This is a non-peer reviewed preprint submitted to EarthArXiv.
This manuscript has been submitted for peer review.

Subsequent versions may have altered content.

Please contact Claire Zarakas (czarakas@uw.edu) regarding this
manuscript’s content



10

11

12

Different model assumptions about plant hydraulics
and photosynthetic temperature acclimation yield
diverging implications for tropical forest resilience

Claire M. Zarakas', Abigail L. S. Swann'?, Charles Koven?®, Marielle N.

Smith*°, and Tyeen C. Taylor®

1Department of Atmospheric Sciences, University of Washington, Seattle, WA, USA

2Department of Biology, University of Washington, Seattle, WA, USA

3Lawrence Berkeley National Laboratory, Berkeley, CA, USA

4Department of Forestry, Michigan State University, East Lansing, MI, USA

5School of Environmental and Natural Sciences, College of Environmental Sciences and Engineering,
Bangor University, Bangor, UK

6University of Michigan, Department of Civil and Environmental Engineering, Ann Arbor, Michigan, USA

Corresponding author: Claire M. Zarakas, czarakas@uw.edu



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract

Tropical forest photosynthesis can decline at high temperatures due to (1) biochemical
responses to increasing temperature and (2) stomatal responses to increasing vapor pres-
sure deficit (VPD), which is associated with increasing temperature. It is challenging to
disentangle the influence of these two mechanisms on photosynthesis in observations, be-
cause temperature and VPD are tightly correlated in tropical forests. Nonetheless, quan-
tifying the relative strength of these two mechanisms is essential for understanding how
tropical gross primary productivity (GPP) will respond to climate change, because in-
creasing atmospheric COs concentration may partially offset VPD-driven stomatal re-
sponses, but is not expected to mitigate the effects of temperature-driven biochemical
responses. We used two terrestrial biosphere models to quantify how physiological pro-
cess assumptions (photosynthetic temperature acclimation and plant hydraulic stress)
and functional traits (e.g. maximum xylem conductivity) influence the relative strength
of modeled temperature vs. VPD effects on light-saturated GPP at an Amazonian for-
est site, a seasonally dry tropical forest site, and an experimental tropical forest meso-

cosm. By simulating idealized climate change scenarios, we quantified the divergence in

GPP predictions under model configurations with stronger VPD effects compared to stronger

direct temperature effects. Assumptions consistent with stronger direct temperature ef-
fects resulted in larger GPP declines under warming, while assumptions consistent with
stronger VPD effects resulted in more resilient GPP under warming. Our findings un-
derscore the importance of quantifying the role of direct temperature and indirect VPD
effects for projecting the resilience of tropical forests in the future, and demonstrate that
the relative strength of temperature vs. VPD effects in models is highly sensitive to plant
functional parameters and structural assumptions about photosynthetic temperature ac-

climation and plant hydraulics.
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« Vapor pressure deficit

« Temperature

* Photosynthesis

« Stomatal conductance
» Temperature sensitivity
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1 Introduction

Predicting how projected temperature increases will impact the tropical forest car-
bon sink requires understanding how tropical forest photosynthesis responds to increas-
ing temperature. Photosynthesis, like most biological processes, is temperature depen-
dent, with photosynthesis-temperature response curves exhibiting a temperature opti-
mum above which photosynthetic rates decline. Some studies suggest that tropical forests
may already exist near their current optimum temperature (Doughty & Goulden, 2008;
Mau et al., 2018; Huang et al., 2019; Duffy et al., 2021; Doughty et al., 2023), but this
is a subject of ongoing debate (Lloyd & Farquhar, 2008; Tan et al., 2017). It remains
unclear what processes drive ecosystem-level photosynthetic declines beyond forests’ ap-
parent temperature optima, and it is likewise unclear how photosynthetic rates will re-

spond to further increases in air temperature due to climate change.

It is challenging to quantify tropical forests’ direct photosynthetic response to tem-
perature from observations because temperature is highly correlated with vapor pres-
sure deficit (VPD), which also directly impacts photosynthesis. Observed photosynthetic
declines associated with temperatures beyond a forest’s thermal optimum can therefore
result from two distinct mechanisms: (1) direct temperature effects on photosynthesis
and (2) VPD effects on photosynthesis. VPD effects can also be considered indirect tem-
perature effects because temperature directly controls the saturation vapor pressure of
air, so increasing temperature increases VPD even if the water content of the air, or more

conservatively the relative humidity, remains constant.

Direct temperature effects result from biochemical responses to high temperatures.
Temperature controls enzymes’ activity rates, and biochemical responses to increasing
temperature beyond a plant’s thermal optimum can lead to reversible downregulation
of photosynthesis. Very high temperatures (e.g. leaf temperature greater than 40°C) can
cause permanent damage to photosynthetic machinery, leading to longer-term suppres-
sion of photosynthetic capacity (Grossiord et al., 2020). Under sustained temperature
increases, observations indicate that plants can acclimate to higher temperatures by shift-
ing their photosynthetic thermal optima closer to ambient temperatures (Kattge & Knorr,

2007; Kumarathunge et al., 2019).

Meanwhile, VPD effects are due to reversible stomatal responses to atmospheric

demand for water. Leaves’ stomata close with increasing VPD in order to minimize wa-
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ter loss, and this stomatal closure reduces leaf-level photosynthesis. Increasing VPD re-
duces stomatal conductance even under well-watered conditions (Medlyn et al., 2011),
and leaf water declines driven by plant hydraulic limitations on supplying water to leaves

can further amplify VPD-driven stomatal conductance declines (Grossiord et al., 2020).

While it is challenging to disentangle these two mechanisms, it is nonetheless es-
sential to do so in order to project how tropical gross primary productivity (GPP) will
respond to climate change. Future relationships between temperature and VPD are ex-
pected to deviate from present day temperature-VPD relationships because global warm-
ing tends to decrease relative humidity over land, reflecting that increases in land evap-
otranspiration and moisture import from the ocean are not expected to keep up with in-
creasing temperature under global warming (Byrne & O’Gorman, 2018). Empirical es-
timates of GPP sensitivity to temperature that implicitly include VPD effects (or vice
versa) only work in a stationary temperature-VPD regime, so they may not hold in a
warmer climate. Furthermore, increasing atmospheric CO4 concentrations may partially
offset VPD-driven stomatal responses (Lloyd & Farquhar, 2008; Dusenge et al., 2019),

but are not expected to mitigate the effects of temperature-driven biochemical responses.

The challenge of disentangling temperature and VPD effects has led to substan-
tial discussion of the extent to which VPD vs. direct temperature effects are driving ob-
served photosynthetic declines with temperature in tropical forests, with some evidence
for both effects. Many recent observational studies support the hypothesis that, in the
present day, VPD effects are stronger than direct temperature effects, based on leaf gas
exchange measurements (Vargas-G & Cordero, 2013; Slot & Winter, 2016; Slot et al.,
2016; Santos et al., 2018), analysis of ecosystem-level observations (Wu et al., 2017; San-
tos et al., 2018; Fu et al., 2018), and experimental decoupling of temperature and VPD
(Smith et al., 2020). However, some analysis of leaf-level observations suggest that di-
rect temperature effects may be substantial for some tropical tree species (Slot and Win-

ter 2017a,b; Doughty et al. 2023).

