'.) Check for updates

Received: 18 December 2020 | Accepted: 11 February 2021

DOI: 10.1111/gcb.15574

PRIMARY RESEARCH ARTICLE

£ Jiobai chanoe siciooy RAVAPRSNG

Global patterns of forest autotrophic carbon fluxes

Rebecca Banbury Morgan™? | Valentine Herrmann' | Norbert Kunert’®* |

Ben Bond-Lamberty®

1Conservation Ecology Center,
Smithsonian Conservation Biology
Institute, Front Royal, VA, USA

2School of Geography, University of
Leeds, Leeds, UK

SForest Global Earth Observatory,
Smithsonian Tropical Research Institute,
Panama, Republic of Panama

“Institute of Botany, University of Natural
Resources and Applied Life Sciences,
Vienna, Austria

%Joint Global Change Research Institute,
Pacific Northwest National Laboratory,
College Park, MD, USA

Correspondence

Kristina J. Anderson-Teixeira,
Conservation Ecology Center, Smithsonian
Conservation Biology Institute, 1500
Remount Rd. MRC 5535; Front Royal, VA
22630 USA.

Email: teixeirak@si.edu

Funding information

Smithsonian Institution; DOE, Grant/
Award Number: DE-SC0008085 and DE-
SC0010039

1 | INTRODUCTION

| Helene C. Muller-Landau® | Kristina J. Anderson-Teixeira'"

Abstract

Carbon (C) fixation, allocation, and metabolism by trees set the basis for energy and
material flows in forest ecosystems and define their interactions with Earth's chang-
ing climate. However, while many studies have considered variation in productivity
with latitude and climate, we lack a cohesive synthesis on how forest carbon fluxes
vary globally with respect to climate and one another. Here, we draw upon 1,319
records from the Global Forest Carbon Database, representing all major forest types
and the nine most significant autotrophic carbon fluxes, to comprehensively review
how annual C cycling in mature, undisturbed forests varies with latitude and climate
on a global scale. Across all flux variables analyzed, rates of C cycling decreased con-
tinuously with absolute latitude—a finding that confirms multiple previous studies and
contradicts the idea that net primary productivity of temperate forests rivals that of
tropical forests. C flux variables generally displayed similar trends across latitude and
multiple climate variables, with no differences in allocation detected at this global
scale. Temperature variables in general, and mean annual temperature or temperature
seasonality in particular, were the best single predictors of C flux, explaining 19%-
71% of variation in the C fluxes analyzed. The effects of temperature were modified
by moisture availability, with C flux reduced under hot and dry conditions and some-
times under very high precipitation. Annual C fluxes increased with growing season
length and were also influenced by growing season climate. These findings clarify how
forest C flux varies with latitude and climate on a global scale. In an era when forests
will play a critical yet uncertain role in shaping Earth's rapidly changing climate, our

synthesis provides a foundation for understanding global patterns in forest C cycling.
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allocation, and metabolism by trees and other primary producers—set

Carbon (C) cycling in Earth's forests provides the energetic basis for
sustaining the majority of Earth's terrestrial biodiversity and many
human populations (Millennium Ecosystem Assessment, 2005), while
strongly influencing atmospheric carbon dioxide (CO,) and climate
(Bonan, 2008). Forests’ autotrophic C fluxes—that is, C fixation,

the energy ultimately available to heterotrophic organisms (including
microbes), in turn influencing their abundance (Niedziatkowska et al.,
2010; Zak et al., 1994) and possibly diversity (Chu et al., 2018; Waide
et al,, 1999). They are linked to cycling of energy, water, and nutri-
ents and, critically, influence all C stocks and define forest interac-

tions with Earth's changing climate. Each year, over 69 Gt of C cycle
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through Earth's forests (Badgley et al., 2019)—a flux more than seven
times greater than that of recent anthropogenic fossil fuel emissions
(9.5GtC year‘l; Friedlingstein et al., 2019). As atmospheric CO, con-
tinues to rise, driving climate change, forests will play a critical role
in shaping the future of Earth's climate (Cavaleri et al., 2015; Rogel;j
et al., 2018). However, our understanding of global-scale variation in
forest C cycling remains incomplete, in large part because it is pieced
together from numerous studies, most considering only one or a few
variables at a time, with various approaches for handling influential
factors such as stand age, disturbance history, and management sta-
tus (Gillman et al., 2015; Litton et al., 2007; Simova & Storch, 2017).
Forest C fluxes decrease with latitude (e.g., Anderson-Teixeira
et al.,, 2021; Cramer et al., 1999; Gillman et al., 2015; Li & Xiao,
2019; Luyssaert et al., 2007; Zhao et al., 2005). However, stud-
ies have differed in their conclusions regarding the shape of this
relationship—quite possibly because of lack of standardization with
respect to methodology and stand history. C flux and allocation vary
with stand age, disturbance, and management (Delucia et al., 2007,
Fernandez-Martinez et al., 2014; Simova & Storch, 2017; Yu et al.,
2014), making clear latitudinal patterns difficult to discern without
standardization of the dataset. Studies agree that gross primary pro-
ductivity (GPP) increases continuously with decreasing latitude and
is indisputably highest in tropical forests (Badgley et al., 2019; Beer
etal., 2010; Jung et al., 2011; Li & Xiao, 2019; Luyssaert et al., 2007).
However, this relationship is more ambiguous for subsidiary fluxes.
Some studies have suggested that net primary productivity (NPP),
or its aboveground portion (ANPP), exhibits a less distinct increase
from temperate to tropical forests (Luyssaert et al., 2007)—or even a
decrease (Huston & Wolverton, 2009; but see Gillman et al., 2015).
A shallower increase in NPP than in GPP with decreasing latitude
would align with the suggestion that tropical forests tend to have
low carbon use efficiency (CUE = NPP/GPP; Anderson-Teixeira et al.,
2016; Delucia et al., 2007; Malhi, 2012) but contrast with recent
findings of the opposite pattern (Collalti et al., 2020). Such differ-
ences among C fluxes in their relationship to latitude have profound
implications for our understanding of the C cycle and its climate sen-
sitivity (e.g., Collalti et al., 2020). However, until recently, the poten-
tial to compare latitudinal trends across C fluxes has been limited by
lack of a large database with standardization for methodology, stand
history, and management (Anderson-Teixeira et al., 2018, 2021).
Latitudinal gradients in forest C flux rates, along with altitudi-
nal gradients (Girardin et al., 2010; Malhi et al., 2017; Muller-Landau
et al., 2020), are driven primarily by climate, which is a significant
driver of C fluxes across broad spatial scales (Cleveland et al., 2011;
Cramer et al., 1999; Luyssaert et al.,, 2007; Muller-Landau et al.,
2020; WEei et al., 2010). However, there is little consensus as to the
shapes of these relationships or the best predictor variables. The
majority of studies have focused on exploring the relationships of C
fluxes to mean annual temperature (MAT) and precipitation (MAP),
which are the most commonly reported site-level climate variables.
C fluxes increase strongly with MAT on the global scale, but whether
they saturate or potentially decrease at higher temperatures remains
disputed. Some studies have detected no deceleration or decline in

