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Abstract

Climatic warming has lengthened the photosynthetically active season in recent dec-
ades, thus affecting the functioning and biogeochemistry of ecosystems, the global
carbon cycle and climate. Temperature response of carbon uptake phenology var-
ies spatially and temporally, even within species, and daily total intensity of radiation
may play a role. We empirically modelled the thresholds of temperature and radiation
under which daily carbon uptake is constrained in the temperate and cold regions
of the Northern Hemisphere, which include temperate forests, boreal forests, alpine
and tundra biomes. The two-dimensionality of the temperature-radiation constraint
was reduced to one single variable, 6, which represents the angle in a polar coordi-
nate system for the temperature-radiation observations during the start and end of
the growing season. We found that radiation will constrain the trend towards longer
growing seasons with future warming but differently during the start and end of sea-
son and depending on the biome type and region. We revealed that radiation is a
major factor limiting photosynthetic activity that constrains the phenology response
to temperature during the end-of-season. In contrast, the start of the carbon uptake
is overall highly sensitive to temperature but not constrained by radiation at the hemi-
spheric scale. This study thus revealed that while at the end-of-season the phenology
response to warming is constrained at the hemispheric scale, at the start-of-season

the advance of spring onset may continue, even if it is at a slower pace.

KEYWORDS
carbon uptake phenology, climatic warming, phenology modelling, photosynthetically growing
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warming, the growing season has lengthened, with the start of the

growing season advancing more than the end of the growing season
delaying (Menzel et al., 2006; Pefiuelas & Filella, 2001). Vegetation

phenology influences the carbon and water cycle (Keenanetal., 2014;

Seasonal changes in weather conditions drive the timing of the start
and end of vegetation growth (Piao et al., 2019). With recent climatic

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Global Change Biology published by John Wiley & Sons Ltd.

Glob Change Biol. 2023;29:719-730. wileyonlinelibrary.com/journal/gcb 719

85US01 T SUOWIWIOD BA11e81D) 9|qeoljdde ay) Aq peusenob aJe sspiie VO ‘88N JO S9Nl 1oy Ak TauljuQ AB|I/W UO (SUONIPUOD-pUe-SWIBIAL0o" A3 1M ATeiq 1 jpulU0//SANL) SUONIPUOD Pue SWie | 8U) 89S *[£202/TO/ET] Uo Ariqi]auliuo A8|Im ‘(-ouleAnde) aqnopesy Aq Z0G9T GoB/TTTT 0T/I0p/uoo A8 1M Alelqijeuluo//sdny Wwolj papeojumod ‘€ ‘€202 ‘98r2S9ET


www.wileyonlinelibrary.com/journal/gcb
mailto:﻿
https://orcid.org/0000-0003-1644-3036
mailto:﻿
https://orcid.org/0000-0001-9374-1745
https://orcid.org/0000-0002-9828-7139
https://orcid.org/0000-0001-6262-5733
https://orcid.org/0000-0002-9761-5292
https://orcid.org/0000-0001-8057-2292
https://orcid.org/0000-0002-5705-1787
https://orcid.org/0000-0002-7215-0150
http://creativecommons.org/licenses/by-nc/4.0/
mailto:a.descals@creaf.uab.cat
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.16502&domain=pdf&date_stamp=2022-11-07

DESCALS €T AL.

AR v

Myneni et al., 1997; Richardson et al., 2010), successional transition
(Chuine, 2010) and plays a role in the feedback between vegetation
and climate (Pefiuelas & Filella, 2009; Richardson et al., 2013). The
warming-induced lengthening of the growing season has increased
the carbon uptake (Le Quéré et al., 2009), offsetting atmospheric
carbon from human emissions. However, how phenology may re-
spond to future warming and whether vegetation will increase car-
bon sequestration remains unclear (Piao et al., 2019), which adds
uncertainty to future atmospheric carbon concentration and, thus,
climate projections.