Terrestrial biosphere models differ in the strength of temperature and VPD effects

under present day and future conditions. Rowland et al. (2015) compared five land sys-

tem models under present day conditions, and found that modeled VPD effects are stronger

than direct temperature effects in all models, but that the magnitude of overall (tem-

perature + VPD effects) varies substantially across models. Galbraith et al. (2010) found
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that in a high-emissions scenario, Amazonian total vegetation carbon decreased, but that
the extent to which this was due to temperature vs. VPD effects varied across three mod-
els - in two models, direct temperature effects dominated, and in one model tempera-
ture and VPD effects contributed approximately equally to vegetation carbon declines.

It is challenging to determine exactly what drives differences in the strength of temper-
ature and VPD effects between models, because in modern land models temperature and
VPD effects on GPP are emergent properties that result from multiple leaf-, plant-, and
ecosystem-level processes. Temperature and VPD effects can vary between models due
to different assumptions about the temperature responses of photosynthetic rates (Gal-
braith et al., 2010; Rowland et al., 2015), stomatal conductance, plant hydraulics, plant
functional traits, and other plant and soil processes which indirectly control photosyn-

thesis and stomatal conductance.

In this study, we systematically quantified how different model assumptions con-
trol the strength of temperature and VPD effects (as measured via the GPP responses
of tropical forests) in models on hourly timescales, and present a framework for compar-
ing model hypotheses with ecosystem-level observational constraints. We focused on the
impacts of plant hydraulics and photosynthetic temperature acclimation because pre-
vious work has shown that they influence plants’ responses to temperature and VPD (Lom-
bardozzi et al., 2015; Kennedy et al., 2019), but most land surface models used to as-
sess global carbon cycle feedbacks do not include either process (Table S1). In our anal-
ysis, we distinguished between structural assumptions (what equations are used to rep-
resent plant processes, e.g. the equations that govern water transport along the soil-plant-
atmosphere continuum) and parameter assumptions (how those equations are param-
eterized, e.g. the value for maximum xylem conductivity). We asked the following ques-
tions: (1) How do photosynthetic temperature acclimation and plant hydraulics influ-
ence the modeled strength of temperature vs. VPD effects on GPP? (2) How do plant
functional traits control apparent GPP responses to temperature? (3) Which structural
and parameter assumptions are consistent with observed variations in the apparent GPP
sensitivity to temperature across three different tropical forest sites? and (4) How do dif-
ferent assumptions about the relative strength of temperature vs. VPD effects influence

projected GPP responses to warming?



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

2 Methods
2.1 Site descriptions

We analyzed three tropical forest sites which span distinct temperature-VPD regimes
(Figure S1): the Biosphere 2 experimental tropical forest (B2), the kilometer 67 Ama-
zonian evergreen forest eddy covariance site (K67), and the Tesopaco Mexican tropical
deciduous forest eddy covariance site (MX-Tes). All sites regularly exceed 30°C, but the
typical VPD at 30°C differs between the sites: 0.75 kPa (B2), 1.49 kPa (K67), and 2.75
kPa (MX-Tes).

K67 is a tropical evergreen forest located in the Tapajés National Forest near San-
tarém, Pard, Brazil, and the site is described in more detail in Hutyra et al. (2007) and
Restrepo-Coupe et al. (2013). Eddy covariance data for this site was collected by the Large-
scale Biosphere-Atmosphere Experiment in Amazonia (LBA). K67 experiences an an-
nual mean temperature of 26°C, annual mean relative humidity of 84.6%, and 1,993 mm

mean annual rainfall. Temperatures can reach up to 33°C on hourly timescales.

MX-Tes is a tropical dry deciduous forest in Sonora, Mexico (Perez-Ruiz et al., 2010).
The mean annual temperature at MX-Tes is 24°C, mean relative humidity is 48%, and
hourly temperatures can reach up to 42°C. The site receives 712 mm mean annual rain-
fall, which primarily falls during the July-September wet season, and most trees lose their
leaves during the dry season. We only analyzed data from Tesopaco during the grow-
ing season, which we defined as July to September based on leaf area index observations

(Smith et al., 2020).

B2 is an experimental evergreen tropical forest biome within the Biosphere 2 Earth
science facility in Arizona, USA. The mean annual temperature at B2 is 27.2°C, and hourly
temperatures can reach up to 49°C. The annual mean rainfall is 1,300 mm and mean rel-
ative humidity is 82%. B2 differs from natural tropical forests in several ways. Firstly,

B2 maintains high humidity levels even at temperatures greater than 30°C, which means
the VPD associated with a given temperature is typically lower than it would be in a
natural tropical temperature-VPD regime (Smith et al., 2020, Figure S1). Additionally,
the seasonality of temperature and VPD is stronger in B2, and there is no rainfall sea-

sonality. B2 also experiences lower solar radiation and higher COs concentrations than
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natural forest sites. Differences between B2 and natural tropical forests are discussed in

more depth in Smith et al. (2020), Rosolem et al. (2010), and Arain et al. (2000).

2.2 Model descriptions

We ran simulations using two different models: the Functionally Assembled Ter-
restrial Ecosystem Simulator (FATES; Koven et al., 2020) and the Community Land Model
version 5 (CLMS5; Lawrence et al., 2019). We ran single-site simulations of K67, B2, and
MX-Tes from 2002-2011, 1998-2003, and 2004-2009, respectively, with simulations forced
with gap-filled historical meteorological data. For each model, we ran four different model
configurations where we turned on and off photosynthetic temperature acclimation and

plant hydraulics.

2.2.1 FATES model

FATES is a size- and age-structured vegetation demographic model. We used the
static stand structure configuration of the model, a reduced complexity mode in which
a site’s stand structure and leaf area are held constant over time, initialized from for-
est inventory data. This configuration allows us to look at the direct response of ecosys-
tem function to parameter and structural perturbation, in the absence of internal feed-
backs due to the effects of growth and mortality on ecosystem function. The default FATES
model configuration represents stomatal conductance using the Ball-Berry model (Ball

et al., 1987).

The default FATES configuration (FATESNoAcclimNoHydro) does not include either
photosynthetic temperature acclimation or plant hydraulics. In a modified version of FATES,
FATESHydroOnly, We turned on the plant hydraulics module (Christoffersen et al., 2016;

C. Xu et al., 2023), which dynamically calculates water transport along the soil-plant-
atmosphere continuum and determines vegetation water stress as a function of leaf wa-

ter potential. In another modified FATES version, FATESAcclimonly, we implemented

the photosynthetic temperature acclimation scheme developed by Kumarathunge et al.
(2019), which allows plants to change the temperature dependence of photosynthetic rates
based on growth temperature. In FATES A cclimaAndHydro We turned on both plant hydraulics

and photosynthetic temperature acclimation.
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Variable AH, (J/mol) AHg (J/mol) AS (J/mol/K)
Jmaz 43,540 152,040 495
Default FATES
Vemaz 65,330 149,250 485
Modified Kumarathunge Imaz 40,710 200,000 658.77 - 0.84T growth
Scheme Vemaz | 42.6 + 1,1407 g 0wtn 200,000 645.13 - 0.38T yrowth

Table 1. Temperature dependence parameters for photosynthesis.

