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Summary

� Land carbon dynamics in temperate and boreal ecosystems are sensitive to environmental

change. Accurately simulating gross primary productivity (GPP) and its seasonality is key for

reliable carbon cycle projections. However, significant biases have been found in early spring

GPP simulations of northern forests, where observations often suggest a later resumption of

photosynthetic activity than predicted by models.
� Here, we used eddy covariance-based GPP estimates from 39 forest sites that differ by their

climate and dominant plant functional types. We used a mechanistic and an empirical light

use efficiency (LUE) model to investigate the magnitude and environmental controls of

delayed springtime photosynthesis resumption (DSPR) across sites.
� We found DSPR reduced ecosystem LUE by 30–70% at many, but not all site-years during

spring. A significant depression of LUE was found not only in coniferous but also at deciduous

forests and was related to combined high radiation and low minimum temperatures.
� By embedding cold-acclimation effects on LUE that considers the delayed effects of mini-

mum temperatures, initial model bias in simulated springtime GPP was effectively resolved.

This provides an approach to improve GPP estimates by considering physiological acclimation

and enables more reliable simulations of photosynthesis in northern forests and projections in

a warming climate.

Introduction

Temperate and boreal forests play important roles in regulating
global carbon cycle dynamics due to their large spatial coverage
(Bradshaw &Warkentin, 2015), their exposure to amplified rates
of global warming (Holland & Bitz, 2003; Rantanen et al.,
2022), and the large magnitude of the carbon stocks in northern
ecosystems (Thurner et al., 2014; Yang et al., 2020). Rapidly
increasing temperatures in high latitudes have led to an extension
of the growing season (Piao et al., 2019), a widespread increase
in active vegetation cover (Keenan & Riley, 2018), and an exten-
sion of the carbon (C) uptake season as identified from site-level
measurements (Piao et al., 2007; Keenan et al., 2014). However,
quantifying changes in biospheric C uptake and modelling terres-
trial photosynthesis is particularly challenging for northern eco-
systems (Schaefer et al., 2012; Rogers et al., 2017, 2019; Shi
et al., 2020; Stocker et al., 2020). Open questions remain regard-
ing the model representation of reductions of photosynthesis in
response to very low winter and spring temperatures and the
magnitude of related effects on ecosystem fluxes (Schaefer
et al., 2012; Rogers et al., 2019). Previous analyses have indicated
that systematic model biases persist for photosynthesis simula-
tions in the early growing season for some (but not all) temperate

and boreal ecosystems (Schaefer et al., 2012; Shi et al., 2020;
Stocker et al., 2020). These biases have implications for the relia-
bility of simulations of the seasonality in ecosystem gross primary
production (GPP – the ecosystem-level apparent photosynthesis)
and the terrestrial net C balance and affect model predictions of
C cycle changes under continued rapid high-latitude warming.

In early spring, the resumption of photosynthetic activity
develops with the seasonal increase in solar radiation and tem-
perature. This is governed in deciduous forests by leaf unfolding
and the gradual activation of photosynthetic capacity in newly
formed leaves (Thomas, 2010; Toomey et al., 2015). In ever-
green needleleaf forests, the photosynthetic capacity in existing
needles recovers with spring warming (Gamon et al., 2016;
Walther et al., 2016). During the early growing season, the trees’
carbon assimilation capacity is still low due to not fully expanded
leaves in deciduous trees and relatively low concentrations of
photosynthetic pigments and maximum quantum yield of photo-
system II (PSII) in both deciduous and evergreen trees (Gamon
& Surfus, 1999; Jiang et al., 2005). As a consequence, low tem-
perature and excessive irradiance in the early spring during the
reactivation of photosynthesis pose a condition where the photo-
synthetic machinery can be exposed to an imbalance between
already significant light energy available for photochemistry, but
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limited energy used through CO2 fixation in the Calvin cycle
(Huner et al., 1998; Verhoeven, 2014). Such an imbalance arises
because low temperatures reduce the rate of enzymatic reactions
in the Calvin cycle (Singsaas et al., 2001) more rapidly than they
reduce light absorption (Verhoeven, 2014). As a result, the exces-
sive energy can potentially induce light stress and the photosyn-
thetic apparatus (mainly PSII) can be damaged (photodamage)
by reactive oxygen species (Huner et al., 1998; Vass, 2012).

To cope with conditions of excess light and low temperatures,
many trees, especially evergreens, maintain cold hardiness, which
enables them to tolerate adverse growing conditions for photo-
synthesis by developing photoprotective processes in winter and
early spring (Takahashi & Badger, 2011; Hänninen, 2016; Chang
et al., 2021). The primary photoprotective mechanism for ever-
green trees growing in climates characterized by cold winters is to
increase the nonphotochemical dissipation of excessive light as heat
(nonphotochemical quenching, NPQ), achieved by an increase in
photoprotective pigments (Ensminger et al., 2006; Verhoe-
ven, 2014). Especially, the xanthophyll pool is expanded and most
violaxanthin is converted to zeaxanthin with antheraxanthin as the
intermediate (Demmig-Adams & Adams, 1996) for sustained
quenching while the xanthophyll cycle activity (i.e. the de-
epoxidation and epoxidation) is slowed down. This protection
mechanism results in a reduction of trees’ photochemical efficiency
and thus in a reduction of the intrinsic quantum yield of photo-
synthesis (φ0), and their capacity for CO2 assimilation until a gra-
dual relief from reduced efficiency is achieved over the course of
spring months (Yang et al., 2020). As a consequence, the recovery
of φ0 in spring may have a delayed response to rising air tempera-
tures and solar radiation in spring in cold-acclimated trees (Mäkelä
et al., 2004; Hänninen, 2016) and they need time to shift the high
proportion of photoprotective pigments to a higher proportion of
photosynthesis pigments (Ottander et al., 1995; Ensminger
et al., 2004). With these processes and the direct mechanistic link
between φ0 and the ecosystem-level light use efficiency (LUE;
Wang et al., 2017; Stocker et al., 2020), substantial photosynthesis
reductions in spring can be seen also at the ecosystem level
(Mäkelä et al., 2008; Stocker et al., 2020).

Apart from accumulated protective pigments of young leaves
(Karageorgou & Manetas, 2006; Ranjan et al., 2014), spring
reductions of photochemical efficiency in trees can also be related
to hydraulic stress arising from the restricted movement of water
in frozen soils and plant tissue and the increasing viscosity of
water at low temperatures (‘winter drought’; Wang et al., 1992;
Charrier et al., 2021; Savage et al., 2022). Hence, due to effects
arising from the mechanisms of photoprotection, photodamage,
and freezing-related hydraulic stress, reduced springtime photo-
synthesis and a delayed recovery of CO2 assimilation are
expected and can be conceived as a consequence of the plants’
exposure and adaptation to very low temperatures during the
onset of photosynthetic activity in spring.

Previous studies have emphasized the importance of accounting
for the lagged effects of low temperature in photosynthesis models
(Mäkelä et al., 2004, 2008; Gea-Izquierdo et al., 2010; Horn &
Schulz, 2011). While models are typically formulated using func-
tions of the concurrent climate (Schaefer et al., 2012; Bao

et al., 2022b), delayed and slow acclimation to rising temperatures
has been recognized to be important for accurately simulating the
annual cycle of photosynthesis in ecosystems dominated by ever-
green conifers (Bergh et al., 1998; Mäkelä et al., 2008) or in boreal
ecosystem across Alaska (Shi et al., 2020). Taking these processes
into account can reduce the annual model-based GPP overestima-
tion in coniferous stands in cold regions by up to 40% (Bergh
et al., 1998). However, it is not clear to what extent delayed
springtime photosynthesis resumption (DSPR) affects carbon
fluxes across a wider range of climates, vegetation types, and ecore-
gions, and what determines the prevalence and magnitude of
DSPR across different sites and years.