GPP (Luyssaert et al., 2007), NPP (Schuur, 2003), or root respiration
(R Piao et al., 2010; Wei et al., 2010) with increasing MAT. In con-
trast, others have found evidence of saturation or decline of C flux in

root’

the warmest climates: Luyssaert et al., (2007) found NPP saturating
ataround 10°C MAT, Larjavaara and Muller-Landau (2012) found that
increases in GPP saturate at approximately 25°C MAT, and Sullivan
et al., (2020) found that, within the tropics, woody stem productiv-
ity (ANPP

fluxes generally saturate at high levels of MAP, though the saturation

<tem) decreases at the highest maximum temperatures. C
points identified vary widely (e.g., ~1000-2445 mm year; Schuur,
2003; Wei et al.,, 2010). Interactions between MAT and MAP may
also influence productivity (Beer et al., 2010; Yu et al., 2014); within
the tropics, there is a positive interaction between MAT and MAP
in shaping ANPP, such that temperature has a positive effect on
productivity in moist climates, but a negative effect in dry climates
(Taylor et al., 2017). There is also evidence that C fluxes also respond
to climate variables such as seasonality of temperature and precip-
itation (Wagner et al., 2016), cloud cover (Taylor et al., 2017), solar
radiation (Beer et al., 2010; Fyllas et al., 2017), and potential evapo-
transpiration (PET; Kerkhoff et al., 2005); however, these are not
typically assessed in global-scale analyses of annual forest C flux.
MAT and MAP do not capture intra-annual climate variation, in-
cluding temperature and precipitation seasonality and growing season
length. Most forests-even tropical evergreen-exhibit some seasonal-
ity in both climate and C flux (e.g., Wagner et al., 2014), and this season-
ality influences annual C fluxes (Churkina et al., 2005; Fu et al., 2019;
Keenan et al., 2014). In particular, growing season length has been
linked to ANPP, NPP, GPP, and net ecosystem exchange of CO, (NEE,
or the difference between GPP and ecosystem respiration; Churkina
etal., 2005; Keenan et al., 2014; Kerkhoff et al., 2005; Michaletz et al.,
2014; Zhou et al., 2016). However, the relative importance of growing
season length, as opposed to climate within the growing season, re-
mains debated. On one end of the spectrum, some studies have sug-
gested that the influence of temperature on C fluxes may be limited
to determining the length of the frost-free growing season, and that
climate within the growing season has little influence on C fluxes be-
cause of plant adaptation and acclimatization to local climates (Enquist
et al., 2007; Kerkhoff et al., 2005; Michaletz et al., 2014, 2018). In sup-
port of this, Kerkhoff et al., (2005) and Michaletz et al., (2014) found
no significant relationship between growing season temperature and
ANPP or NPP standardized to a climate-defined growing season length
(but see Chu et al., 2016). The idea that growing season length is an
important determinant of annual C flux also aligns with evidence that
cross-site variation in NEE is strongly correlated with growing season
length (Churkina et al., 2005) and that warming-induced increases in
growing season length are enhancing forest GPP and C sequestration
(Keenan et al., 2014; Zhou et al., 2016). On the other end of the spec-
trum, climatic conditions within the growing season may exert a stron-
ger influence on annual C fluxes than the length of the growing season.
This aligns with observations that in forests, NEE tends to be more
closely tied to the maximum rate of CO, uptake than to the carbon
uptake period (Fu et al., 2019; Zhou et al., 2016), and with numerous
tree-ring analyses finding that annual growth is more closely controlled
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by peak growing season climate than by spring or fall conditions (e.g.,
Helcoski et al., 2019; Martin-Benito & Pederson, 2015). Thus, the ex-
tent to which growing season length controls global-scale variation in
forest autotrophic C fluxes remains unclear.

The recent development of the Global Forest Carbon database
(ForC), which synthesizes multiple variables and includes records of
stand history (Anderson-Teixeira et al., 2016, 2018), opens up the pos-
sibility for a standardized analysis of global-scale variation in multiple
C fluxes and the principle climatic drivers of these patterns. In order to
approach this broad topic, we organize the major gaps in our knowl-
edge under five broad review questions and corresponding predictions,
many derived from the findings of previous studies (Table 1). First, we
ask how nine forest autotrophic carbon fluxes in ForC vary with lati-
tude (Q1). We then test how these fluxes relate to MAT and MAP (Q2),
and additionally how they respond to other, less well-studied, climate
variables (Q3). Finally, we consider the relationship between C flux and
seasonality, considering the role of seasonality in explaining variation
in carbon fluxes (Q4), and the influence of climate on C flux standard-
ized by growing season length (Q5). Our analyses represent a major
step forward in relation to previous work (e.g., Luyssaert et al., 2007)
in that we examine global climatic trends in more variables (9 vs. <3),
draw from a much larger database (>4 times more records analyzed),
and control for the effects of stand age, disturbance, and management.