In the default FATES configuration (FATESNoAcclimNoHydro); Jmaz and Vemas change

with leaf temperature (T,) according the peaked Arrhenius function (Equation 1):

298.15R T, 1+ e(pp(%)

f(Ty) =eacp< AH, (1— 298'15>) <1+exp(29&§g§f5—$fld)> (1)

where R is the universal gas constant, AH, is the activation energy term (J/mol),
AH, is the deactivation energy term (J/mol), and AS is the entropy term (J/K/mol).
In default FATES, the temperature dependence parameters for C3 photosynthesis (AH,,
AH,, and AS) are constant for all C3 plants (Table 1). In the observationally derived
Kumarathunge et al. (2019) temperature acclimation scheme, these temperature depen-
dence parameters can acclimate to adjust to plants’ growth temperature (Ty,ouwen) and
home temperature (Thome), where Tyrowth is defined as the average temperature over the

previous 30 days (limited to the range 3-37°C), and Thome is defined as the long-term

mean maximum temperature of the warmest month of the year (Table 1).

The Kumarathunge temperature acclimation scheme also allows the ratio of Jp,qz

t0 Vemaa to change based on Tyrowtn and Thome (Equation 2).

Jmam
JV, = 2192 — 956 — 0.0375Thome — 0.0202(Tyrowth — Thome) (2)

cmax

Our temperature acclimation scheme deviates slightly from the original Kumarthunge
scheme, because we include only temperature acclimation, and not temperature adap-
tation effects (which allows plants to adjust their J,,4, temperature dependence curve

based on the temperature at the species’ seed source, Thome). We chose to ignore tem-
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perature adaptation effects because in an Earth system modeling context it is challeng-

ing to determine a plant functional type’s climate of origin in a way that is scalable to

the whole globe in both past, present, and future climates, and because Kumarathunge

et al. (2019) found that acclimation was a stronger driver of variation in plants’ photo-
synthetic thermal optima than adaptation was. Our modified Kumarathunge scheme (Ta-
ble 1) is identical to the full Kumarathunge et al. (2019) scheme under the condition where

Thome = Tgrowth-

2.2.2 CLMS5 model

We used the satellite phenology configuration of CLM5, which is a reduced com-
plexity mode of the model that prescribes leaf area and vegetation height. As with the
FATES configuration, this CLM5 configuration allowed us to isolate direct responses with-
out confounding feedbacks due to changes in leaf area. The default version of CLMb5
(CLMS5 AcclimAndHydro) includes both plant hydraulics (Kennedy et al., 2019) and the Kattge
& Knorr (2007) photosynthetic temperature acclimation scheme (Lombardozzi et al., 2015),
and represents stomatal conductance using the Medlyn et al. (2011) model. In addition
to the default CLM5 model, we ran three additional model configurations where we turned
on and off photosynthetic temperature acclimation and plant hydraulics: CLMS5AcclimOnly
in which we turned off the plant hydraulics module; CLMb5t1ydro0nly, in which we reverted
to the photosynthetic temperature response functions from an older version of CLM (doc-
umented in Lombardozzi et al., 2015); and CLMbnoacclimNoHydro, it Which we turned

off both plant hydraulics and photosynthetic temperature acclimation.

2.3 Observational data (environmental driver data, forest structure data, and

flux calculations)

We used gap-filled meteorological data and net ecosystem exchange (NEE) data
from the FLUXNET2015 dataset (Pastorello et al., 2020) for K67, from Rafael Rosolem
(Rosolem et al., 2010; Smith et al., 2020) for B2, and from the AmeriFlux FLUXNET
data product for MX-Tes (Yepez & Garatuza, 2021). We calculated GPP by assuming
that daily ecosystem respiration rates are equal to night-time NEE following the method-

ology in Smith et al. (2020).
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For CLM5 simulations, we prescribed leaf area and vegetation height based on ob-
servations in the literature. At K67 we set leaf area to 6 m?/m? (based on Restrepo-Coupe
et al., 2017), at Biosphere 2 we held leaf area constant at 5 m?/m? (based on Rosolem
et al., 2010), and and at MX-Tes we prescribed a seasonally varying leaf area index which
ranged from 0.3 to 4.1 m?/m? throughout the year, based on the average monthly leaf
area index in Smith et al. (2020). We set vegetation height to 33.2 m for K67 (based on
the observationally-derived gridded CLM input dataset at that location), 11.5 m for B2

(from B2 forest inventory data) and 14 m for MX-Tes (Sanchez-Mejia et al., 2021).

For FATES simulations, we prescribed the forest structure (tree diameter distri-
bution) to match forest inventory data, and held this forest structure constant over time.
We used 2012 forest inventory data for K67, 2000 forest inventory for B2, and 2009 for-
est inventory data for MX-Tes (Sanchez-Mejia et al., 2021). For B2, we modified FATES’
default allometric scaling relationships to achieve the observed distribution of tree heights,
which was necessary because B2 trees are shorter for a given stem diameter than trees

at natural tropical forests (Rascher et al., 2004; Smith et al., 2020).

Our analysis focused on GPP under high light conditions, and site-specific light sat-
uration thresholds were estimated from observed relationships between downward short-
wave radiation and NEE. We used light saturation thresholds of 600 W/m? for K67, 300
W /m? for MX-Tes, and 200 W/m? for B2. We refer to GPP above these light thresh-

olds as light-saturated GPP.

2.4 Synthetic meteorology method for calculating light-saturated GPP re-

sponses to temperature and VPD

We calculate light-saturated GPP temperature response curves by binning light-
saturated GPP by air temperature in 1°C bins. We refer to the modeled apparent GPP
temperature response as the binned response curve for actual GPP associated with a given
temperature in observations, and we refer to the GPP direct temperature response as
the binned response curve only due to direct temperature effects, which we quantify us-

ing FATES and CLM simulations with synthetic meteorological forcings.

We quantified the extent to which the apparent modeled light-saturated GPP re-
sponses to temperature are due to direct temperature effects or VPD effects by running

model simulations with synthetic meteorological forcings. We used an “everything but”

—10—
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approach to quantify the effect of each meteorological driver. For example, the direct ef-
fect of temperature on modeled GPP is calculated as the difference between modeled his-
torical GPP (in which the model is forced with the observed historical meteorology) and
modeled GPP under a synthetic meteorology where temperature is held constant at 25°C
and all other meteorological quantities match the observed historical meteorology. Us-
ing this approach, we disentangled the individual contributions of (1) direct tempera-
ture effects, (2) VPD effects, (3) synergistic VPD-temperature effects, and (4) all other
meteorological effects, including solar radiation and precipitation (Table S2). The sum
of these four terms equals the net effect, and the net effect is equivalent to the appar-
ent GPP response in model simulations forced with the observed site meteorology (Text
S1). We additionally quantified the effect of soil moisture by running synthetic meteo-
rology simulations where rainfall is held constant throughout the year at 0.005 mm/s,

which constantly saturates the soil and relieves any soil moisture stress.