In addition, it is also not clear to what extent biases in spring-
time photosynthesis simulations are related to uncertainty in the
estimation of canopy structure or physiology. Previous studies
have indicated that inaccurate estimates of the fraction of
absorbed photosynthetically active radiation (fAPAR) introduce
substantial bias in GPP simulations (Zhang, 2021). Light use
efficiency models of terrestrial photosynthesis typically
use fAPAR estimates, derived from satellite remote sensing data,
as a forcing and are thus subject to potential biases. Physiology-
related causes for bias in springtime GPP simulations are likely
related to φ0, which is typically treated as a constant in state-of-
the-art Earth System Models and Dynamic Global vegetation
models (Rogers et al., 2019). Thus, effects of DSPR are typically
ignored. This limits the accuracy of simulations of the seasonal
course of C uptake across northern ecosystems, with conse-
quences for their simulated net C balance and atmospheric CO2

seasonality at high northern latitudes – a persistent source of bias
in Earth System Models (Graven et al., 2013).

Here, we investigated the DSPR by focussing at the ecosystem-
level GPP and LUE and their seasonal course, using data from
eddy covariance measurements and remote sensing, and perform-
ing empirical and mechanistic modelling. Specifically, we
addressed the following questions:
(1) What is the prevalence and magnitude of DSPR across sites
and years and how does it affect the accuracy of models in simu-
lating seasonal GPP variations?
(2) Does springtime GPP bias in model simulations arise due to
neglected effects of seasonal climate variations on leaf physiology
or due to inaccurate estimates of canopy structure?
(3) What are the key environmental factors that control observed
patterns of DSPR across sites and years?
(4) Does the introduction of a delayed response of φ0 to tempera-
ture variations in a mechanistic photosynthesis model improve
springtime GPP simulations? And can this response be generalized
across different plant functional types (PFTs) and climates?

Materials and Methods

Site selection and data

To investigate DSPR, we selected 48 forest sites for which eddy
covariance (EC) measurements of ecosystem CO2 exchange and
simultaneous meteorological variables were available from the
FLUXNET 2015 datasets (Pastorello et al., 2020). Sites were
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selected, based on their classification into Köppen–Geiger climate
classes (Beck et al., 2018), to be located in temperate and cold cli-
mates without a dry season (Table 1). This included deciduous
broadleaf forest (DBF), mixed deciduous and evergreen needleleaf
forest (MF), and evergreen needleleaf forest (ENF; see details in
Table 2). EC-based (‘observed’) daily gross primary production
(GPPobs) values, obtained through the night-time partition method
(Reichstein et al., 2005), were used and data were removed when
daytime and night-time partitioned GPP were inconsistent, that is,
the upper and lower 2.5% quantiles of the difference between GPP
values estimated based on these two methods (Stocker et al., 2020).
We aggregated half-hourly meteorological variables to daily values
for mean air temperature (Tmean), maximum air temperature
(Tmax), minimum air temperature (Tmin), the daily sum of precipi-
tation (P), mean shortwave incoming radiation (SWIN), mean
incoming photosynthetically active radiation (PAR), and mean
vapour pressure deficit (VPD). Daily soil temperature (Tsoil) and
soil water content (SWC) in shallow soil layers (< 30 cm) were also
obtained when available. For the comparison of modelled and
observed GPP, we removed entire years from the analysis if the
time series of GPPobs were not complete in spring and peak seasons
(lack of 40% of GPPobs during the period of March–August).
Finally, we used a total of 39 sites and 324 site-years to conduct
further analyses. Site locations and detailed descriptions can be
found in Supporting Information Fig. S1 and Table 2. Remotely
sensed estimates of the fraction of absorbed photosynthetically
active radiation (fAPAR) were obtained from the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) MCD15A3H Collec-
tion 6 product (Myneni et al., 2015), providing observations at
500-m resolution and at 4-d intervals. Data were downloaded for
the central pixel, located around the site of ecosystem flux measure-
ments using the MODISTOOLS and INGESTR R packages (Huf-
kens, 2022; Stocker, 2022). We removed data with poor data
quality (i.e. contaminated by cloud or cirrus, shadow, and satura-
tion) and linearly interpolated to daily values. Observed ecosystem
LUE was derived from GPPobs, PAR, and fAPAR following the
LUE model concept (Monteith, 1972):

GPP ¼ LUE � fAPAR � PAR Eqn 1

Identifying the prevalence of DSPR

To identify the prevalence of DSPR, we investigated whether sys-
tematic differences in the ecosystem-level LUE and its functional
dependencies on environmental covariates could be identified

between spring (March–May) vs the remainder of the year, and
to what extent low springtime LUE – a reflection of DSPR –
caused a systematic overestimation of springtime GPP. Func-
tional dependencies of LUE on concurrent environmental condi-
tions were modelled using a mechanistic and an empirical model
with the aim to test whether DSPR is evident based on different
methodological approaches.

The mechanistic model, the P-model (Wang et al., 2017;
Stocker et al., 2020), accounts for the acclimation of LUE to var-
iations in the climate across sites and across months within sites.
However, as presented by Stocker et al. (2020), the P-model does
not account for delayed effects of environmental drivers. The
model is formulated as a LUE model (Eqn 1), whereby spatially
and seasonally acclimated LUE is predicted based on the
Farquhar-von Caemmerer-Berry (FvCB) model for C3 photo-
synthesis (Farquhar et al., 1980; von Caemmerer & Farquhar,
1981), considering an optimality principle for predicting the
trade-off between CO2 assimilation and transpiration (Prentice
et al., 2014) and assuming that photosynthetic capacities of the
light and the Rubisco-limited assimilation rates are coordinated
for average daytime conditions (Maire et al., 2012; Wang
et al., 2017). Resulting functional dependencies of photosyn-
thetic capacities, assimilation, and transpiration on monthly aver-
age daytime temperature, VPD, light, and CO2 were considered
using standard formulations of C3 photosynthesis following
the FvCB model (Farquhar et al., 1980; von Caemmerer &
Farquhar, 1981) for deriving the optimal, acclimated LUE.
Resulting functional dependencies of the P-model to the environ-
ment were evaluated by Bloomfield et al. (2023). The quantum
yield (φ0) was modelled as a function of concurrent daily air tem-
perature following the parameterization derived by Bernacchi
et al. (2003) and φ0 linearly scales ecosystem LUE in the P-model
(Stocker et al., 2020). A soil moisture stress factor was accounted
for in simulations of LUE but affects fluxes only to a minor
degree at the sites investigated here. GPP is modelled by the P-
model (GPPPmodel) by multiplying simulated LUE with observed
fAPAR (see ‘Site selection and data’ in the Materials and Meth-
ods) and PAR following Eqn 1. As a unique feature, compared
with other LUE models (Bao et al., 2022b), the P-model predicts
LUE variations across sites and across seasons from optimality
principles, instead of relying on prescribed and temporally fixed
parameters. The coordination hypothesis (Maire et al., 2012;
Wang et al., 2017) implies that a linear relationship between inci-
dent light and GPP, and between φ0 and GPP, arises at weekly-
to-monthly time scales (Haxeltine & Prentice, 1996; Wang
et al., 2017) and the photosynthesis relations embodied by the
FvCB model can thus be written in the form of a LUE model.
The P-model should thus provide a basis to account for the accli-
mation of LUE to average conditions during the growing season
(here, considering an average monthly climate), but does not
explicitly model effects of cold acclimation and DSPR. For all
analyses in this study, we used data published by Stocker
et al. (2020) as GPPPmodel.