2 | MATERIALS AND METHODS

2.1 | Forestcarbon flux data

This analysis focused on nine C flux variables included in the open-
access ForC database (Table 2; Anderson-Teixeira et al., 2016, 2018).
ForC contains records of field-based measurements of forest car-
bon stocks and annual fluxes, compiled from original publications
and existing data compilations and databases. Associated data, such
as stand age, measurement methodologies, and disturbance history,
are also included. The database was significantly expanded since the
publication of Anderson-Teixeira et al. (2018) through addition of
the Global Soil Respiration Database (Bond-Lamberty & Thomson,
2010; Jian et al., 2020) and the FLUXNET2015 dataset (Pastorello
et al., 2020). Additional targeted literature searches were conducted
to identify further available data on the fluxes analyzed here, with
particular focus on mature forests in temperate and boreal regions,
which were not included in the review of Anderson-Teixeira et al.
(2016). We used ForC v3.0, archived on Zenodo with https://doi.
org/10.5281/zenodo.3403855. This version contained 29,730 re-
cords from 4979 plots, representing 20 distinct ecozones across all
forested biogeographic and climate zones. From this, we drew 1319
records that met our criteria, as outlined below (Figure 1).

This analysis focused on mature forests with no known history of
significant disturbance or management. There is evidence that stand
age influences patterns of C flux and allocation in forest ecosystems,
and can confound relationships between latitude and primary pro-
ductivity (DelLucia et al., 2007; Gillman et al., 2015). To reduce any
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biasing effects of stand age, we included only stands of known age
2100 years and those described by terms such as “mature,” “intact,”
or “old-growth,” noting that ages of mature tropical forests are typ-
ically unknown because most tropical trees cannot be easily dated
using tree-rings. Since management can alter C cycling (Simova &
Storch, 2017), sites were excluded from analysis if they were man-
aged, defined as plots that were planted, managed as plantations,
irrigated, fertilized or included the term “managed” in their site de-
scription. Sites that had experienced significant disturbance within
the past 100 years were also excluded. Disturbances that qualified
sites for exclusion included major cutting or harvesting, burning,
flooding, drought, and storm events with site mortality >10% of

trees. Grazed sites were retained.

2.2 | Climate data
ForC contains geographic coordinates associated with each meas-
urement record and, when available, MAT and MAP as reported in
the primary literature (Anderson-Teixeira et al., 2018). Based on the
geographic coordinates for each site, data on 12 climate variables—
including MAT, MAP, temperature seasonality (i.e., standard de-
viation across months), precipitation seasonality (i.e., coefficient of
variation of mean monthly precipitation), annual temperature range,
solar radiation, cloud cover, annual frost and wet days, PET, aridity
(MAP/PET), and vapor pressure deficit (VPS)—were extracted from
five open-access climate datasets: WorldClim (Hijmans et al., 2005),
WorldClim2 (Fick & Hijmans, 2017), the Climate Research Unit time-
series dataset (CRU TS v4.03; Harris et al., 2014), the Global Aridity
Index and Potential Evapotranspiration Climate Database (Trabucco
& Zomer, 2019), and TerraClimate (Abatzoglou et al., 2018; Table S1).
Definitions and methods used to calculate each variable are included
in Table S1. From these data, we derived maximum VPD, defined
as the VPD of the month with the largest deficit, and the number
of water stress months, defined as the number of months annually
where precipitation was lower than PET. Where site-level data were
missing for MAT or MAP, we used values from the WorldClim dataset.
Length of the growing season was estimated to the nearest
month, where growing season months were defined as months with
mean minimum temperature >0.5°C. This is consistent with the pre-
vious studies whose hypothesis we were evaluating (Kerkhoff et al.,
2005; Michaletz et al., 2014). We experimented with a definition
of growing season months including a moisture index, defined as
(MAT - PET)/PET > -0.95 (Kerkhoff et al., 2005; see also Michaletz
et al., 2014). However, we found that including a moisture index had
minimal effect on the estimates of growing season length for the
sites included here and that the approach performed poorly at de-
fining growing seasons for sites with significant reliance on snow-
melt or groundwater, and so chose to exclude this criterion. Monthly
data for PET, precipitation, and temperature from CRU v 4.03 (Harris
et al., 2014) and solar radiation from WorldClim2 (Fick & Hijmans,
2017) were used to calculate mean monthly PET, precipitation, tem-
perature, and solar radiation during the growing season.
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TABLE 1 Summary of review questions, corresponding expectations based on previous studies (when applicable), and results. Statistically
significant support for/rejection of hypotheses is indicated by checkmarks/Xs, whereas “-” indicates no significant relationship. Parentheses
indicate partial overall support or rejection of hypotheses across all fluxes considered. Flux variables are defined in Table 2

Review questions Forest autotrophic carbon fluxes

and hypothesized

relationships Overall GPP NPP ANPP  ANPP,. . ANPP. ... BNPP BNPP; ... R, Roox Support
Q1. How do C fluxes vary with latitude?

Continuous increase v v v v v v v v v v Figure 2
with decreasing
latitude®®

Significantly ® ® ® ® % ® t ® ® ® Figure 2
decelerating
increase with
decreasing
latitude*

Q2. How do C fluxes vary with mean annual temperature (MAT) and precipitation (MAP)?

Continuous increase v v v v v v v v v v Figures 3 and

with MATY>7 4; Figures
S4 and S5

Increase with MAPup v v v v v v v v v Figure 4;
to 22000 mm**7 Figures S4

and S5

Increase with - - ® - v - - - - - Figure 3; Table
MAT x MAP®? S3

Q3. How are C fluxes related to other climate variables?