2.5 Perturbed parameter ensemble

We quantified how plant functional traits relating to photosynthesis, stomatal con-
ductance, and plant hydraulics modify the strength of direct and indirect temperature
effects by running a small perturbed parameter ensemble in FATES A cclimAndHydro, Where
we perturbed plant functional trait parameters one at a time to low-end, median, and
high-end values based on the existing literature (Table S3). We ran twelve parameter
perturbation simulations for four FATES parameters. We quantified the modeled strength
of direct and indirect temperature effects for each ensemble member using the same syn-

thetic meteorology method described above.

2.6 Idealized future climate treatments

We quantified how K67 responds to warming in different model configurations by
applying five idealized climate treatments: (1) temperature increase, (2) temperature and
VPD increase (under constant relative humidity), (3) temperature increase and relative
humidity decrease, (4) VPD increase, (5) relative humidity decrease (Figure S7). We used
this factorial idealized climate treatment design in order to disentangle the extent to which
GPP changes under warming are due to direct biochemical effects from increasing tem-
perature vs. stomatal effects due to VPD increases, and we assess the impact of constant

vs. decreasing relative humidity to represent different expectations about future climate

—11-
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as described further below. In the temperature increase treatment (1), temperature in
the historical meteorological forcing dataset is uniformly increased by 3°C at all points

in time, but VPD is held constant at historical levels, and thus relative humidity increases.
In the temperature and VPD treatment (2), both temperature and VPD increase to re-
flect a 3°C warming and constant relative humidity. In the temperature increase and rel-
ative humidity decrease (3), temperature increases by 3°C and relative humidity decreases
by 6%. This idealized relative humidity decrease is consistent with CMIP6 model pro-
jections of Amazon climate change - multi-model mean relative humidity decreases by
about 4-7% by midcentury and 4-13% by the end of the century, depending on the sce-
nario (Li et al., 2023). In the VPD increase treatment (4), VPD is increased to reflect

the VPD change that would occur under 3°C warming and constant relative humidity,
but temperature is held constant at historical levels. In the relative humidity decrease
(5), VPD is increased to reflect the VPD change that would occur under 3°C warming
and -6% decrease in relative humidity, but temperature is held constant at historical lev-
els. We additionally ran two of these climate treatments (1 and 3 above) under elevated
CO3 concentrations of 560 ppm. We selected this CO5 concentration because it is two
times the preindustrial CO5 concentrations - in medium to high emission scenarios, this

COg concentration is reached between 2049 and 2069 (Meinshausen et al., 2020).

3 Results
3.1 Structural influences on the strength of temperature and VPD effects

To evaluate how different model structural assumptions influence the apparent GPP

response to temperature, we ran site-level simulations of K67 where we turned on and

off photosynthetic temperature acclimation and plant hydraulics, resulting in a total of
eight model configurations (see Methods). In observations at K67, light-saturated GPP
declines by about 38% as temperature increases from 25°C to 32°C (Figure 1la). In all
simulations of K67 under current conditions, light-saturated GPP declines as temper-
ature increases, which is qualitatively consistent with observations (Figure la). The
CLMS5 AcclimAndHydro and CLMbShydroonly apparent GPP temperature response curves
(green and blue dashed lines, respectively) most closely match this observed apparent

GPP temperature response.

—12—
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perature effects. (a) The apparent light-saturated GPP response to temperature at the K67
site in observations and in different model configurations of FATES and CLM5. (b) The mod-
eled strength of direct temperature effects and VPD effects, quantified as the percent change
in light-saturated GPP from 25°C to 32°C as calculated from synthetic meteorology simula-
tions. More negative values indicate stronger temperature and VPD effects on GPP. Nonlinear
temperature-VPD effects are attributed equally to direct temperature and VPD effects, e.g. the

temperature effect plotted on the x-axis is equal to the direct temperature effect plus 3 of the
nonlinear temperature-VPD synergistic effects. The gray 1:1 line delineates whether tempera-

ture or VPD effects are dominant. Points above the 1:1 line indicate that direct temperature
effects are stronger than VPD effects, while points below the 1:1 line indicate that VPD effects
are stronger. The black line marks the total apparent GPP response to temperature from 25°C to
32°C, which is an observational constraint if other meteorological effects are assumed to be zero.
The observed AGPP is represented as a line to reflect ambiguity as to whether temperature or
VPD effects are dominant. (c) The modeled strength of meteorological effects which contribute
to the apparent GPP relationship with temperature, which is quantified as the percent change

in light-saturated GPP from 25°C to 32°C as calculated from synthetic meteorology simulations.
The total (circles) refers to the model output when actual site meteorology is used (equivalent to
the sum of temperature, VPD, synergistic VPD+temperature, and other effects).
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We then disentangled the direct and indirect effects of temperature and other me-
teorological drivers by running model experiments in which only one driver is allowed
to vary at a time using synthetic meteorology. Across all model configurations, the ap-
parent GPP response to temperature (defined in section 2.4, black horizontal line shows
observations and black circles show modeled apparent GPP change) does not reflect the
actual GPP response to direct temperature effects as quantified through direct modi-
fications to meteorological forcing (Figure 1c). Rather, the apparent GPP response to
temperature constitutes the combined effect of direct temperature effects (red bars), VPD
effects (blue bars), synergistic VPD-temperature effects (purple bars), and other mete-

orological quantities that covary with temperature (orange bars).

The relative impact of temperature and VPD on GPP varies depending on model
structural assumptions (Figure 1b-¢). When neither photosynthetic temperature accli-
mation nor plant hydraulics are turned on, direct temperature effects in both FATES
and CLM5 are stronger than VPD effects (gray circle and gray triangle, respectively, Fig-
ure 1b). Turning on photosynthetic temperature acclimation weakens direct tempera-
ture effects (moving from gray to yellow, Figure 1b), and adding plant hydraulics strength-
ens VPD effects (moving from gray to blue, Figure 1b). Weakening direct temperature
effects and strengthening VPD effects have counteracting influences on the apparent GPP
responses to temperature, such that turning on both photosynthetic temperature accli-
mation and plant hydraulics yields a combined temperature and VPD effect which is sim-
ilar to the combined effect when both processes are turned off (Figure 1). Ultimately,
however, this similar combined temperature and VPD effect is achieved through differ-
ent partitioning between direct temperature and VPD effects under different model struc-
tural assumptions (moving from gray to green, Figure 1b). Model configurations with
both processes turned off exist in the stronger direct temperature effects regime (above
1:1 line), while model configurations with both processes turned on exist in the stronger

VPD effects regime (below 1:1 line, Figure 1b).

From Figures 1b and ¢, we find that model configurations that include plant hy-
draulics and temperature acclimation have different emergent strengths of VPD vs. tem-
perature effects for the same overall combined VPD and temperature effect as config-
urations which do not include these processes. However, the synthetic meteorology sim-
ulations also demonstrate that temperature and VPD are not the sole drivers of the ap-

parent GPP response to temperature. The apparent GPP response also is influenced by
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other environmental factors (orange bars, Figure 1c¢). Turning on plant hydraulics also
increases overall soil-plant water stress, especially in FATES (Figure S3), and this hy-
draulic stress contributes to apparent GPP declines with temperature because soil mois-
ture is negatively correlated with temperature and VPD over seasonal timescales (Fig-
ure S2). In several model configurations (FATES A cclimonly,

CLM5NoAcclimNoHydros CLMBAcclimonly) other environmental factors contribute to the
apparent GPP response to temperature even when soil moisture, temperature, and VPD
are held constant (blue lines in Figure S3), suggesting an influence of solar zenith an-

gle or solar radiation.