Winter chilling, forcing requirements, and photoperiod trigger
the start of foliar phenology (Richardson et al., 2013). Previous re-
search suggests that chilling requirements will constrain the advance
of leaf unfolding in deciduous forests by reducing temperature sen-
sitivity (Fu et al., 2015), whereas other factors such as precipitation
(Peaucelle et al., 2019) and photoperiod (Kérner & Basler, 2010;
Meng et al., 2021; Zohner et al., 2016) may increase the heat require-
ments during the ecodormancy stage and, as a result, slow down
the warming-induced advance of the leaf unfolding. With regards
to leaf senescence, a recent study found that increased productivity
during the growing season counteracts the warming-induced delay
in leaf senescence (Zani et al., 2020). These findings are based on
the study of leaf phenophases in deciduous forests obtained from in
situ observations (Templ et al., 2018) or remotely-sensed vegetation
greenness indices (Julien & Sobrino, 2009), such as the normalized
vegetation difference index (NDVI).

The key conceptual framework in these studies is that conditions
preceding the phenological dates affect the timing of tree pheno-
phases (Chuine et al., 2013). Phenology modelling has largely ac-
counted for chilling and forcing requirements in decisuous forests
(Fu et al., 2020). However, the start and end of the photosyntheti-
cally active season are directly influenced by current meteorological
conditions, not by conditions preceding the phenological dates. This
is evidenced by a decoupling between remotely sensed vegetation
greenness and proxies of photosynthetic activity (Jeong et al., 2017,
Yin et al., 2020; Zhang, Commane, et al., 2020), which indicates that
vegetation might present leaves but these are not photosynthetically
active because meteorological conditions are restricting photosyn-
thetic activity at the moment. For instance, vegetation productivity
declines in agreement with the decrease in radiation intensity during
autumn (Zhang, Commane, et al., 2020), and a lack of available light
may, thus, prompt the end of the growing season. Similarly, water
availability determines the start and end of the photosynthetically
active season in tropical dryland ecosystems (Eamus & Prior, 2001;
Jiao et al., 2021; Zhang, Parazoo, et al., 2020).

Given the link between photosynthesis and current meteorolog-
ical conditions, the seasonality of carbon uptake can be modelled
with meteorological variables, and the start and end of the growing
season can be determined by constraint functions (Jolly et al., 2005).
The constraint functions define the photosynthesis-inhibiting
thresholds that restrict the carbon uptake during the growing sea-
son. Using this phenology modelling framework, carbon uptake phe-
nology can be, thus, determined by the most limiting factor (Zhang,

Parazoo, et al., 2020). The start and end of the season occur when
a limiting factor, such as air temperature and radiation intensity ex-
ceeds the threshold under which photosynthesis is constrained.

One limiting factor of the phenology of photosynthesis is the
low light availability (Zhang, Commane, et al., 2020). Photosynthetic
activity as a function of radiation, with constant temperature and
soil water content conditions, is equivalent to light-response curves
(Herrmann et al., 2020), which represent the restrictions of photo-
synthetic activity by low levels of radiation, even if temperature, soil
water content, and other factors influencing photosynthesis are fa-
vourable. The restriction is due to the inoperability of chloroplasts
and light-dependent reactions in the absence of photosynthetically
active radiation (Johnson et al., 2008).

Here, we aimed to clarify the role of temperature and radiation
constraints during the start and end of the photosynthetically ac-
tive season and how these constraints change among ecosystems
and over space. To achieve this, we proposed a phenology model
based on the law of limiting factors that predicts the start and end
of the photosynthetically growing season. We evaluated the current
temperature and radiation constraints on the phenology of tem-
perate and cold regions of the Northern Hemisphere, where tem-
perature and radiation mostly regulated the vegetation phenology
(Piao et al., 2019). Lastly, we estimated the potential lengthening of
the growing season in a warming scenario in which radiation might
take over the role as a limiting factor of photosynthetic activity

phenology.