Decelerating increase ¢/ 4 v 4 v v v v v v Figure 4;
or unimodal Figures S4
relationship with and S5
PET

Decelerating increase v/ v (%4 v v v (%4 v v v Figure 4;
or unimodal Figures S4
relationship with and S5
VPD’?

Increase with solar (v) v v v v v v v v - Figures S4 and
radiation!2 S5

Q4. How does seasonality influence annual C fluxes?

Decrease with v v v v v v v v v v Figure 4;
temperature Figures Sé
seasonality and S7

Decrease with - - - - ® - - - - - Figures S6 and
precipitation S7
seasonality*®*

Increase with growing ¢ v v v v v v v v v Figure 4;
season length!> 18 Figures Sé

and S7

Stronger relationship (%) ® ® ® - ® % ® ® ® Table S4
to growing season
length than
MAT26:17

Q5. When standardized by growing season length, how do annual C fluxes vary with climate?

Increase with (v) - - v - v - - - - Figures S8 and
growing season S9
temperature17

Increase with growing (V) v v - v - v v - - Figures S8 and
season PET S9

(Continues)
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Table 1 (Continued)

Review questions Forest autotrophic carbon fluxes

ST v -

and hypothesized

relationships Overall GPP NPP ANPP ANPP_
Increase with (v) - - v -
growing season
precipitation®’
Increase with growing (V) - - - -

season solar
radiation

ILuyssaert et al. (2007).

2Gillman et al. (2015).

38imova and Storch (2017).
“Huston and Wolverton (2009).
>Schuur (2003).

%Piao et al. (2010).

"Wei et al. (2010).

8Taylor et al. (2017).
“Muller-Landau et al. (2020).
19Smith et al. (2020).

Fyllas et al. (2017).

2 Nemani et al. (2003).

BWagner et al. (2014).

“Wagner et al. (2016).

>Malhi (2012).

*Michaletz et al. (2014).

YChu et al. (2016).
18Fernandez-Martinez et al. (2014).
2.3 | Analyses

The effects of latitude and climate on C fluxes were analyzed using
mixed effects models using the package “Ime4” (Bates et al., 2015)
in R v.3.5.1 (R Core Team, 2020). The basic model for all analyses
included a fixed effect of latitude or climate and a random effect of
plot nested within geographic area. Geographic areas—that is, spa-
tially clustered sites—were defined within ForC using a hierarchi-
cal cluster analysis on the distance matrix of the sites and a cutoff
of 25 km (Anderson-Teixeira et al., 2018). We experimented with
inclusion of altitude as a fixed effect, as productivity is known to
decline with elevation in mesic regions (Muller-Landau et al., 2020),
but excluded it from the final models because it added very little
explanatory power—that is, the difference in AIC (AAIC) relative
to models excluding altitude was generally small (often AAIC < 2).
Effects were considered significant when inclusion of the fixed
effect of interest resulted in p < 0.05 under an ANOVA test, and
AAIC 2 2.0 relative to a corresponding null model. All R? values pre-
sented here are marginal R? values, and refer to the proportion of
variation explained by only the fixed effects. Specific analyses are
as described below.

We first examined the relationship between latitude and C fluxes
(Q1; Table 1). We tested models with latitude as a first-order lin-
ear, second-order polynomial, and logarithmic term. For brevity, we
henceforth refer to first-order linear models as “linear” and second-
order polynomial models as “polynomial.” We selected as the best

ANPPfOHBEE BNPP BNPPfine.root Rauto Rroot Support

4 - - - - Figures S8 and
S9

- v v - - Figures S8 and

S9

model that with the highest AAIC relative to a null model with no
fixed term, with the qualification that a polynomial model was con-
sidered an improvement over a linear model only if it reduced the
AIC value by 2.0 or more. In addition, pairwise comparisons of R?
values were carried out for a selection of pairs of C fluxes to test for
differences among variables in the proportion of variation explained
by latitude and climate. Models were run on data from sets of sites
that were common to each pair, in order to account for variation in
the number of data points included. To standardize for variation in
degrees of freedom across model types, only linear and logarithmic
models were included in the pairwise analysis.

To test whether trends in component fluxes across latitude
sum to match those of larger fluxes, regression lines for smaller
component fluxes were summed to generate new estimates of
larger fluxes. Because no fluxes were significantly better pre-
dicted by a logarithmic or polynomial fit than by a linear fit, we
used linear fits for all fluxes in this analysis. We then determined
whether these summed predictions fell within the 95% ClI for the
larger flux across the entire latitudinal range. Confidence intervals
for the line of best fit for the larger flux were estimated using the
“bootMer” function, a parametric bootstrapping method for mixed
models (Bates et al., 2015). This function carried out 2000 simu-
lations estimating the line of best fit, using quantiles at 0.025 and
0.975 to estimate 95% Cls. This analysis was applied to the follow-
ing sets of fluxes: (1) GPP = NPP + R_ ., (2) NPP = ANPP + BNPP,
and (3) ANPP = ANPP + ANPP In addition, we estimated

foliage stem®
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FIGURE 1 Map showing all data used in the analysis, coded by variable. Variables are plotted individually in Figure S1
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FIGURE 2 Latitudinal trends in forest autotropic carbon flux. Plotted are linear models, all of which were significant (p < 0.05) and

had AIC values within 2.0 of the best model (for two fluxes, logarithmic fits were marginally better; Table S2). Sample sizes are available

in Table 2 and R? values for linear models are available in Table S2. Plotted are major C fluxes together with component fluxes, along with
predicted trends in the major C fluxes based on the sum of component fluxes, for the following groupings: (a) GPP = NPP + R_ , : (b) NPP =
ANPP + BNPP; (c) ANPP = ANPPfoIiage +ANPP_, : (d) BNPP,BNPP, .. andR, .. 95% confidence intervals are plotted for the major flux
for comparison with predicted trends. In (d), which shows three belowground fluxes, the major flux, total belowground carbon flux, has
insufficient data (n = 9) to support a regression
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FIGURE 3 Interactive effects of mean annual temperature and precipitation on (a) GPP, (b) NPP, (c) ANPP, (d) ANPP