Of the four FATES model configurations, FATESyoAcclimNoHydro (default FATES)’s
apparent GPP temperature response is closest to the observed temperature response,
followed by FATES acclimAndtydro- While FATESNoAcclimNotiydro and FATES AcclimAndHydro
have similar combined temperature and VPD effects (Figure 1b), the apparent temper-
ature response in FATES A cclimAndHydro deviates more from observations (Figure 1c) due
to additional soil moisture stress (Figure S3). Observations do not directly measure how
much different meteorological drivers contribute to this apparent GPP response to tem-
perature, but previous work using analytical methods such as path analysis (Wu et al.,
2017; Fu et al., 2018) and binned regression (Wu et al., 2017; Smith et al., 2020) sug-
gest that at the K67 site VPD effects are stronger than direct temperature effects, in-
dicating that model configurations in the stronger VPD effects regime are likely more

consistent with observations.

3.2 Parametric influences on the strength of temperature and VPD effects

We ran a small perturbed parameter ensemble in FATESAcclimAndHydro to identify
how plant functional traits influence the apparent GPP temperature response, and the
relative strength of direct temperature and VPD effects. We found that the apparent
GPP response to temperature is highly sensitive to plant functional parameters (Figure
2a). Our parameter ensemble yielded more variation in the strength of VPD effects (rang-
ing from -27% to -12% from 25°C to 32°C) than variation in the strength of direct tem-
perature effects (ranging from -6% to +1%) (Figure 2b). The maximum rate of Rubisco
carboxylase activity (Vemas) exerted a particularly strong control on VPD effects. Even
though we sampled a broad parameter space, the FATES AcclimAndHydro model always hy-

pothesized that VPD effects are stronger than direct temperature effects (Figure 2b),
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Figure 2. Plant functional traits modify the strength of direct and indirect tem-
perature effects. The relative strength of direct temperature effects and VPD effects as in
Figure 1, but for a perturbed parameter ensemble of FATESAcclimAndHydro, Varying kmax, stom-
atal slope, p50, and vemax25.

suggesting that the qualitative dominance of direct temperature or VPD effects in mod-
els is relatively robust to parameter choice, and depends more on model structural as-

sumptions (i.e. Figure 1b).

The large variation in the apparent GPP response to temperature across our en-
semble was driven primarily by parameters’ influence on the strength of other meteo-
rological effects (orange bars, Figure 2¢) such as soil moisture. Maximum hydraulic con-
ductivity (kmax) exerted a particularly strong control over the apparent GPP response

to temperature.
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3.3 Apparent temperature responses across humidity gradients

In observations, B2 has a weaker apparent GPP response to temperature than nat-
ural tropical forest sites (Smith et al., 2020, Figure 3). We ran model simulations to test
which assumptions are consistent with this cross-site variation in apparent GPP responses
to temperature. When photosynthetic temperature acclimation and plant hydraulics are
active in CLM5 (CLMS5 acclimAndHydro), modeled apparent GPP temperature response
curves match observations relatively well at K67, MXTes, and B2 (Figure 1b), though
GPP declines associated with increasing temperatures are slightly too weak at K67 and
B2. As in observations, the K67 and B2 apparent temperature response curves begin to
diverge from each other around 25°C. CLMS5 is unable to capture this divergence in ap-
parent temperature response curves without including temperature acclimation and plant
hydraulics (compare Figures 3a and 3b). When these processes are turned off in
CLMS5NoHydroNoAcclim, increasing temperatures are associated with modeled GPP declines

that are too weak at K67 and too strong at B2.

In contrast, apparent GPP temperature response curves in FATES acclim AndHydro
do not perform well compared to B2 observations when photosynthetic temperature ac-
climation and plant hydraulics are active (Figure 3d). The FATES AcclimAndHydro appar-
ent GPP temperature response fits observations reasonably well at K67, but B2 and MX-
Tes GPP declines too much with increasing temperature in FATES s cclimAndHydro- The
strong apparent GPP temperature response in FATES AcclimAndHydroat B2 is driven by
soil moisture stress, as diagnosed by synthetic meteorology simulations with fully sat-
urated soils (Figure S4). Changing B2 plant hydraulic traits so that B2 trees have higher
maximum xylem hydraulic conductivity (16.04 kg/MPa/m/s compared to 3 kg/MPa/m/s)
flattens the FATES AcclimAndHydro B2 apparent GPP temperature response by alleviat-
ing this water stress at B2 (dashed red line in Figure 3d). Turning off photosynthetic
temperature acclimation and plant hydraulics also improves apparent GPP temperature
response curves in FATES (Figure 1c). In FATESNoAcclimNoHydro, modeled apparent GPP
temperature response curves match observed response curves reasonably well, though

GPP declines are slightly underestimated at K67 and overestimated at B2. B2 and K67

apparent temperature response curves diverge from each other at about 30°C in FATESN,AcclimNoHydro-
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Figure 3. Observed and modeled apparent GPP responses to temperature at

three tropical forest sites. Each panel compares observed and modeled apparent GPP re-
sponses to temperature for a different model configuration. In (a) and (c) photosynthetic tem-
perature acclimation and plant hydraulics are turned off, and in (b) and (d), photosynthetic
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3.4 Different structural assumptions yield diverging projections

In the historical period, model assumptions consistent with strong direct temper-
ature effects and weak VPD effects can yield a similar apparent GPP response to tem-
perature as assumptions consistent with weak direct temperature effects and strong VPD
effects (gray vs. green, Figure la). But our idealized climate treatment simulations demon-
strate that these different assumptions yield diverging projections of ecosystem resilience

to warming.

In models without photosynthetic temperature acclimation or plant hydraulics, light-

saturated GPP decreases under an idealized increased temperature treatment (Figure

4a and c). In FATESNoacclimNoHydro a1ld CLMBNoAcclimNoHydro, iRCreasing temperature
by 3°C decreases mean light-saturated GPP by 14% and 11%, respectively. These mod-
els are not sensitive to VPD changes, and are therefore not sensitive to different assump-
tions about relative humidity changes under warming (Figure 4a, Figure 4c, and Figure
S5). In contrast, temperature increases drive minimal GPP changes in models with pho-
tosynthetic temperature acclimation and plant hydraulics turned on (Figure 4b and d).
In FATES AcclimAndHydro and CLMb acclimAndHydro, the increased temperature treatment
changes GPP by less than 3% as long as VPD is held constant at historical levels. These
models are more sensitive to relative humidity changes under warming (Figure 4b, Fig-
ure 4d, and Figure S5). If the 3°C temperature increase is accompanied by 6% decrease
in relative humidity, GPP decreases by 7 and 9%, respectively. If idealized climate treat-
ments are accompanied by an increase in COy concentration, GPP increases in all model

configurations due to FATES and CLM’s strong COs fertilization effects. However, GPP

increases more in FATESACClimAndHydro and CLM5AcclimAndHydro than in FAA’]:‘ESNoAcclimNoHydro

and CLM5NoAcclimNoHydro (Figure 85)