2 | MATERIALS AND METHODS
2.1 | Data

We used daily in situ records from 63 sites of the FLUXNET2015
Tier 1 data set (Pastorello et al., 2020) (see Figure S1 for the loca-
tions of the sites). The biome types at the FLUXNET sites were
characterized using the MODIS MCD12Q1 Vé product (Friedl &
Sulla-Menashe, 2015) for the mode of land cover during 2001-2019
and the RESOLVE Ecoregions 2017 map (Dinerstein et al., 2017). We
selected the sites with at least 4 years of record and categorized as de-
ciduous broadleaved forests (DBF; 12 sites), evergreen needleleaved
forests (ENF; 25 sites), mixed forests (MX; 7 sites), and grasslands and
wetlands (GRA and WET; 19 sites) in the tundra, boreal, and temper-
ate biomes of the Northern Hemisphere according to the RESOLVE
Ecoregions 2017 map. These FLUXNET sites represent 643 site-years
and are located >30°N. The sites cover different range of years from
1991 to 2014. We used daily gap-filled GPP reference from GPP ver-
sions using model efficiency (MEF) and obtained from the day-time
partitioning method (Pastorello et al., 2020).

For the climatic data, we used daily averages of air temperature
and incoming shortwave radiation at 0.1 arc degrees from the ERA5-
Land hourly data (Mufnoz-Sabater et al., 2021). The phenology dates
were extracted from the 4-day clear-sky daily contiguous solar-
induced chlorophyll fluorescence (SIF) estimates at 0.05° from the
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OCO-2 (Orbiting Carbon Observatory-2) (Zhang et al., 2018) in tem-
perate and cold regions of the Northern Hemisphere for the 2001-
2020 period. SIF observations have been demonstrated to track the
seasonality of GPP globally (Sun et al., 2017). The temperate and
cold regions include tundra, boreal forests, temperate broadleaf and
mixed forests, and temperate coniferous forests in the RESOLVE
Ecoregions 2017 map (Figure S1).

2.2 | Phenology extraction

We estimated the Start of Season (SoS) and End of Season (EoS)
using the maximum-separation method (Descals et al., 2020). The
maximum-separation method is a threshold-based method that can
effectively estimate phenological metrics without the need of time
series pre-processing, which tends to distort the seasonality of the
time series. The algorithm first runs a moving window that calculates
the proportion of observations that are above a given threshold th
before the central day of the moving window (p, .,..) and after the
central day (p,.,)- A moving window greater than 90days and lower
than the length of the growing season is advised for the method to
be effective (Descals et al., 2020). In this study, the length of the
moving window was 120days. Then, the algorithm computes the
difference between the proportions (p, e = Pase,) fOr €ach day of
year in the time series. The SoS is calculated as the date when the
difference in proportions (P, ¢o,e = Patter) F€aches a minimum, and the
EoS is calculated as the date when the difference is maximal. The
method was used to extract the SoS and EoS from the FLUXNET
GPP time series and in the climate-constraint model and growing-
season index. In this study, we used a dynamic threshold for the
extraction of SoS and EoS from the FLUXNET GPP and the growing-
season index. The dynamic threshold th is computed as a percentage

of the amplitude (Equation 1):
th= (Imax - Imin) x P+ ’min (1)

Thel . andl . are the maximum and minimum values of the time
series (e.g. FLUXNET GPP or the growing-season index). The param-
eter P ranges from O to 1. We set P equal to 0.2, which represents a
percentage of 20% of the amplitude. This low percentage ensures the
reliable detection of the first and last stages of the SoS and EoS. The
maximum-separation method can be applied to binary time series,
which is the case of the climate-constraint model (See Section 2.4.
Climate-constraint model). In a binary time series in which values are O
or 1, the SoS and EoS would be the same for any percentage P greater
than 0 and lower than 1. For this reason, we used a constant thresh-
old th equal to 0.5 for the climate-constraint model.