(f) BNPP, (g) BNPP h) R and (i) R

fine.root’ ( auto’ root*

total belowground C flux (TBCF, not analyzed due to limited data)
as TBCF = BNPP + R

We next examined the relationships of C fluxes to climate vari-
ables (Q2-Q4; Table 1). We tested first-order linear, second-order

polynomial, and logarithmic fits for each climate variable. Again, poly-

root’

nomial fits were considered superior to first-order linear fits only if
inclusion of a second-order polynomial term resulted in AAIC > 2.0
relative to a first-order linear model. We tested relationships of each C
flux (Table 2) against each climate variable (Table S1). Variables which
were not significant explanatory variables or which explained <20% of
variation in C fluxes are only presented in the Supporting Information.

Linear models were used to investigate the potential joint and
interactive effects of MAT and MAP on carbon fluxes (Q2; Table 1).

(e) ANPP
For visualization purposes, data points are grouped into bins of 0-1000, 1001-2000, 2001~
3000, and >3000 mm mean annual precipitation, and lines of best fit models are plotted for mean annual precipitation values of 500, 1500,
2500, and 3500 mm. Significance is defined as p < 0.05. Sample sizes are available in Table 2 and R? values are available in Table $3

stem’ foliage?’

An additive model including MAP in addition to MAT was accepted
when AAIC > 2 relative to a null including only MAT as a fixed effect.
An interactive model containing a MAT x MAP interaction was
accepted when AAIC > 2 relative to a null including MAT and MAP
as fixed effects.

Variationinallocationto component carbon fluxes was explored
for three groupings: (1) GPP = NPP + R, ., (2) NPP = ANPP + BNPP,
and (3) ANPP = ANPP ... + ANPP.... For each group, measure-
ments taken at the same site and plot, and in the same year, were
grouped together. For groups (1) and (2), where two of the three
flux measurements were available for a given site, plot, and year,
these measurements were used to calculate the third. We then
calculated the ratio of each pair of component fluxes (NPP: R,
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ANPP: BNPP; ANPP....: ANPP. ). The logs of these ratios were
regressed against latitude, MAT, MAP, and temperature seasonal-
ity, using the linear models specified above. Cook's distance anal-
yses were carried out for each of the models, and extreme outliers
removed.

To test whether and how C fluxes varied with climate when
standardized by growing season length (Q5; Table 1), we first stan-
dardized all annual C fluxes by dividing by growing season length
(as defined above). We then derived four variables to describe
growing season climate (defined to the nearest month): growing
season temperature, precipitation, solar radiation, and PET (Table
S1). We tested for correlations between these standardized fluxes
and growing season climate variables, using only first-order linear
models.

All analyses were conducted in R v.3.5.1 (R Core Team, 2020).
Code and data necessary to reproduce all results are available
through GitHub (https://github.com/forc-db/Global_Productivity)
and archived in Zenodo (https://doi.org/10.5281/zenodo.4563098).

3 | RESULTS

In total, we analyzed 1319 records from nine forest autotrophic C
flux variables taken from forests that had experienced no major an-
thropogenic disturbances within the past 100 years. These records
represented a total of 255 plots in 154 distinct geographic areas
across all forested biogeographic and climate zones (Figure 1; Figure
S1; Table 2).

3.1 | Ql.How do C fluxes vary with latitude?

All major carbon fluxes decreased with latitude (Figure 2; Table S2).
Latitude was a strong predictor for many of the carbon fluxes, par-
ticularly the larger fluxes (Tables S2 and Sé). Latitude explained
64% of variation in GPP (n = 243, p < 0.0001), 50% in NPP (n = 161,
p <0.0001), and 44% in ANPP (n = 278, p < 0.0001). The C fluxes that
were most poorly predicted by latitude were BNPP;, oo (n = 88,
p <.01,R?=0.17) and ANPP,,., (n = 264, p < 0.0001, R? = 0.18). The
relationship with latitude was best fit by the first-order linear model,
with the exception of NPP and, R,
was a slightly—but not significantly—better fit.

for which a logarithmic model

Smaller component fluxes summed approximately to larger
fluxes across the latitudinal gradient (Figure 2). That is, modeled es-
timates of GPP, generated from the sum of NPP and R, ; NPP, gen-
erated from the sum of ANPP and BNPP; and ANPP, generated from
the sum of ANPP e and ANPP
the confidence intervals of the regressions of field estimates of GPP,

stem T€1l @IMost completely within
NPP, and ANPP respectively. An exception was that the summed
prediction for NPP + R
GPP at higher latitudes.

We found no evidence of systematic variation in C allocation

slightly exceeded the upper 95% ClI for

auto

with latitude or climate (Figure S3). Of 12 relationships tested

oo, MM

(three ratios among C flux variables regressed against latitude,
MAT, MAP, and temperature seasonality), none were significant
(all p > 0.05).

3.2 | Q2.How do C fluxes relate to MAT and MAP?
All fluxes increased with MAT (all p < 0.05; Figures 3 and 4; Figures S4
and S5; Table S2). For eight of the nine fluxes, this relationship was
linear. For BNPP the best fit was a lognormal fit, though this was
not significantly better than a linear fit (AAIC <2). As with latitude,
MAT tended to explain more variation in the larger fluxes (GPP,
NPP, ANPP, R, . ) and ANPPfoliage (all R? > 0.4) than in subsidiary
and belowground fluxes (ANPP, ..., Rootr BNPP e roors all R? < 0.25;
Table Sé).

MAP was a significant (p < 0.05) predictor of all fluxes (Figure 4a;
Figures S4 and S5; Table S2). However, with the exception of R .,
MAP explained at most 25% of variation in C flux. All fluxes in-
creased with MAP up to at least 2000 mm, above which responses
were variable (Figure 4; Figures S4 and S5).