Climate treatments’ influence on the distributions of light-saturated GPP also dif-

fer between models. In FATESNoAcclimNoHydroa CL1\/-[5N0AcclimNoHyd1ro; and C]‘—41\/I5AcclimAndHydro;

climate treatments shift the mean GPP but lead to minimal changes in the distribution
of GPP around the mean. In FATESAcclimAndHydro, climate treatments both shift the
mean GPP and drive changes in the GPP distribution around the mean. Compared to
observed light-saturated GPP, the mean light-saturated GPP for CLMb5NoAcclimNoHydro
and FATES A cclimAndHydro most closely match observations. There are biases in the GPP

distributions in all models (Figure 4).
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Figure 4. Shifts in the distribution of light-saturated photosynthesis at K67 un-

der idealized climate treatments. Distributions of light-saturated GPP at K67 under differ-
ent climate treatments for CLM5 (a-b) and FATES (c-d). In (a) and (c), photosynthetic temper-
ature acclimation and plant hydraulics are turned off. In (b) and (d), photosynthetic temperature
acclimation and plant hydraulics are turned on.
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4 Discussion
4.1 Photosynthetic temperature acclimation and plant hydraulics

We found that both photosynthetic temperature acclimation and plant hydraulics
govern the strength of direct temperature effects and VPD effects on photosynthesis (Fig-
ure 1), underscoring the importance of improving our scientific understanding and model
representations of these processes. Models can achieve the same overall present day GPP
response to temperature and VPD by excluding both of these processes (which yields
stronger direct temperature effects) or by including both of these processes (which yields
stronger VPD effects). However, these two sets of assumptions yield diverging predic-
tions of ecosystem resilience to warming (Figure 4). Assumptions consistent with stronger
direct temperature effects resulted in larger GPP declines under warming, while assump-
tions consistent with stronger VPD effects resulted in more resilient GPP under warm-
ing. This suggests that the relative strength of direct temperature vs. VPD effects on
GPP in the present day may be a useful diagnostic for GPP responses to future warm-
ing. It has long been recognized that land surface models tend to fit historical data rel-
atively well, but then diverge from each other under future conditions (Friedlingstein et
al., 2006, 2013; Lovenduski & Bonan, 2017; Booth et al., 2017), in part due to the chal-
lenge of equifinality (J. Tang & Zhuang, 2008; Fisher & Koven, 2020). This study iden-
tifies that the tradeoff between weak VPD effects and strong temperature effects vs. strong
VPD effects and weak temperature effects is an important axis along which compensat-

ing errors may occur in models.

Photosynthetic temperature acclimation and plant hydraulics are well established
processes with important effects on ecosystem functioning, so broadly we expect that model
configurations that include these processes should be more realistic than model config-
urations which exclude them. Previous observationally-based studies indicate that VPD
effects are stronger than direct temperature effects at K67 in particular (Wu et al., 2017;
Fu et al., 2018; Smith et al., 2020), and at tropical forests in general (Smith et al., 2020).
This suggests that structural assumptions that put models in the stronger VPD effect
regime are more realistic, and that models without photosynthetic temperature accli-
mation or plant hydraulics may match observations by assuming unrealistically strong
direct temperature effects. Most land models used to quantify carbon cycle responses

to warming as part of the Coupled Model Intercomparison Project Phase 6 (CMIP6) do
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not include photosynthetic temperature acclimation or plant hydraulics (Table S1), so

we hypothesize that such land models may overestimate the strength of direct temper-
ature effects and underestimate VPD effects. Given that the present-day partitioning
between temperature and VPD effects may be a useful diagnostic for model GPP sen-
sitivity to warming, we call for more modeling centers to use synthetic meteorology meth-
ods to explicitly quantify how much modeled apparent GPP responses to temperature

in the present day are driven by direct temperature effects, VPD effects, and other me-

teorological drivers.

In this study we focus on how photosynthetic temperature acclimation and plant
hydraulics influence GPP responses to warming, but we also note that photosynthetic
temperature acclimation and plant hydraulics can influence tropical carbon pool responses
to concurrent changes in atmospheric COy concentration, precipitation, and other en-
vironmental conditions. For example, Lombardozzi et al. (2015) found that turning on
photosynthetic and respiratory temperature acclimation yielded a smaller tropical car-
bon pool increase from 1850 to 2100, compared to simulations when these processes were
turned off. This was attributed to the fact that 1850 tropical carbon pools were larger
in simulations that included temperature acclimation, but the rate of ecosystem-level car-
bon accumulation slowed by the end of the 21st century due to limitation of another en-

vironmental quantity (e.g. nutrient or water limitation).

4.2 Plant functional traits

We found that plant functional traits control the strength of VPD and tempera-
ture effects (Figure 2), which means that the strength of these effects can differ across
time and space due to variation in tropical forest functional composition. This poses a
challenge for modeling tropical forest responses at a regional to pan-tropical scale, be-
cause doing so will require representing the diversity of plant functional traits which can
vary widely both within an ecosystem and geographically. This, paired with the fact that
hydraulic trait data for tropical forests is limited, motivates further data collection of
tropical tree hydraulic trait data through field campaigns (Tavares et al., 2023; Christof-
fersen et al., 2016) and satellite-based methods (e.g. Liu et al., 2021). For example, our
perturbed parameter ensemble demonstrated that the apparent GPP response to tem-
perature is highly sensitive to plants’ stem maximum hydraulic capacity. However, a pre-

vious meta-analysis identified less than 300 observations of this trait for tropical trees
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(Christoffersen, 2021). Collecting more hydraulic trait data, and developing methods for
estimating hydraulic traits based on correlations with environmental conditions or more
easily collected plant traits, will enable better model representation of ecosystem pho-
tosynthetic responses to temperature, VPD, and soil moisture. Our results also suggest
that GPP sensitivities to environmental changes are influenced by variation in plant traits
within an ecosystem, due to both variation across trees (e.g. X. Xu et al., 2016) and ver-

tical variation in plant traits and forest microclimates (Vinod et al., 2023).

Previous studies have documented differing strengths of VPD and temperature ef-
fects on GPP across tropical forest sites (Fu et al., 2018), and we demonstrate here that
this variation could be partially due to inter-site variation in plant functional traits. Ad-
ditionally, tropical forest functional composition can change in response to changing cli-
mate, thereby driving shifts in tropical forest GPP sensitivities to VPD, temperature,
and soil moisture. This nonstationarity in time points to the importance of accounting
for dynamic ecosystem functional assembly (Fisher et al., 2015) when predicting trop-

ical forest photosynthesis under novel climates on longer timescales.

4.3 Multiple hypotheses consistent with apparent GPP responses to tem-

perature at Biosphere 2

From observations alone, it is challenging to identify which unique features of Bio-
sphere 2 (see section 2.1) enable the site to maintain high photosynthetic rates even at
high temperatures. Broadly, we expect that models should be able to represent all sites
using the same physiological rules, and that B2’s shallower apparent GPP temperature
response curve could be due to (1) environmental and/or (2) biological differences be-
tween B2 and natural forest sites. If environmental differences are the primary driver
of the different apparent GPP temperature responses across sites, we would expect that
models could represent cross-site variation in GPP temperature response curves using
one common set of plant traits for all sites. If biological differences are the primary driver
of the different apparent GPP temperature responses across sites, it would be necessary

to vary plant traits across sites.