The empirical model is a linear mixed-effects model (LME)
with observed ecosystem LUE as the target variable, and Tmean

and VPD as predictors, fitted to data from nonspring months

Table 1 Description of Köppen–Geiger climate zones and the number of
sites for which data are available per climate zone in this study.

Code Number Description

Cfa 5 Warm temperate fully humid with hot summer
Cfb 13 Warm temperate fully humid with warm summer
Dfb 11 Cold fully humid with warm summer
Dfc 15 Cold fully humid with cold summer

Sites are classified according to Beck et al. (2018).
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and multiple sites. Site identity was treated as the grouping vari-
able for the random intercept, and the model was fitted via the
restricted maximum likelihood (REML) algorithm using the
LME4 R package (Bates et al., 2015). Predicted LUE was then
used in combination with observed fAPAR and PAR to predict
GPP, termed GPPLME, following Eqn 1. By fitting the LME
model using data outside spring and comparing predicted and
observed GPP for all days, we investigated the accuracy
and potential bias of the model representing the assumption that
GPP can be modelled solely based on concurrent environmental
conditions and ignoring effects of DSPR.

To investigate the role of DSPR in affecting the seasonal
course of GPP, we aggregated observed and modelled GPP time
series, simulated for each day and each site, to mean seasonal
cycles by vegetation type and climate zones and compared model
bias during spring (March–May) and during the remainder of

the year. For a detailed PFT and climate classification of each site
(Tables 1, 3).

Comparing the roles of canopy structure and plant
physiology to DSPR

To investigate whether bias in modelled springtime GPP is
related to inaccurate representations of canopy structure
(expressed by fAPAR) or neglected effects of seasonal climate var-
iations on leaf physiology (expressed by LUE), we analysed the
relationship of GPP biases (GPPPmodel –GPPobs and GPPLME –
GPPobs) with the magnitude of fAPAR (in 10 equally spaced
bins) in different sites and considering the seasonal timing (dis-
tinguishing ‘springtime’, here January to June, and remaining
months). If GPP model biases were due to systematic errors in
fAPAR, a consistent pattern of the bias in relation to fAPAR

Table 2 Sites used for this analysis.

Site Long. Lat. Period Veg. Clim. Reference

BE-Vie 6.00 50.31 2000–2014 MF Cfb Berbigier et al. (2001)
CA-Man �8.48 55.88 2000–2008 ENF Dfc Dunn et al. (2007)
CA-NS1 �98.48 55.88 2003–2005 ENF Dfc Goulden (2019)
CA-NS2 �98.52 55.91 2002–2004 ENF Dfc Goulden (2019)
CA-NS3 �98.38 55.91 2002–2005 ENF Dfc Goulden (2019)
CA-NS4 �98.38 55.91 2003–2005 ENF Dfc Goulden (2019)
CA-NS5 �98.48 55.86 2002–2005 ENF Dfc Goulden (2019)
CA-Qfo �74.34 49.69 2004–2010 ENF Dfc Bergeron et al. (2007)
CH-Lae 8.37 47.48 2005–2014 MF Cfb Etzold et al. (2011)
CN-Qia 115.06 26.74 2003–2005 ENF Cfa Wen et al. (2010)
CZ-BK1 18.54 49.50 2004–2008 ENF Dfb Acosta et al. (2013)
DE-Hai 10.45 51.08 2000–2012 DBF Cfb Knohl et al. (2003)
DE-Lkb 13.30 49.10 2010–2013 ENF Cfb Lindauer et al. (2014)
DE-Obe 13.72 50.78 2008–2014 ENF Cfb Bernhofer et al. (2008–2014)
DE-Tha 13.57 50.96 2000–2014 ENF Cfb Grünwald & Bernhofer (2007)
DK-Sor 11.64 55.49 2000–2013 DBF Cfb Pilegaard et al. (2011)
FI-Hyy 24.30 61.85 2000–2014 ENF Dfc Suni et al. (2003)
FR-Fon 2.78 48.48 2006–2013 DBF Cfb Delpierre et al. (2016)
FR-LBr �0.77 44.72 2001–2008 ENF Cfb Berbigier et al. (2001)
IT-Col 13.59 41.85 2001–2014 DBF Cfa Valentini et al. (1996)
IT-Isp 8.63 45.81 2013–2014 DBF Cfb Ferréa et al. (2012)
IT-Lav 11.28 45.96 2013–2014 ENF Cfb Marcolla et al. (2003)
IT-PT1 9.06 45.20 2003–2004 DBF Cfa Migliavacca et al. (2009)
IT-Ren 11.43 46.59 2002–2013 ENF Dfc Migliavacca et al. (2009)
JP-MBF 142.32 44.39 2004–2005 DBF Dfb Matsumoto et al. (2008)
JP-SMF 137.08 35.26 2003–2006 MF Cfa Matsumoto et al. (2008)
NL-Loo 5.74 52.17 2000–2013 ENF Cfb Moors (2012)
RU-Fyo 32.92 56.46 2000–2014 ENF Dfb Kurbatova et al. (2008)
US-GBT �106.24 41.37 2002–2003 ENF Dfc Zeller & Nikolov (2000)
US-GLE �106.24 41.37 2006–2014 ENF Dfb Frank et al. (2014)
US-Ha1 �72.17 42.54 2000–2012 DBF Dfb Urbanski et al. (2007)
US-MMS �86.41 39.32 2000–2014 DBF Cfa Dragoni et al. (2011)
US-NR1 �105.55 40.03 2000–2014 ENF Dfc Monson et al. (2002)
US-PFa �90.27 45.95 2000–2014 MF Dfb Desai et al. (2015)
US-Prr �147.49 65.12 2011–2012 ENF Dfc Nakai et al. (2013)
US-Syv �89.35 46.24 2002–2014 MF Dfb Desai et al. (2005)
US-UMB �84.17 45.56 2000–2014 DBF Dfb Gough et al. (2013)
US-UMd �84.70 45.56 2008–2014 DBF Dfb Gough et al. (2013)
US-WCr �90.08 45.81 2000–2014 DBF Dfb Cook et al. (2004)

Long. is longitude in degrees east. Lat. is latitude in degrees north. Period indicates years for which data were used and included complete spring and peak
seasons. Veg. stands for vegetation type: deciduous broadleaf forest (DBF); mixed deciduous and evergreen needleleaf forest (MF); evergreen needleleaf
forest (ENF). Clim. indicates the Köppen–Geiger climatic zones (Beck et al., 2018), which were described detailed in Table 1.
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should emerge across sites and should be quantitatively similar
when having the same levels of fAPAR in springtime and the
remaining months (e.g. during senescence period). Systematic
errors related to fAPAR may also be reflected by patterns in the
GPP model bias relating to canopy structural characteristics
(broadleaved vs needle-leaved trees). In contrast, if GPP model
biases were due to DSPR effects on LUE, a pattern of the bias in
relation to the seasonal timing should emerge and may not be
equally strong across sites, subject to the varying influence of
DSPR effects in different climates and vegetation types.

Identifying environmental drivers of DSPR

To identify environmental drivers of DSPR across different sites
and years, we first developed a binary classification, defining a set
of sites and years where GPP was significantly affected by DSPR
(SYDSPR) and a set of the remaining sites and years where it was
not affected by DSPR (SY0). The following procedure
was applied to determine SYDSPR and SY0.
(1) We normalized the GPPobs and GPPPmodel time series (yielding
GPPobs

0 and GPPPmodel
0) based on their 95th percentile (peak season

values), separately at each site. We then extracted different pheno-
phases as the start of the season (SOS), peak of the season (POS),
and end of the season (EOS), and defined a ‘photosynthesis resump-
tion period’ (PRP: between SOS and POS) at each site and in each
year using the GPPPmodel

0 time series (Fig. S2). These phenological
phases were determined based on the smoothed (spline) GPPPmodel

0

(Migliavacca et al., 2011; Luo et al., 2018). Peak of the season was
defined as the timing (day) of maximum GPP. Start of the season
and EOS were defined as the day when the threshold, defined by
10% of the amplitude in GPPPmodel (maximum�minimum
GPP), was crossed. We used GPPPmodel instead of GPPobs to extract
the phenophases to capture the full period with apparent effects of
DSPR, including the (sometimes) premature simulated onset of
photosynthetic activity in GPPPmodel.