There was a significant additive effect of MAT and MAP on
GPP, ANPP, and R, . (Figure 3; Table S3), and a significant in-
teractive effect between MAT and MAP for NPP and ANPP
(Figure 3; Table S3). The interaction was negative for NPP and pos-
itive for ANPP For ANPP ..., BNPP, BNPP and R
MAP did not have a significant effect when accounting for MAT
(Figure 3; Table S3).

stem

stem” fine.root’ root’

3.3 | Q3.How do C fluxes relate to other annual
climate variables?

All C flux variables were significantly correlated with annual PET.
BNPP
and polynomial for all other fluxes (Figure 4c; Figures S4 and

The relationship was logarithmic for ANPP and

RI’OOt’
S5; Table S2). We found strong evidence for a saturation point

foliage’ fine.root’

or peak with PET: C fluxes tended to increase at values below
1000 mm, before saturating between 1200 and 1700 mm. There
was also evidence that some C fluxes begin to decrease at values
above 1800 mm PET.

Mean annual VPD was a significant predictor of all C fluxes.
ANPP i0er BNPP and R
ship with VPD, but all other fluxes showed a polynomial relationship
(Figure 4d; Figures S4 and S5; Table S2). C fluxes initially increased
with VPD, before saturating at around 0.8 kPa, after which point

showed a logarithmic relation-

fine.root’ root

they began to decrease.

All fluxes, with the exception of R showed a significant pos-

root’
itive relationship with solar radiation (Figures S4 and S5; Table S2).
Solar radiation explained a low proportion of variability (<30%) in all
C fluxes.

Annual wet days, cloud cover, and aridity were poor or nonsignif-
icant predictors of variation in C fluxes, explaining less than 20% of

the variation in each of the carbon fluxes (Figures S4 and S5; Table S2).
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FIGURE 4 Plots of carbon fluxes
against (a) mean annual temperature,
(b) mean annual precipitation, (c) potential
evapotranspiration, (d) vapor pressure
deficit, (e) temperature seasonality,

and (f) length of growing season. For
visualization purposes, data for each
flux were rescaled with a mean of 0 and
standard deviation of 1. Lines of best fit
are plotted according to the best model
selected during analysis. All regressions
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3.4 | Q4.Whatis the role of seasonality in
explaining C fluxes?

Variables describing temperature seasonality—temperature sea-
sonality, annual temperature range, annual frost days, and length
of growing season—were strongly correlated with both latitude
and MAT (all r 2 0.2; Figure S2), and were consistently identified as
strong univariate predictors of C fluxes (Figure 4; Figures S4-S7).
All fluxes decrease with increasing temperature seasonality,
though the shape of this relationship varies (all p < 0.05; Figure 4e;
Figures S6 and S7; Table S2). Temperature seasonality was strongly
correlated with annual temperature range, which was likewise a sim-
ilarly strong predictor of C fluxes (Table S2). C fluxes were highest
in regions with low seasonality, indicated by temperature season-
ality = 0, and annual temperature range <15°C (i.e., in the tropics).
In contrast, there was no significant effect of precipitation sea-
sonality on C fluxes at this global scale. Both maximum VPD and

Length of growing season (months)

water stress months were poor or nonsignificant predictors of varia-
tion in C fluxes (Figures S6 and S7; Table S2).

We found a significant relationship between length of growing
season and C fluxes, with all fluxes showing a positive relationship
with length of growing season (Figure 4e; Figures S6 and S7; Table
S2). Length of growing season was a strong predictor of C fluxes,
explaining 53% of variation in GPP, 38% of variation in NPP, and 34%
of variation in ANPP (all p < 0.05; Table S2), but it was a weaker pre-
dictor than MAT for all fluxes analyzed (Table S4).

3.5 | Q5. Within the growing season, how do C
fluxes vary with climate?

When annual C fluxes were standardized by growing season length
(in integer number of months), correlations with growing season

climate were generally weak (Figures S8 and S9). ANPP increased
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with growing season temperature (R? = 0.09, p < 0.001) and pre-
cipitation (R?> = 0.04, p < 0.05). Similarly, ANPP
slightly with growing season temperature (R? = 0.16, p < 0.01) and

foliage increased
precipitation (R? = 0.09, p < 0.05). Growing season solar radiation
was positively correlated with BNPP (R? = 0.17, p < 0.001) and
BNPP oot (R? = 0.13, p < 0.01). Growing season PET had a posi-
tive influence on GPP (R? = 0.15, p < 0.01), NPP (R? = 0.07, p < 0.01),
BNPP (R? = 0.23, p < 0.0001), BNPP,, .. (R*=0.10, p < 0.05), and
ANPP_, (R? = 0.06, p < 0.05). All other relationships were nonsig-
nificant (p > 0.05).

4 | DISCUSSION

Our analysis of a large global database (ForC) clarifies how auto-
trophic C fluxes in mature forests vary with latitude and climate on
a global scale (Table 1). We show that, across all nine variables ana-
lyzed, annual C flux decreases continually with latitude (Figure 2),
a finding that confirms multiple previous studies and contradicts
the idea that productivity of temperate forests rivals or even ex-
ceeds that of tropical forests (Huston & Wolverton, 2009; Luyssaert
et al., 2007). At this global scale, C fluxes increase approximately in
proportion to one another, with component fluxes summing appro-
priately to larger fluxes and no detectable differences in allocation
across latitude or climates (Figures 2 and 4; Figure S3). Similarly, we
show broad—albeit not complete—consistency of climate responses
across C fluxes, with the observed latitudinal variation primarily at-
tributable to temperature and its seasonality (Figures 3 and 4). Water
availability is also influential, but of secondary importance across
the climate space occupied by forests (Figures 3 and 4). Contrary to
prior suggestions that the majority of variation in C cycling is driven
primarily by the length of the growing season (Enquist et al., 2007,
Kerkhoff et al., 2005; Michaletz et al., 2014), we find modest ex-
planatory power of growing season length and small but sometimes
significant influences of growing season climate (Figure 4f; Figures
S$6-59). Together, these findings yield a unified understanding of cli-
mate's influence on forest C cycling.