Our results indicate that we cannot currently distinguish between these two per-
spectives (Figure 3). Simulations in CLM suggest that the different apparent GPP tem-

perature responses between B2 and the natural tropical forest sites can be explained by
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environmental differences, but only if both plant hydraulics and photosynthetic temper-
ature acclimation processes are turned on. Considering only CLM simulations would there-
fore support the idea that CLMS5 acclimAndHydro includes more realistic set of physiolog-

ical rules than CLM5NoAcclimNoHydro, because only CLMS acclimAndHydro 18 able to cap-

ture the variation in GPP temperature responses across humidity gradients.

FATES simulations, however, support the alternative hypothesis that biological dif-
ferences contribute to the different apparent GPP temperature responses across sites.
In FATES AcclimAndHydro, €nvironmental differences alone cannot explain the differences
in apparent GPP temperature responses across sites because FATESAcclimAndHydro Can-
not capture the shallower temperature response curve at B2. However, FATES A cclimAndHydro
can capture the variation in GPP temperature responses across sites if B2 trees have higher
maximum hydraulic conductivity. This change reduces (but does not eliminate) large
biases in FATES’ modeled leaf water potential compared to observations (Figure S6) and
aligns with the fact that trees at B2 have lower wood density than most tropical trees,
which is associated with higher maximum xylem conductivity (Christoffersen et al., 2016).
Prior studies also suggest that the functional composition of B2 may differ from natu-
ral tropical forests. For example, over the last twenty years the percentage of trees at
B2 that emit isoprene has increased (Taylor et al., 2018), which suggests a shift towards

higher community-weighted photosynthetic rates at high temperatures (Taylor et al., 2019).

The different GPP responses between FATES A cclimAndHydro and CLMb A cclimAndHydro
at B2 demonstrate that photosynthetic responses to temperature and VPD are not sim-
ply determined by whether or not models include plant hydraulics. The implementation
of plant hydraulic processes (which differs between FATES and CLM) matters, as do the
specific values of plant hydraulic traits. We also note that soil hydrology is important
for capturing the temporal variation in plant leaf water potential, and can therefore also
influence photosynthetic responses to VPD. The water transport through plants depends
on soil water potential, so if models have oversimplified soil hydrology, soil hydrology bi-
ases can lead to inaccurate leaf water potential and water fluxes (Ivanov et al., 2012; Restrepo-

Coupe et al., 2017) even if models were to perfectly represent plant hydraulics.
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4.4 Drivers of GPP variation on different timescales

Predicting tropical forest GPP responses to a warming climate will require under-
standing biotic and abiotic controls on photosynthesis across a range of timescales, from
hours to centuries, and accurately representing these processes in models. This paper
focuses on variation in hourly light-saturated GPP, which is the timescale at which land
surface models are perhaps most likely to match observations because land surface mod-
els have represented instantaneous leaf-level responses to environmental conditions for
decades (Fisher and Koven 2020). The fact that structural assumptions not included in
many land models can influence photosynthesis at this timescale underscores the impor-
tance of doing this kind of test. Our model simulations did not represent temporal vari-
ation in leaf area, leaf age, or plant functional composition, which is a reasonable sim-
plification for this study because on hourly timescales GPP is primarily driven by en-
vironmental rather than biotic variability (Wu et al., 2017). However, while the data is
hourly, trends may in part be related to factors varying at seasonal timescales. For ex-
ample, if GPP decreases with temperature and the true driver of this relationship were
soil moisture, that would be because higher temperatures are occurring during the dry
season when soil moisture is lower, creating a spurious correlation that occurs over sea-

sonal timescales.

Ultimately, however, it is necessary to compare models and observations at all timescales,
and biotic variation is increasingly important when considering GPP variability beyond
hourly timescales (Wu et al., 2017). Mechanistically representing the processes affect-
ing canopy light-use efficiency, such as plant carbon allocation and leaf turnover, will be
essential for capturing monthly and interannual GPP responses to temperature and VPD.
Previous work has found that forest photosynthetic capacity increases in the dry season
(Wu et al., 2017; Albert et al., 2018; Lopes et al., 2016; A. C. I. Tang et al., 2019), and
that on monthly timescales VPD increases may increase photosynthesis by stimulating
flushing of new leaves (Restrepo-Coupe et al., 2013). Additionally, representing how en-
vironmental change alters forest functional composition is an important process on decadal

to centennial timescales.

Another limitation of our modeling approach is that we represented each site us-
ing a single plant functional type, and therefore did not represent within-site functional

diversity. Previous work has demonstrated that diversity in plant traits is an important
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control on ecosystem responses to water stress (Werner et al., 2021) and seasonal to in-
terannual variation in ecosystem functioning (X. Xu et al., 2016). Our simulations also
did not represent vertical variations in plant traits and forest microclimates, which pre-
vious work suggests is important for forest responses (Smith et al., 2019), but is often
insufficiently represented in models (Vinod et al., 2023). We encourage future work to
expand on this study by quantifying how functional diversity and seasonal to interan-
nual biotic variations influence GPP responses to temperature and VPD effects at mul-

tiple timescales.

5 Conclusions

We demonstrated that plant functional parameters and structural assumptions about
photosynthetic temperature acclimation and plant hydraulics control the strength of tem-
perature and VPD effects on tropical forest photosynthesis. This led us to identify a novel
axis along which compensating errors can occur in models — models can match observed
apparent ecosystem-level photosynthesis responses to temperature by excluding both pro-
cesses (which yields stronger direct temperature effects) or by including both processes
(which yields stronger VPD effects). However, these two sets of assumptions yield di-
verging predictions of ecosystem resilience to warming, underscoring the importance of
improving our scientific understanding and model representations of these processes. This
study also demonstrates the challenges of disentangling temperature vs. VPD effects from
observational data alone. Developing further observational constraints on the partition-
ing between temperature vs. VPD influences in the historical period should be a future
research priority, as should using those observational constraints to evaluate model per-

formance.
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Text S1 Decomposition of Meteorological Drivers

We decompose the modeled light-saturated GPP into four different components:
(1) the direct temperature effect, (2) the VPD effect, (3) the synergistic effect, and (4)
other meteorological effects. We first decompose the modeled GPP into the temperature
and VPD combined effects and into other meteorological effects, such that Biotar = Br+vep+

ﬂother:

ﬁtotal = A(;-P-Phiﬁto’r’ical (1)
Br+vpp = AGPPyistorical — AGPPLowV PDLowTemp (2)
Bother - AGPPLOU}VPDLO’U)TEWP (3)

Where AGPPx is the difference between the light-saturated GPP in model exper-
iment X (as described in Table 2) and the historical light-saturated GPP at 25°C. We
then further decompose Sy pp into the direct temperature effect S, the VPD effect
Bvpp, and the synergistic temperature-VPD effect 84y, such that 8ryvpp = Br +

BVPD + Bsyn:

/BT = AC;(]Dphistorical - AGPPLO’[UTEWP (4)
BVPD = AC;’Pphistm"ical - ACTVPIDLOMVPD (5)
Bsyn = Br+vpPp — Br — PvPD (6)

It follows from these definitions that Bioiar = B + Bvrp + Bsyn + Bother-



Includes

CMIP6 Earth Includes Plant Photosynthetic Plant Hydraulics Photosynthetic Temperature

Land Model " N RSN .
system model Hydraulics? Temperature Implementation Acclimation Implementation

Acclimation?