(2) We then calculated the bias in normalized modelled GPP
(GPPPmodel

0 �GPPobs
0) and, using only data outside the PRP,

we fitted a Gaussian normal distribution (μ, σ) of the bias values.
We expect that outside the photosynthesis resumption period,
the simulated GPP seasonality is accurate (zero mean of bias
values), but affected by the effects of DSPR during the PRP, lead-
ing to systematic bias. Using normalized values assured that we
considered only bias in the seasonal course, but not bias in mag-
nitudes (constant scaling or offsets). Finally, the set of days
DDSPR was defined as days (d) during the PRP (DPRP) for which
biases in GPPPmodel

0 were higher than 3σ, where σ is determined
on bias values outside the PRP (Eqn 2):

DDSPR ¼ d j d ∈DPRP ∩ GPPPmodel
0 dð Þ�GPPobs

0 dð Þ> 3σ

Eqn 2

(1) We identified the set of site-years SYDSPR (not all years for a
certain site were belonging to SYDSPR) based on whether they
contained days belonging to DDSPR in each specific site-year. All
remaining site-years were classified as SY0.
(2) Given the binary classification of sites and years into SYDSPR

and SY0, we investigated different environmental covariates
among the two classes. For this, we separately aligned data of
SYDSPR and SY0 with respect to the first day of the PRP and
aggregated data by taking the mean across sites and years for each
‘photosynthesis resumption day’ (day after the start of the photo-
synthesis resumption period). The comparison was focussed on
the period between 60 d before the PRP and the end of the per-
iod when GPP was overestimated in SYDSPR. We selected 60 d as
a conservative threshold because previous studies indicated the
green-up of vegetation is most correlated with environmental dri-
vers such as temperature and precipitation occurring 2–3 months
(Cong et al., 2013; Guo et al., 2020). For SY0, the same resump-
tion day-specific aggregation across sites and years was per-
formed.

Table 3 Key acronyms in the manuscript and critical parameters of the cold-acclimated modifier in the model.

Symbol
Embedded
equation Meaning Unit

Acronyms DSPR – Delayed spring photosynthesis resumption
SYDSPR – Sites and years where GPP was significantly affected by DSPR
SY0 – Sites and years that were not affected by DSPR
GPPPmodel – GPP simulated by P-model g Cm�2 d�1

GPPLME – GPP simulated by linear mixed-effects model g Cm�2 d�1

GPPadj – GPP simulated by P-model, adjusted after applying the cold-
acclimation temperature modifier

g Cm�2 d�1

LUE – Light use efficiency g Cm�2W�1 d�1

φ0 – Intrinsic quantum yield
fAPAR – Fraction of absorbed photosynthetically active radiation

Parameters in cold-
acclimation modifier

fT Eqn 3 Cold-acclimation temperature modifier
τ Eqn 6 Time constant of the delay for cold-acclimation relief d
X0 Eqn 5 Temperature threshold above which acclimation is initialized °C
Smax Eqn 4 Temperature threshold above which photosynthesis is not limited by

low temperature
°C
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Modelling DSPR effects on GPP

To account for DSPR effects on GPP in the ecosystem-level
photosynthesis model, we assumed that a delayed resumption of
ecosystem LUE (Eqn 1) is attributed to a lagged response of the
quantum yield (φ0) to temperature increases in early spring. By
assuming that the lagged photosynthesis recovery arises through
effects that are expressed in φ0, we can make use of the linear rela-
tion between the acclimated LUE and φ0 in the P-model (Stocker
et al., 2020) and introduce a multiplicative cold-acclimation tem-
perature modifier (fT), directly multiplying LUE and hence GPP
simulated by the P-model (GPPPmodel). We thus obtain the
adjusted GPP (GPPadj; Eqn 3) as:

GPPadj ¼ f TGPPPmodel Eqn 3

The modifier fT accounts for the temperature acclimation and
a delayed resumption of GPP in response to seasonal temperature
variations (Eqns 4–6) following Mäkelä et al. (2008):

f T,t ¼ min
S t

Smax
, 1

� �
Eqn 4

S t ¼ max X t�X 0, 0ð Þ Eqn 5

X t ¼ X t�1 þ 1

τ
T min,t�X min,t�1ð Þ Eqn 6

where Tmin,t (°C) is the daily minimum air temperature of day t.
In the original model formulation, Mäkelä et al. (2008) used the
daily mean air temperature (Tmean). We used Tmin as we found
that Tmin is more relevant to the GPP recovery in spring com-
pared with Tmean after comparing the environmental covariates
between SYDSPR and SY0 in ‘Comparing the roles of canopy
structure and plant physiology to DSPR’ in the Materials and
Methods. Xt is the delayed minimum air temperature and is com-
puted using a first-order dynamic delay model that is driven by
concurrent Tmin,t and Xt�1, the value on the preceding day
(t� 1). The parameter τ (expressed in days) is the time constant
of the delay process, which represents the rate of change in trees’
acclimation state (Mäkelä et al., 2004, 2008). St (°C) is the state
of acclimation that depends on the minimum temperature
threshold X0 (°C). Above this threshold, fT is higher than 0. Smax

(°C) is the minimum temperature threshold at which photo-
synthesis is not inhibited by low temperatures (Tian et al., 2020,
2021). Above this threshold, fT is 1.

We also tested an alternative approach to implementing the
cold-acclimated temperature modifier as detailed in Notes S1.
This had a similar performance compared with the above
approach.

Model calibration and evaluation

Parameters determining the cold-acclimation modifier fT (τ, X0,
Smax; Table 3) were calibrated to minimize the mean square error
(MSE) between daily GPPadj and GPPobs. To test the generality

of the fT model and its parameterization, we performed calibra-
tions at different levels. First, we calibrated the parameters sepa-
rately for each site. Second, we calibrated parameters separately
for each PFT. Third, we calibrated a single set of parameters,
fitted for all sites simultaneously. Given the parameter sets
obtained at the different levels of calibration, we investigated dif-
ferences in calibrated parameters across sites, and across PFTs.
We also performed an analysis of the relationship between fitted
parameter values and environmental drivers across different sites.

Parameters in Eqns 4–6 were calibrated (5000 iterations for
each calibration level) by using the generalized simulated anneal-
ing method implemented in the GENSA R package (Xiang
et al., 2013). Results were evaluated by calculating mean bias,
mean absolute error (MAE), the coefficient of determination
(R2), and the root mean square error (RMSE) between GPPadj
and GPPobs for all sites’ data pooled and for simultaneous dis-
tinction of climate zones and vegetation types (‘Clim-PFTs’).

Results

Identifying the prevalence of DSPR

We compared the mean seasonal cycle of observed and modelled
GPP, where model results were based on the P-model without
the cold-acclimation modifier and the empirical LUE models
(Figs 1, S3). The results from the empirical (LME) LUE model
conform to the results from the mechanistic (P-model) LUE mod-
els. While most of the peak season, autumn, and winter GPP were
simulated accurately across a wide range of climate and vegetation
types, a systematic positive bias in early spring was often evident in
both modelling approaches. This early season bias was found in all
PFTs and was most evident in sites with deciduous broadleaved
vegetation (Figs 1, S3) of the temperate climate zones Cfa and Cfb
and in the boreal climate zone Dfb, where an early season GPP
bias was found for all vegetation types.