Our findings indicate that, among mature, undisturbed stands,
forest C fluxes are unambiguously highest in the tropical regions,
and the relationship with both latitude and MAT is approximately
linear (Table 1, Q1, Q2; Figures 2 and 4). This contrasts with the
suggestion that C fluxes (e.g., NPP, ANPP, ANPP_,
forests are similar to or even greater than that of tropical forests
(Huston & Wolverton, 2009; Luyssaert et al., 2007). Previous indi-

cations of this pattern may have been an artifact of differences in

) of temperate

stand age across biomes. Compared to tropical forests, the temper-
ate forest biome has experienced more widespread anthropogenic
disturbance and has a larger fraction of secondary stands (Potapov
et al., 2008; Poulter et al., 2018; Yu et al., 2014), so analyses com-
paring across latitudinal gradients without controlling for stand age
risk confounding age with biome effects. Because carbon allocation
varies with stand age (Anderson-Teixeira et al., 2013, 2021; Delucia
et al., 2007; Doughty et al., 2018), age differences may introduce

S ey L

systematic biases into analyses of C fluxes across latitude or global
climatic gradients. For example, woody productivity tends to be
higher in rapidly aggrading secondary stands than in old-growth
forests, where proportionally more C is allocated to respiration and
nonwoody productivity (DelLucia et al., 2007; Doughty et al., 2018;
Kunert et al., 2019; Piao et al., 2010). Thus, findings that temperate
forest productivity rivals that of tropical forests are likely an artifact
of different forest ages across biomes. The significant variation in
C fluxes as a function of stand age has implications for ecosystem
models. Ecosystem modeling approaches may neglect age-related
effects, or assume stand equilibrium (see e.g., Collalti et al., 2020; Yu
et al., 2014). Our results highlight the importance of incorporating
stand age into ecosystem models; without this, models are likely to
be vulnerable to bias in global C flux projections.

We show that C fluxes are broadly consistent in their responses
to climate drivers on the global scale, with no significant trends in
C allocation among the variable pairs tested (Figure 2; Figure S3).
This parallels the observation that C allocation across multiple C
fluxes varies little with respect to climate along a steep tropical ele-
vational gradient (Malhi et al., 2017; but see Moser et al., 2011), and
is not surprising given that carbon allocation within forest ecosys-
tems is relatively constrained (Collalti et al., 2020; Enquist, 2002;
Litton et al., 2007; Malhi et al., 2011). We find no significant trend
in the allocation of GPP between production and respiration across
latitude or climate (NPP:R
tropical forests have anomalously low CUE (Anderson-Teixeira et al.,
2016; Delucia et al., 2007; Malhi, 2012), as predicted by most mod-
els (Collalti et al., 2020). In contrast, Collalti et al., (2020) found that
forest production efficiency increased with temperature—a finding

Figure S3), counter to the idea that

auto’

that is consistent in direction with insignificant trends observed here
(Figure S3). Previously observed differences in CUE between old-
growth tropical forests relative to (mostly younger) extratropical
forests are likely an artifact of comparing stands of different age,
as CUE declines with forest age (Collalti et al., 2020; DeLucia et al.,
2007; Piao et al., 2010). Another previously observed pattern for
which we find no support is a tendency for belowground C allocation
to decrease with increasing temperature (Gill & Finzi, 2016; Moser
et al., 2011; Xia et al., 2019); rather, we observe no trends in alloca-
tion between ANPP and BNPP across latitudes. Failure to detect sig-
nificant trends in C allocation with respect to climate in this analysis
does not imply that none exist; rather, it suggests that, at this global
scale, differences are subtle and/or that more careful methodolog-
ical standardization and/or more data are required to detect them
(sensu Collalti et al., 2020).

Despite the broad consistency of climate responses across
C fluxes, climate explains lower proportions of variability among
BNPP, BNPP
Figure 2; Tables S2 and Sé). There are two, nonexclusive, potential

some of the subsidiary C fluxes (e.g., ANPP,

stem’ fine.root’

explanations for this. First, it may be that methodological variation
is larger relative to flux magnitude for some of the subsidiary fluxes.
Belowground fluxes in particular are difficult to quantify, and mea-
surement methods for the belowground fluxes considered here
may use fundamentally different approaches in different sites (e.g.,
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minirhizotrons, ingrowth cores, or sequential coring for BN PPireroots
root exclusion, stable isotope tracking, or gas exchange of excised

roots for R__ ), and sampling depth is variable and often insufficient

root)

to capture the full soil profile. ANPP which is also poorly ex-

stem?
plained by latitude or climate, is more straightforward to estimate
but subject to variability introduced by methodological differences
including minimum plant size sampled and choice of biomass allom-
etries (Clark et al., 2001). That said, methodological variation and
uncertainty affect all of the fluxes considered here, and some of
the larger fluxes that vary more strongly with respect to climate
(ANPP, NPP) are estimated by summing uncertain component fluxes.
Second, differences among variables in the proportion of variation
explained by climate may be attributable to more direct climatic con-
trol over GPP than subsidiary fluxes. That is, subsidiary fluxes may
be shaped by climate both through its influence on GPP and through
its influence on CUE and C allocation, as is imbued in the structure of
most models (Cramer et al., 1999; Simova & Storch, 2017).