CESM2 CLM5.0 Yes Yes Kennedy et al. (2019) Lombardozzi et al. (201 5)1
NorESM2-LM CLM5.0 Yes Yes Kennedy et al. (2019) Lombardozzi et al. (201 5)1
GFDL-ESM4 GFDL-LM4.1 Yes No* Wolf et al. (2016) Smith et al. (2016)

ORCHIDEE (v2.0, o Naudts et al. (2015), Yao et ) 1
IPSL-CMBA-LR Water/Carbon/Energy) No Yes al. (2022) Vuichard et al. (2019)
CMCC-ESM2 CLM4.5 (BGC mode) Yes NA
BCC-CSM2-MR BCC_AVIM2 Yes NA
ACCESS-ESM1-5 | CABLE24 No* ?gzgf”‘”e etal (2020, |y auer etal. (2023

1 "
UKESMI-0-LL JULES-ES-1.0 Ellerotal. (2018, 2020) | Mercadoetal. (2018);, Oliveret
al. (2022)

GISS-E2-1-G GISS LSM NA
E3SM-1-1 ELM (v1.1) NA

HTESSEL and LPJ- )
EC-Earth-CC GUESS va Hickler et al. (2006) NA
MPI-ESM1-2LR | JSBACH3.20 [ Not [NA Goll (2013)'
MIROC-ES2L MATSIR06.0+VISIT-e NA NA

ver.1.0
CanESM5 CLASS3.6/CTEM1.2 NA NA
CNRM-ESM2-1 Surfex 8.0c NA NA
MRI-ESM2-0 HAL 1.0 NA NA

* There are versions of the land model that include this process (e.g. for specific scientific projects) or model implementation of this process is currently being
developed, but these processes are not active in the land model codebase that was used in CMIP6 coupled Earth system model simulations.
" These models implement the Kattge and Knorr (2007) temperature acclimation scheme

2 These models implement the Kumarathunge et al.(2019) temperature acclimation scheme

Table S1: Processes included in CMIP6 land models. The table includes all
Earth system models participating in the Coupled Climate—Carbon Cycle Model Inter-
comparison Project (C4MIP; Jones et al., 2016).

Experiment Name

Meteorological Forcing (at the lowest atmospheric level)

Temperature

Relative
Humidity (%)

Incident solar
radiation

Precipitation

Incident
longwave
radiation

Wind

Surface
pressure

Historical

LowVPD

Historical

Modified so that
VPDis 0.4
kPa*

LowTemp

25°C

Modified so that
the VPD
matches the
historical VPD

LowVPDLowTemp

25°C

Modified so that
VPDis 0.4
kPa*

* Modified so that VPD at the lowest atmosphere level is 0.4 kPa, which is the average VPD at temperatures 24.5-25.5°C in the historical record.

Table S2: Description of synthetic meteorological forcings.




FATES parameter FATES parameter Default | Low Median High Reference for
description Value Perturbation | Perturbation | Perturbation | parameter ranges
fates_hydr_kmax_node | maximum xylem 3 0.105 343 16.038 Christofferson et al.
conductivity per unit (2021)
conducting xylem area
[kg/MPa/m/s]
fates_leaf_stomatal_slo | stomatal slope 8 6.98 10.62 18.07 Lin et al. (2015)
pe_ballberry parameter for Ball-Berry
model [unitless]
fates_hydr_p50_node* | xylem water potential at | -2.25 -6.3 -1.79 -0.18 Christofferson et al.
50% loss of conductivity (2021)
fates_leaf_vemax25top | maximum carboxylation | 60 778 45 60.1 Albert et al. (2018)
rate of Rub. at 25C,
canopy top

Table S3: Parameter perturbations included in the small perturbed parame-
ter ensemble. For each parameter (each row), three one-at-a-time parameter perturba-

tion experiments were simulated: one low-end simulation, one median, and one high-end

simulation, where the low-end, median, and high-end parameter perturbation values were
determined based on literature review.
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Figure S1: Temperature-VPD regimes of study sites, compared to other trop-
ical forest sites. (a) Location of tropical forest sites used in this study, along with other
tropical forest sites in the FLUXNET and/or Ameriflux networks which have a mean
annual temperature > 20°C and are classified as deciduous or evergreen broadleaf trop-
ical forests. Colors indicate the extent of tropical Képpen-Geiger climate classifications
(Koppen, 1936; Peel et al., 2007) as calculated from ERA5 Reanalysis (European Centre
for Medium-Range Weather Forecasts, 2019). (b) Temperature-VPD relationships for
tropical forest sites, based on FLUXNET and/or Ameriflux meteorological data. Curves
are calculated by binning VPD by air temperature in 1°C bins, and calculating the mean
VPD for each temperature bin. Lines are colored to indicate natural forest sites’ average
relative humidity. Gray background curves indicate the temperature-VPD relationship for
a given relative humidity level.
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Figure S2: Variation in VPD and soil moisture on monthly timescales. (a)
Relationship between monthly mean VPD at 2m and monthly mean soil matric potential
(SMP) at 40 cm depth (note that more negative SMP corresponds to drier soils). Sea-
sonal cycles of (b) SMP and (c) VPD.
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Figure S3: Soil moisture influences on the apparent GPP response to tem-
perature at K67 for different configurations of CLM5 (a-d) and FATES (e-h).
Shaded areas show how much the modeled apparent GPP response to temperature (black
line) are due to the combination of temperature and VPD effects (purple shaded area)
and soil moisture effects (orange area). These meteorological effects are calculated from
synthetic meteorology simulations where temperature and VPD are held constant (dashed
black line) and where precipitation is held constant at 0.005 mm/s to fully saturate the
soil at all points in time (blue line).
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Figure S4: Soil moisture influences on the apparent GPP response to temper-
ature at Biosphere 2. As in Figure 3, but at Biosphere 2.
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Figure S5: Mean light-saturated GPP responses at K67 to idealized climate
treatments for different model configurations: (a) FATES without temperature
acclimation or plant hydraulics, (b) CLM5 without temperature acclimation or plant hy-
draulics, (c¢) FATES with active temperature acclimation and plant hydraulics, and (d)
CLMb5 with active temperature acclimation and plant hydraulics. Solid bars indicate the
mean GPP change when the atmospheric CO5 concentration is held constant at historical
levels, and empty bars indicate the change when atmospheric CO5 concentration is ele-
vated to 560 ppm.
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Figure S6: Modeled leaf water potential for FATES AcclimAndHydros With default
parameters (black) compared to increased maximum hydraulic conductivity
(gray). Bars to the right of the plots indicate the range of leaf water potential observa-

tions collected in 2002 at Biosphere 2 (Pegoraro et al., 2006) in normal conditions (blue)
and during a drought experiment (red).
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Figure S7: Idealized climate treatments in temperature-VPD space. Gray
background curves indicate the temperature-VPD relationship for a given relative humid-
ity level. Numbers in the legend correspond to the idealized climate treatment numbers in
the main text.
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