Similar patterns were found for modelled and observational
LUE (Fig. S4), derived from observed PAR and fAPAR using
Eqn 1. For all boreal sites (Dfb and Dfc), a positive model bias
was found for the early season, but not for the late season. A dis-
tinct seasonal course with low observation-based LUE estimates
during winter was not captured by the model.

We also found a geographic pattern in the prevalence of DSPR
effects. The springtime GPP overestimation is most clearly evi-
dent for North American sites, while springtime GPP overestima-
tion was variable for European sites, and less evident for two
Japanese sites (Fig. 2a). The widespread positive springtime
model bias is indicative of the importance of the DSPR effect in
many, but not all climates and was similarly expressed in different
vegetation types (Fig. 2b).

Comparing the roles of canopy structure and plant
physiology in driving GPP model bias

Across different vegetation types and climate zones, we found that
GPP is often overestimated at low and intermediate fAPAR during
months between January and June but no general overestimation
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or underestimation is apparent at low fAPAR later in the year.
Similar patterns emerge for bias in the P-model (Fig. 3) and in the
LME model (Fig. S5). Corresponding visualizations for each site
are given in Figs S6, S7. The seasonal discrepancy was most clearly
expressed in sites belonging to the Cfb-DBF and all Dfb and Dfc
groups. No clear difference in the bias of GPP simulated by the

P-model was found between different vegetation types and differ-
ent canopy structural properties (Fig. 2b). We also found a general
tendency of the LME model and the P-model to underestimate
GPP when fAPAR was high. However, this aspect of model biases
is not relevant in the context of the DSPR (fAPAR is generally low
in the early season).

Fig. 1 Comparison of the mean seasonal cycle of GPP among different data sources: P-model (GPPPmodel), linear mixed-effects regression LUE model
(GPPLME), and EC-based (observation-based) GPP (GPPobs) across 10 different combinations of Köppen–Geiger climate zones (Table 1) and plant functional
types. The grey bands represent the range of mean� SD of GPPobs for each day of the year (DoY). Different PFTs are as follows: deciduous broadleaf forest
(DBF); mixed deciduous and evergreen needleleaf forest (MF); and evergreen needleleaf forest (ENF). The horizontal lines (the length of lines was propor-
tionally magnified for the purpose of visualization) and values at bottom of each panel indicate the mean GPP bias (g Cm�2 d�1) between modelled GPP
(GPPPmodel and GPPLME) vs GPPobs during the photosynthesis resumption period. The number of sites (n) from which data are aggregated within each panel
(climate zone and PFT) is listed inside each panel.

Fig. 2 Sites selected for the analysis and their mean GPP bias (GPPPmodel�GPPobs difference between modelled GPP by P-model (GPPPmodel) and
‘observed’ GPP from eddy covariance tower (GPPobs)) during photosynthesis resumption period: (a) locations of studied sites and their mean GPP bias and
(b) variations of the GPP bias among different plant functional types. DBF, deciduous broadleaf forest; ENF, evergreen needle-leaved forest; MF, mixed
deciduous and evergreen forest. The length of each box indicates the interquartile range, and the horizontal line inside each box represents the median.
The lower and upper lines extending from boxes correspond to the quartiles plus 1.5 times the interquartile range. Additional information on the sites is
listed in Table 2.
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Identifying drivers of DSPR

Sites and years where effects of DSPR were identified (SYDSPR)
were characterized by higher incident radiation throughout and
before the photosynthesis resumption period (PAR; Fig. 4b),
while Tmin was distinctively lower compared with sites and years

in SY0, especially before the photosynthesis resumption period
(Fig. 4c). No clear differences in the snow fraction were found
between SYDSPR and SY0 (Fig. 4d). However, a higher snow
cover fraction was found in evergreen and mixed forests
(Fig. S8b). Besides, data in SYDSPR were characterized by lower
soil water content compared with data in SY0, especially in days

Fig. 3 Bias in GPP simulated by the P-model within bins of the fraction of absorbed photosynthetically active radiation (fAPAR) and separated into the early
and late seasons of northern ecosystems. ‘Jan–Jun’ contains data from months January–June, while ‘Jul–Dec’ contains data from months July–December.
Panels separate data by different vegetation and climate zones. Different PFTs are as follows: deciduous broadleaf forest (DBF); mixed deciduous and ever-
green needleleaf forest (MF); evergreen needleleaf forest (ENF). Different Köppen–Geiger climate zones can be referred in Table 1. The length of each box
indicates the interquartile range, and the horizontal line inside each box represents the median. The lower and upper lines extending from boxes correspond
to the quartiles plus 1.5 times the interquartile range.
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and months before the photosynthesis resumption period. No
clear differences in soil temperature and the timing of soil tem-
perature increase were observed between data in SYDSPR and SY0
(Fig. 4e). The fraction of absorbed photosynthetically active
radiation (fAPAR) was lower in sites and years where effects of
DSPR were identified (SYDSPR in Fig. 4a). However, when sepa-
rately looking at different vegetation types, fAPAR was higher in
deciduous forests, but lower in evergreen needle-leaved and
mixed forests for SYDSPR, compared with SY0 (Fig. S8).

Temperature and incoming solar radiation are mechanistically
related (higher air temperatures when radiation is high), but their
divergence (high radiation and low temperature) may induce
stress, leading to downregulation or damage to the photosyn-
thetic apparatus. To reveal their interactive effects and the link
with the apparent model bias, we further compared the Tmin

between SYDSPR and SY0 within different bins of radiation
(SWIN and PAR) between 60 d before the photosynthesis
resumption period and the end of the ‘overestimated’ period
(Figs S9, S10). SYDSPR generally has lower Tmin compared with

SY0 for a given level of radiation. This is particularly evident
for ENF.

Model improvement and variation of calibrated parameters

Applying the cold-acclimation temperature modifier fT to
GPPPmodel improved the model performance when parameters
were calibrated at all three different levels (Table 4; Fig. S11).
After applying site-specific parameters, the R2 of pooled daily
observations and P-model predictions increased from 0.70 to
0.80, while the MAE and RMSE decreased compared with the
original model. Analogously, modelled GPP with PFT-specific
parameters or with a single set of parameters also improved the
R2 to 0.76 and 0.73, respectively (Table 4; Fig. S11). Consider-
ing the seasonal cycle of GPP in different climate zones and plant
functional types (Clim-PFTs), model improvement was evident
when applying calibrated parameters obtained from the calibra-
tion done at different levels (Figs 5, S11–S13). The performances
of the P-model calibrated with site-specific parameters and with

Fig. 4 Comparison of environmental drivers between the sites and years where GPP was significantly affected by delayed springtime photosynthetic
resumption (DSPR; SYDSPR; 191 site-years) and the other sites and years where it was not affected by DSPR (SY0; 133 site-years). The data are aligned by
the onset of the photosynthesis resumption period (rday), where rday= 0 refers to the first day into the photosynthetic resumption period. Panels are given
for (a) fraction of absorbed photosynthetically active radiation (fAPAR), (b) photosynthetically active radiation (PAR), (c) minimum air temperature (Tmin),
(d) snow fraction obtained fromMODIS MOD10A1 data product, (e) soil temperature (Tsoil), and (f) the volumetric soil water content (SWC). The photo-
synthesis resumption period is indicated by the shaded area. For (a–c, e, f): lines represent the median, and colour-shaded areas around lines represent the
upper and lower 25% quantiles of data aggregated across all years and sites pooled within the SYDSPR or SY0 groups. For (d): the lines stand for the mean,
and the shaded area represents the mean� SD of snow fractions across all years and sites pooled within the SYDSPR or SY0 data subset.
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PFT-specific parameters were similar, particularly for the most
widespread DBF and ENF sites. In contrast, P-model with a sin-
gle set of parameters performed worse compared with P-model
with site or PFT-specific parameters regarding to capture the sea-
sonal changes of GPP. The PFT-specific calibration yielded GPP
estimates that were clearly improved, especially when considering
the mean seasonal GPP cycle in cold climates (Dfb and Dfc;
Fig. 5) and for DBF in temperate climates (Cfa and Cfb; Fig. 5).