Temperature and its seasonality were the primary drivers of C
fluxes on the global scale (Table 1, Q2, Q4; Figures 2-4), consistent
with a long legacy of research identifying temperature as a primary
driver of forest ecosystem C cycling (e.g., Lieth, 1973; Luyssaert
et al., 2007; Wei et al., 2010). We find little evidence of any nonlin-
earity in temperature's influence on C fluxes. The relationship of all
fluxes to MAT as an individual driver were best described by a linear
function (Table S2)—with the exception of BNPP, whose response to
MAT was close to linear (Figure 4a). This result contrasts with pre-
vious findings of fluxes saturating with MAT below approximately
25°C MAT (Huston & Wolverton, 2009; Luyssaert et al., 2007). It
remains possible that fluxes decline above this threshold (Larjavaara
& Muller-Landau, 2012; Sullivan et al., 2020). However, these higher
temperatures also tend to be associated with high PET and VPD,
both of which are associated with reduced C fluxes (Figure 4c,d;
Figures S4 and S5; Slot & Winter, 2018).

Indeed, while temperature responses dominate at this global
scale and within the climate space occupied by forests, the effects
of temperature are moderated by moisture availability (Table 1, Q2,
Q3; Figures 3 and 4). Specifically, C fluxes are reduced under rela-
tively dry conditions (i.e., low MAP; high VPD) and sometimes under
very high precipitation (Figures 3 and 4). The observed positive in-
teraction between MAT and MAP for ANPP_,_
(Figure 3) is consistent with an analysis showing a similar interaction

on the global scale

for ANPP in tropical forests, also with a crossover point at ~20°C
(Taylor et al., 2017). However, we detect no such interaction for
ANPP or most other C fluxes, and we find a contrasting negative in-
teraction for NPP (Figure 3), suggesting that more data are required
to sort out potential differences in the interactive effects of MAT
and MAP on C fluxes in the tropics.

Forest C fluxes decline with temperature seasonality (Table 1,
Q4; Figure 4e), as is to be expected given that fluxes are minimal
during winters. A temperature-defined growing season length cor-
related with global-scale variation in annual C flux (Table 1, Q5;
Figure 4f; see also Churkina et al., 2005), consistent with the idea
that the latitudinal gradient in carbon flux is attributable more to

shorter growing seasons at high latitudes than to inherently lower
rates of photosynthesis or respiration by high-latitude forests
(Enquist et al., 2007; Fu et al., 2019). However, we find evidence
that, within the growing season, climate still plays an important
role in shaping C fluxes, as indicated by a number of positive cor-
relations between monthly mean flux during the growing season
and growing season temperature, solar radiation, and PET (Table 1;
Figures S8 and S9). This suggests that, while trees in high-latitude
forests have adaptations to maximize photosynthesis at low tem-
peratures (Helliker & Richter, 2008; Huang et al., 2019), such
adaptations are not sufficient to yield growing season fluxes com-
parable to those of tropical forests. Thus, we reject the hypothe-
sis that there is no relationship between C flux per month of the
growing season and growing season climatic conditions (Table 1,
Q5; Enquist et al., 2007; Kerkhoff et al., 2005; Michaletz et al.,
2014). Rather, annual C flux is shaped by both growing season
length and the climate of peak growing season months (Chu et al.,
2016; Fu et al., 2019). Given strong covariation between growing
season length and MAT (Figure S2; Chu et al., 2016), accurately
partitioning their influence will require data on intra-annual vari-
ation in C flux coupled with a higher precision metric of growing
season length than the monthly-resolution metric used here (e.g.,
based on leaf phenology or C exchange, sensu Fu et al., 2019). Fu
et al., (2019) find that global-scale geographic variation in annual
NEE is driven more strongly by growing season length than by car-
bon uptake rates within the growing season, whereas interannual
variation in NEE and GPP at any given site appears to be driven
predominantly by the maximum rate of C uptake, as opposed to
growing season length (Fu et al., 2019; Zani et al., 2020; Zhou et al.,
2016). Further analysis of interannual variation in C fluxes in rela-
tion to climate will be valuable in disentangling how seasonality
shapes broad geographic patterns in forest C flux.

Our analysis clarifies how annual forest autotrophic C fluxes
vary with latitude and climate on a global scale. To the extent that
patterns across broad scale climatic gradients can foretell ecosys-
tem responses to climate change, our findings suggest that higher
temperatures with similar moisture availability would result in a gen-
eralized acceleration of forest C cycling (Figures 2 and 3). This is con-
sistent with observations of continental- to global-scale increases
over time in GPP (Li & Xiao, 2019), ANPP_, (Brienen et al., 2015;
Hubau et al., 2020), tree mortality (Brienen et al., 2015; McDowell
et al., 2018), soil respiration (Bond-Lamberty & Thomson, 2010),
and heterotrophic soil respiration (Bond-Lamberty et al., 2018).
However, increasing C flux rates are by no means universal (e.g.,
Hubau et al., 2020; Rutishauser et al., 2020), likely because other
factors are at play, including changes to other aspects of climate,
atmospheric pollution (CO,, SO,, NO,), and local disturbances.
Moreover, forest ecosystem responses to climatic changes outside
the temperature range to which forest communities are adapted and
acclimatized will not necessarily parallel responses across geographic
gradients in climate (e.g., Klesse et al., 2020). Indeed, tree-ring stud-
ies from forests around the world indicate that tree growth rates—

along with ANPP and possibly other ecosystem C fluxes—often

stem
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respond negatively to growing season temperature, particularly
in warmer climates (e.g., Helcoski et al., 2019; Klesse et al., 2018;
Martin-Benito & Pederson, 2015; Vlam et al., 2014). Furthermore,
in the tropics, climate change will push temperatures beyond any
contemporary climate, and there are some indications that this could
reduce forest C flux rates (Mau et al., 2018; Sullivan et al., 2020) if
paralleled by VPD increases (Smith et al., 2020). Further research
is required to understand the extent to which forest responses to
climate change will track the observed global gradients, and the time
scale on which they will do so. In the meantime, understanding the
fundamental climatic controls on annual C cycling in Earth's forests
sets a firmer foundation for understanding global-scale forest C cy-
cling and benchmarking the models (Fer et al., 2021) used to predict

forest responses and feedbacks to accelerating climate change.
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