristics, the restored and
native tallgrass prairies diverge widely in our analyses
(Table 2, Figures 9 and 10). The results discussed above
explain most of this pattern in terms of the mechanisms
represented in our model. Thus, better quantification of
the stocks and fluxes of elements in ecosystems as well as
the variance in these stocks and fluxes is needed to
improve predictions of ecosystem response to changes in
CO2 and climate.

There are also clear limitations with the MEL model
itself. The cost of making the model broadly applicable
across a diverse set of ecosystems is that details specific to
particular ecosystems can be oversimplified. These details
include the representation of the biophysical controls on
temperature and moisture in permafrost versus temper-
ate or tropical soils, the complexity of microbial
responses to temperature and moisture in different soils,
and the effects of species interactions in different types of
plant communities. The P cycle in the model is the least
well-developed component. For example, C gain in some
of our simulations is possible because of N accumulation
in the ecosystem through symbiotic or non-symbiotic N
fixation, but there is no analogue for P accumulation in
the model. Could mycorrhizal weathering of primary P
minerals provide that analogue to symbiotic N fixation
(Blum et al., 2002)? Are N-fixation and mineral P
weathering directly coupled (Perakis & Pett-Ridge, 2019)?
Biotic facilitation of P (and N) acquisition from SOM is
also important (Bunn et al., 2019) but missing from the
current model. Similarly, the effects and costs of both
plant and microbial exo-enzymes (Margalef et al., 2017)
are not explicitly represented in the model. Despite hav-
ing flexible vegetation and soil stoichiometry, the vegeta-
tion pools simulated by MEL tend to adhere closely
to their parameterized targets, a result that could be bet-
ter evaluated with observations from long-term ecosys-
tem studies. Collectively, these deficiencies contribute to
the imbalance between the representation of N and P in
the MEL model and should be addressed for future
analyses.

CONCLUSIONS

Our analyses indicate that elevated CO2 and warming
should typically result in ecosystem C gain. Most of this
C gain is a result of elevated CO2. However, warmer tem-
peratures should accelerate nutrient cycling, enhance fer-
tility, and stimulate production and thereby result in a
net transfer of nutrients from soil to vegetation and an
associated C gain by the ecosystem. Enhanced N avail-
ability might also inhibit symbiotic N fixation, which
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could reduce C gains in some ecosystems. The effects of
changes in precipitation are less clear in our simulations.
Decreased precipitation alone has a substantial effect in
ecosystems where the soil cannot hold enough water to
supply the vegetation through the drought period. How-
ever, increased water-use efficiency with elevated CO2

and increased fertility with warming compensate for the
drought effects in our simulations. Higher intensities of
precipitation could enhance leaching and erosional losses
of N and P, which could reduce future C gain in some
ecosystems, especially if the high intensity precipitation
corresponds with periods when plants are less active and
nutrients have built up in soil solution. Conversely,
decreased precipitation intensity could enhance N and P
retention, allowing enhanced future C gain if the magni-
tude and timing of the decrease in precipitation does not
impose water limitation.

As indicated above, N and P availability will constrain
future C gain, but these constraints will vary among eco-
systems based on the ability of the ecosystem to accumu-
late N and P, to redistribute N and P from soil to
vegetation, and to change the stoichiometry of vegetation
and soils. Our analyses indicate that in forest ecosystems,
which have high C:N and C:P ratios in vegetation, a
redistribution of N and P from soil (lower C:N and C:P)
to vegetation will account for most of this C gain. In con-
trast, in tundra and grassland ecosystems, which tend to
have high turnover rates of vegetation biomass, an
increase in soil C:N and C:P ratios could also account for
a large part of the C gain in response to future climate
change. In addition, controls on gains and losses of N
and P from ecosystems vary but need to be assessed to
evaluate the potential for C sequestration.

Changes in the relation of C to N in response to
changes in CO2 and climate do not necessarily parallel
the analogous changes in the relation of C to P. For
example, a gain in ecosystem C might be associated with
an accumulation of ecosystem N without an accompany-
ing accumulation of P if the C:P ratios of ecosystem com-
ponents increase. Similarly, a gain in C resulting from a
net transfer on N from soil to vegetation might be accom-
modated by an increase in vegetation C:P ratio and an
increase in soil C:N ratio. Our analysis indicates that the
mechanisms by which C is sequestered relative to N ver-
sus P are not inextricably linked to one another and thus
vary among ecosystems. The divergence between N ver-
sus P mechanisms of C sequestration is particularly large
for ecosystems with more open N cycle resulting, for
example, from N fixation. Because N cycles are generally
more open than P cycles, ecosystems can adjust N gains
and losses to match the net gains in P. Thus, our results
indicate that the N cycle more readily adjusts to changes
in the P cycle than the other way around.
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