Results of the site-level parameterization showed that the fitted
parameter values for τ, X0, and Smax tended to be smaller (faster
acclimation rate, lower temperature threshold for initiation of
acclimation, and lower temperature upper limit for inhibiting
photosynthesis) for ENF than for DBF (Fig. 6). In contrast,
among the few MF sites, we found a large variation in calibrated
parameters without a clear pattern. The PFT-level parameters in
DBF and ENF generally have a consistent pattern compared with
site-level parameters, but the means of the site level were different
from the PFT-level parameters. Similarly, the parameters for MF
had a large variation and did not have a clear linkage with the
ones in DBF and ENF (Fig. 6).

We further compared the calibrated parameters from the site-
level calibration with the variation of Tmin during the period
between 60 d before the start of photosynthesis resumption per-
iod and peak of the GPP (Fig. 7). We found no significant rela-
tionship between parameters and Tmin in different PFTs (Fig. 7).
However, a positive, albeit nonsignificant relationship emerged
between τ and Tmin for DBF and ENF sites in boreal climates
(Dfc-ENF). We also analysed relationships between fitted para-
meters and other environmental variables, but found no consis-
tent patterns (not shown).

Mean springtime fT provides a quantification of the DSPR
effect across sites (Fig. 8a). As a consequence of the model formu-
lation (fT being a function of delayed minimum temperatures),
the largest GPP reductions (lowest mean fT) were simulated for
sites with lowest winter-mean Tmin (mean Tmin over months
December–February), with mean fT values in different vegetation
types c. 0.3–0.5, indicating a 50–70% reduction of GPP, at the
coldest sites. The introduction of the cold-acclimation modifier
in the model resolves the springtime GPP bias across sites and
across the full range of mean winter Tmin (Fig. 8b,c).

Table 4 Model evaluation between GPPPmodel and GPPadj against GPPobs
for calibrations performed at the site level (‘site-specific calibration’),
PFT level (‘PFT-specific calibration’), and using all sites pooled (‘general
calibration’).

MAE
(g Cm�2 d�1)

RMSE
(g Cm�2 d�1) R2

GPPPmodel 1.6 2.3 0.70
GPPadj with site-specific
calibration

1.2 1.9 0.80

GPPadj with PFT-specific
calibration

1.4 2.1 0.76

GPPadj with a general
calibration

1.5 2.2 0.73

Data were pooled for all sites and days.

Discussion

Evident DSPR in forests with cold winters

The comparisons between GPPobs and simulated GPP from
mechanistic and empirical models (i.e. GPPPmodel and GPPLME)
indicated that the DSPR phenomenon happens in different vege-
tation types (Fig. 2b). Effects of DSPR were more clearly evident
in North American sites (Fig. 2a) and were especially evident in
climates that are characterized by cold winters and low minimum
temperatures during the springtime vegetation green-up period
(Fig. 4). These results indicate that LUE is depressed in the early
spring in forests with cold winters. This depression of LUE in
early spring is corroborated by previous studies on plant physiol-
ogy, which found that PSII photochemical efficiency reached a
minimum in late winter and was depressed until late spring
(Ottander et al., 1995; Ensminger et al., 2004; Zarter et al.,
2006).

We found that spring GPP can be overestimated by up to 30–
70% (Fig. 8) due to a lack of considering DSPR effects in mod-
els. This magnitude of overestimation is comparable to a previous
study conducted in a boreal forest (Bergh et al., 1998), but the
estimated magnitudes here are representative for 39 sites, distrib-
uted across the boreal and temperate zones, and distributed across
three continents. Even though the introduction of the cold-
acclimated temperature modifier in the model largely resolved
the springtime GPP bias across sites when using site-specific para-
meters, no obvious relationship between site-specific parameters
and environmental drivers was found (Fig. 7), and the single gen-
eral calibrated parameter set only partly removed biases (Table 4).
This indicates a remaining challenge in modelling DSPR effects
on GPP across diverse biomes and ecosystems with a single gener-
alized model.

The bias in springtime GPP simulations is due to neglected
effects on photosynthesis

Our results indicate that DSPR effects are mainly linked to plant
physiology, not to canopy structure or fAPAR inaccuracies
(Figs 3, S5–S7). No general relationship was found between the
GPP bias and the magnitude of fAPAR across sites, neither for
the bias of the mechanistic model nor for the bias of the empirical
model. For the sites with DSPR, the GPP bias was evident only
for springtime months, but not for summer and autumn months.
In contrast, no evident seasonal GPP bias was found under differ-
ent fAPAR bins at other sites without DSPR (Figs S6, S7). These
results indicate that the occurrence of DSPR is independent of
the magnitude of fAPAR and should be mainly related to
depressed LUE at certain sites (but not at others).

Previous studies have indicated that the satellite remote
sensing-derived MODIS fAPAR data can be overestimated as it
also includes absorption by nonphotosynthetic tissues, for exam-
ple stems and branches. These nonphotosynthetic tissues’ contri-
butions to the overestimation of fAPAR are not uniform
throughout seasons in deciduous forests (Zhang, 2021), but par-
ticularly expressed under conditions of low foliage cover.
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Absorption by nonphotosynthetic tissue should translate into a
positive bias in simulated GPP when affected fAPAR estimates
are used as inputs in models (Cheng et al., 2006; Zhang
et al., 2006). However, such an overestimation of fAPAR should
lead to a similar pattern of GPP bias in spring and autumn when
fAPAR changes from low to high levels and should be similarly
expressed across sites with deciduous vegetation. This, however,
was not the case (Figs 3, S3). In addition, snow could also impact
fAPAR estimation (Zhang et al., 2006; Zhang, 2021). However,
snow presence, which should be more common at sites with cold
winters, would generally lead to an underestimation of fAPAR
(Moody et al., 2007; Zhang, 2021), and thus to an underestima-
tion of GPP, which cannot explain the DSPR phenomenon we
observed here at sites with cold winters. Based on the above rea-
sons, we conclude that lagged effects of low temperatures in pre-
ceding days and weeks depress the LUE in spring, but not in
autumn (Ensminger et al., 2004; Mäkelä et al., 2008) and lead to
GPP model bias in spring, when effects of DSPR are not
accounted for in simulations.

Although we argue that errors in fAPAR data used here are not
the main cause for the springtime model biases and DSPR we

found at certain sites, we recognize that an overestimation of
satellite data-derived fAPAR estimates may contribute to an over-
estimation of GPP simulations. Measured fAPAR from EC sites
as well as a better estimate of the radiation absorbed from nonleaf
components through more sophisticated radiative transfer models
(Zhang et al., 2020; Zhang, 2021) will help to mitigate this
limitation.

Systematic model bias with a relation to seasonal changes
may also arise by simplifications of the representation of photo-
synthesis and how it is affected by canopy structure applied in
the model here. Canopy-level LUE may increase with the
increase in the ratio between shade leaves and sunlit leaves dur-
ing leaf expansion (Bao et al., 2022a). Separately treating light
use efficiency in sunlit and shaded leaves can potentially
improve the LUE and GPP estimation in future studies (Wang
& Leuning, 1998). However, as argued above, a systematic bias
of simulated LUE in relation to seasonal changes in canopy
development should lead to a similar pattern of GPP bias with
fAPAR variations in spring and autumn and should be similarly
expressed across sites with deciduous vegetation. This was, how-
ever, not the case.

Fig. 5 Mean seasonal cycle of ‘Observed’ GPP (GPPobs) and modelled GPP from the original P-model (GPPPmodel) and from the adjusted GPP (GPPadj)
after applying a cold-acclimation temperature modifier (fT) to GPPPmodel, obtained from the PFT-specific calibrations. The data are separated for different
combinations of climate zones and PFTs. The grey bands represent the range of mean� SD of GPPobs. The horizontal lines (the length of lines was propor-
tionally magnified for the purpose of visualization) and values at bottom of each panel indicate the GPP bias (g Cm�2 d�1) between modelled GPP and
GPPobs during the photosynthesis resumption period. The number of sites (n) used for from which data are aggregated within each panel is listed within
each panel. DoY, day of the year.
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Low temperature and high radiation cause GPP biases in
spring

The sites and years where and when biases in modelled GPP
occurred in spring are characterized by a combination of low
minimum temperatures and relatively high radiation during the
period of the late winter to early spring (Figs 4, S8). These
environmental conditions most likely induce photoprotection
processes, with increases in photoprotective pigments and
cryoprotective compounds such as soluble sugars (Ottander
et al., 1995; Ensminger et al., 2004; Chang et al., 2021), which
downregulate plants’ photochemical efficiency and dissipate
excessive light as heat (Huner et al., 1998; Verhoeven, 2014).
Damage accompanied by losses of chlorophylls and D1 protein
of the photosystem II (PSII) reaction centre should be avoided
due to these photoprotective mechanisms. The lack of consider-
ing this plant acclimation strategy to low temperature occurring
with already significant radiation leads to an overestimation of
photosynthetic efficiency in models. This can further result in the
overestimation of GPP in spring.

In this study, we did not disentangle the DSPR effects on GPP
bias caused by photodamage vs photoprotection. As photoprotec-
tion is often achieved by the increase of photoprotective pigments
such as carotenoids and specifically xanthophylls (VAZ,
violaxanthin + antheraxanthin+ zeaxanthin; Ensminger et al.,
2006; Verhoeven, 2014), seasonal changes in effects of photopro-
tection can be tracked through tracking these pigment pools size
variation. Thanks to the fast development of remote sensing tech-
niques in the past decades, it is now possible to monitor the pig-
ments’ variation in a nondestructive way through different
vegetation indexes and at different spatial scales (Gamon
et al., 2016; D’Odorico et al., 2020, 2021; Chen et al., 2021; Yin
et al., 2022). One example is to use chlorophyll/carotenoid index
(CCI) calculated through MODIS ocean bands on the ecosystem
scale. In contrast, photodamage induces a swift browning of the
canopy, specifically for deciduous trees, after frost events and is

also detectable by vegetation indexes such as the enhanced vegeta-
tion index (EVI), or the green chromatic coordinate (GCC;
Hufkens et al., 2012). Making better use of the full spectral infor-
mation in remotely sensed surface reflectance data may enable a
better capturing of variations in photosynthetic and photoprotec-
tive pigments and plant stresses (Gamon et al., 2016) and may
enable a better detection of apparent DSPR effects on the ecosys-
tem fluxes. Although photodamage could contribute to the
DSPR identified here, we note that respective patterns were a reg-
ularly recurring phenomenon at affected sites. Therefore, the
environmental stressor (high light and low temperature) is not
rare (extreme) and it appears reasonable to hypothesize that
plants are adapted to such conditions. Hence, we expect that the
DSPR as identified here is mostly an expression of protection,
not damage.

Apart from photodamage and photoprotection, hydraulic
stress and/or damage from cold events on trees’ water transport
system can also result in a delayed resumption of GPP in tempe-
rate and boreal forests (Wang et al., 1992; Cavender-Bares, 2005;
Sims et al., 2008). From the comparison of results between
SYDSPR and SY0 (Fig. 4), we can infer that soil temperature is not
the main cause for DSPR. Since most of the sites in SYDSPR are
covered by snow in the winter, the thermal insulation effects
from the snow keep the soil temperature c. 0°C (Jungqvist
et al., 2014). This result is consistent with Bergh & Lin-
der (1999), who found that the recovery of photosynthesis was
mainly determined by air temperature rather than soil tempera-
ture. Soil moisture might be one reason that contributes to
delayed recovery of photosynthesis in SYDSPR. However, as soil
moisture data in most of the sites are only available for the shal-
low layer, more sites with complete soil moisture at different soil
depths are needed to further test this hypothesis. Based on the
above-mentioned findings, we suggest conducting additional
measurements on selected forest EC sites in boreal and temperate
regions in future studies for a causal attribution of the DSPR
phenomenon to particular processes and for discriminating

Fig. 6 Variation of calibrated parameters of
the cold-acclimation temperature modifier
embedded into the P-model for the different
parameters: (a) parameter τ, (b) parameter
X0, and (c) parameter Smax. The site-level
calibrated parameters are displayed as points
and their variation range is shown by
boxplots, grouped by different plant
functional types (PFTs). The PFT-level
calibrated parameters are displayed as
asterisks. DBF, deciduous broadleaf forest;
ENF, evergreen needleleaf forest; MF, mixed
deciduous and evergreen needleleaf forest.
The length of each box indicates the
interquartile range, and the horizontal line
inside each box represents the median. The
lower and upper lines extending from boxes
correspond to the quartiles plus 1.5 times the
interquartile range. The points outside the
extending lines represent outliers.
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Fig. 7 Calibrated parameters: (a) parameter τ, (b) parameter X0, and (c) parameter Smax vs the minimum air temperature (Tmin) during the period between
60 d before the start of photosynthesis resumption period and peak of the GPP at the site scale. The coefficient of determination (R2) and P-values are
shown for linear regressions between minimum temperature (Tmin) and parameters. DBF, deciduous broadleaf forest; ENF, evergreen needleleaf forest;
MF, mixed deciduous and evergreen needleleaf forest. For detailed definitions of different Köppen–Geiger climate zones (Clim) (Table 1). Two classes of
sites (DBF (blue) and Dfc-ENF (orange)) were highlighted.
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effects of protective vs damage. Measurements may comprise, for
example multispectral drone-based remote sensing of canopy
reflectance, measurements of hydraulic properties, including soil
and leaf water potentials, and photosynthesis measurements.

Considering delay effects of temperature improves GPP
representation in cold regions

Results from our analysis with the LME and P-model (Fig. 1)
indicated that only considering the effects of concurrent climate
drivers on LUE is not sufficient to accurately model GPP. The
reduced springtime LUE observed at most sites in winter-cold
temperate and boreal ecosystems is governed by a delayed

response of photosynthetic activity to springtime warming after
low winter temperatures. This is most evident at sites located in
North America and less evident for a few temperate European
sites with modestly cold winters and springtime minimum tem-
peratures (Figs 2, 8c).

By taking into account cold acclimation of photosynthesis and
delayed effects of low temperatures in winter and early spring
into the P-model, we largely reduced the early spring GPP over-
estimation bias. The MAE was reduced by 22% for pooled data
from different sites and years during the photosynthesis resump-
tion period. This bias reduction is most clearly evident for the
sites and years with cold winters and early spring (Figs 5, 8). Pre-
vious studies have recognized the importance of a hysteretic

Fig. 8 Relationship between minimum
temperature (Tmin) during winter and (a)
mean spring cold-acclimated temperature
modifier (fT) or relative (Rel.) mean GPP bias
before applying fT (b; GPPPmodel) and after
applying fT (c; GPPadj) among different sites.
GPPbias is defined as GPP bias over observed
GPP (GPPobs). The colours indicate the plant
function types (PFTs) of sites. Regression
lines were added if the slope of linear
regression is statistically significantly different
from zero. DBF, deciduous broadleaf forest;
ENF, evergreen needleleaf forest; MF, mixed
deciduous and evergreen needleleaf forest;
R2, the coefficient of determination.
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temperature effect for modelling photosynthesis of coniferous
forests in boreal and temperate regions (Mäkelä et al., 2004,
2008; Gea-Izquierdo et al., 2010). For instance, after considering
the lagged effect of low temperatures in a similar model, Gea-
Izquierdo et al. (2010) found the model efficiency to have signifi-
cantly improved.

Even though much less discussed compared with evergreens
(van Dijk et al., 2005; Tian et al., 2020; Bao et al., 2022b), here,
we document substantial effects of DSPR also on deciduous vege-
tation as shown in Fig. 1. As discussed in ‘The bias in springtime
GPP simulations is due to neglected effects on photosynthesis’ in
the Discussion, the GPP overestimation in the early spring
in DBF can be mainly attributed to the overestimated LUE
(Figs 3, S5). The significant improvement of the GPP simulation
for deciduous forests located in regions with cold winters (Dfb-
DBF and Dfc-DBF) after embedding a delayed response to tem-
perature in the model (Fig. 5) indicates the importance of
delayed low-temperature delay effects for photosynthesis also in
deciduous forests.

The delayed recovery of photosynthetic capacity and CO2

assimilation in spring is also an adaptation mechanism of plants
to escape the damage from potential frost events (Vitasse
et al., 2014; Liu et al., 2018). In climates with low spring tem-
peratures and with high spring temperature variability, and con-
sequently a high probability of late frost events, plants tend to
leaf-out late (specifically for deciduous trees forest) and at the
same time deploy higher leaf freezing resistance (Zohner
et al., 2017). This results in a later recovery of photosynthetic
activity compared with regions with mild temperature variability
(Zohner et al., 2017, 2020). For instance, Zohner et al. (2020)
found Northern America to harbour in general tree species with a
more cautious leaf-out strategy compared with Europe and East
Asia, which is mainly due to the plants being exposed to higher
interannual spring temperature variability there (Zohner
et al., 2017). This phenomenon is also consistent with our com-
parison between modelled and observed GPP (Figs 2, S3): most
North American sites exhibit a distinct GPP overestimation in
the spring, while the GPP overestimation is not evident for many
sites in Europe, especially the sites located in regions with a mari-
time climate in western Europe.

Implications for GPP projection under climate change

Over the past several decades, global warming and climate change
have promoted earlier spring leaf unfolding (Menzel et al., 2006;
Fu et al., 2015; Piao et al., 2019) and a significant increase in
vegetation greenness (Zhu et al., 2016; Piao et al., 2020), which
enhances global terrestrial carbon uptake (Piao et al., 2020). Glo-
bal warming tends to continuously advance the leaf onset of
deciduous forests and extend the growing season in temperate
and boreal forests. However, the frequency of extreme weather
events is also projected to increase (Marino et al., 2011; Rahm-
storf & Coumou, 2011), including an increase in late frost events
that occur after leaf unfolding (Liu et al., 2018), which can have
a large impact on forest productivity (Gu et al., 2008; Hufkens
et al., 2012). Currently, most state-of-the-art Earth System

Models do not consider the potential impact of the increasing
probability of frost events in the early (and advanced) growing
season with global warming induced by the hysteretic recovery of
photosynthesis after cold events. This implies that the projected
global terrestrial carbon uptake might be overestimated (Liu
et al., 2018) in regions where cold winters and springs lead to a
delayed springtime photosynthesis resumption. Accounting for
the delayed effects of low temperature on photosynthesis as done
in this study, combined with improved prognostic phenology
representation in Dynamic Global Vegetation Models and Earth
System models (Richardson et al., 2012; Basler, 2016), could
enable more accurate simulations of the land carbon uptake in
northern ecosystems under future climate change and provide
reliable estimates of carbon cycle impacts by springtime frost
events.
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Data availability

Code for the data analysis of this study is available at the GitHub
repository: https://github.com/lypluo/photocold_manuscript.
Modelled GPP from P-model at FLUXNET sites is available
from Zendo (Stocker, 2019).
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DY, Noormets A, Peñuelas J. 2016. A remotely sensed pigment index reveals

photosynthetic phenology in evergreen conifers. Proceedings of the National
Academy of Sciences, USA 113: 13087–13092.

Gamon JA, Surfus JS. 1999. Assessing leaf pigment content and activity with a

reflectometer. New Phytologist 143: 105–117.
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improving the representation of photosynthesis in Earth system models. New
Phytologist 213: 22–42.

Rogers A, Serbin SP, Ely KS, Wullschleger SD. 2019. Terrestrial biosphere

models may overestimate Arctic CO2 assimilation if they do not account for

decreased quantum yield and convexity at low temperature. New Phytologist
223: 167–179.

Savage JA, Kiecker T, McMann N, Park D, Rothendler M, Mosher K. 2022.

Leaf out time correlates with wood anatomy across large geographic scales and

within local communities. New Phytologist 235: 953–964.
Schaefer K, Schwalm CR, Williams C, Arain MA, Barr A, Chen JM, Davis

KJ, Dimitrov D, Hilton TW, Hollinger DY et al. 2012. A model-data

comparison of gross primary productivity: results from the North American

Carbon Program site synthesis. Journal of Geophysical Research: Biogeosciences
117: 110–125.

Shi M, Parazoo NC, Jeong S-J, Birch L, Lawrence P, Euskirchen ES, Miller CE.

2020. Exposure to cold temperature affects the spring phenology of Alaskan

deciduous vegetation types. Environmental Research Letters 15: 025006.
Sims DA, Rahman AF, Cordova VD, El-Masri BZ, Baldocchi DD, Bolstad PV,

Flanagan LB, Goldstein AH, Hollinger DY, Misson L et al. 2008. A new

model of gross primary productivity for North American ecosystems based

solely on the enhanced vegetation index and land surface temperature from

MODIS. Remote Sensing of Environment 112: 1633–1646.
Singsaas EL, Ort DR, DeLucia EH. 2001. Variation in measured values of

photosynthetic quantum yield in ecophysiological studies. Oecologia 128: 15–
23.

Stocker B. 2022. Ingest site-scale time series of environmental data from large files
and remote repositories. [WWW document] URL https://github.com/

computationales/ingestr [accessed 13 March 2022].

Stocker BD. 2019. GPP at FLUXNET Tier 1 sites from P-model (v.2) [Data

set]. Zenodo. doi: 10.5281/zenodo.3559850.

Stocker BD, Wang H, Smith NG, Harrison SP, Keenan TF, Sandoval D, Davis

T, Prentice IC. 2020. P-model v.1.0: an optimality-based light use efficiency

model for simulating ecosystem gross primary production. Geoscientific Model
Development 13: 1545–1581.

Suni T, Rinne J, Reissell A, Altimir N, Keronen P, Rannik U, Maso M,

Kulmala M, Vesala T. 2003. Long-term measurements of surface fluxes above

a Scots pine forest in Hyytiala, southern Finland, 1996-2001. Boreal
Environment Research 8: 287–302.

Takahashi S, Badger MR. 2011. Photoprotection in plants: a new light on

photosystem II damage. Trends in Plant Science 16: 53–60.
Thomas SC. 2010. Photosynthetic capacity peaks at intermediate size in

temperate deciduous trees. Tree Physiology 30: 555–573.
Thurner M, Beer C, Santoro M, Carvalhais N, Wutzler T, Schepaschenko D,

Shvidenko A, Kompter E, Ahrens B, Levick SR et al. 2014. Carbon stock and

density of northern boreal and temperate forests. Global Ecology
and Biogeography 23: 297–310.

Tian X, Minunno F, Cao T, Peltoniemi M, Kalliokoski T, Mäkelä A. 2020.
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