2.3 | Phenology modelling

We proposed a phenology model that incorporates the constraints
of temperature and radiation on the vegetation productivity. The

Y ey

model first generates a binary time series where daily observations
are categorized as O (vegetation productivity is inhibited or con-
strained) and 1 (vegetation productivity is active or unconstrained
by temperature and radiation). In the second step of the model, the
start and end of season dates are extracted from the binary time
series using the maximum-separation method. We named the model
as climate-constraint model because climate time series are used to
generate a binary time series of constrained and unconstrained daily
observations. The binary time series is analogous to the growing-
season index (Jolly et al., 2005), which is generated from cut-off
functions from daily temperature, daylength, and vapor-pressure
deficit (VPD), and ranges from 0 and 1 (O =vegetation is constrained
and 1 =vegetation is unconstrained).

The modelled SoS and EoS were compared with estimated SoS
and EoS extracted from in situ GPP time series at the FLUXNET
sites. The performance of the model was evaluated in terms of
root-mean-squared-error (RMSE). As the growing-season index,
the climate-constrained model assumes no forcing requirements
for the SoS and EoS; the growing season starts as soon as cli-
mate conditions are favorable for vegetation growth, respectively.
To test this assumption, we compared the performance of the
climate-constrained model with the photo-threshold model (Meng
et al., 2021), a model based on the growing-degree-day model. We
also compared the performance of the SoS and EoS extracted from

the growing-season index.

2.4 | Climate-constraint model

The approach for phenological modelling categorizes daily time
series of temperature T(t) (°C) and incoming shortwave radia-
tion R(t) (Wm™) into a binary time series B(t) with values O (con-
strained) and 1 (unconstrained). The classification was done with
a threshold function (Equation 2); vegetation was considered un-
constrained when daily temperature and radiation were above
the threshold function. The threshold function has the form of
a rational function with one asymptote for temperature (T .q)
and another for radiation (R, ..;,) (Figure 1a). The curvature of the
rational function is defined by parameter C (unitless). The param-
eter C in Equation (2) reflects the covariation of temperature and
radiation constraints. Instead of a constant threshold for tem-
perature and radiation, the parameter C reflects the curvature of
the threshold function and provides a threshold that depends on
the levels of temperature and light availability (i.e., high levels of
temperature reduce the radiation constraint). We used a rational
function owing to the relationship of FLUXNET GPP with air tem-
perature and shortwave radiation (Figure 1b).

C
— +R —R(t)<0
T(t) _ Tthresh thresh ( )

B(t) = N — > (2)
® 0 T(f) — Tthresh + Rthresh R(t) >0

0 T(t) < Tthresh
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FIGURE 1 Graphical representation of the calculation of parameters in the climate-constraint model. (a) Graphical representation of the
threshold function (black line) and the angle 6. The threshold function consists of a rational function defined by the asymptotesin T, ., and

Ripersh- The angle 6

pheno

represents the radiation constraint of temperature and radiation during a phenological event. (b) Mean gross primary

production (GPP) as a function of air temperature and incoming shortwave radiation for all observations of the FLUXNET sites in the cold

and temperate regions of the Northern Hemisphere.

The time series of FLUXNET GPP and ERA5-Land air tempera-
ture and shortwave radiation were used to calibrate the parame-
ters Ty eshe Rinresns @nd C. To accomplish this, the FLUXNET GPP
was converted to a binary time series: 0 when GPP was < GPP,, ..,
and 1 when GPP was > GPP,, .., C m? d™". We used a GPP,,, .,
equal to 2 C m™2 d™%, which is approximately the median GPP of
the 192,709 observations and represents a low GPP threshold
that ensure the first and last stages of the SoS and EoS, respec-
tively. The calibration was done using the simplex search method
(Lagarias et al., 1998).

The second step of the model consists of the extraction of phe-
nological dates (SoS and EoS) from the binary time series B(t) using
the maximum-separation method (Descals et al., 2020). The binary
time series B(t) reflects that vegetation is unconstrained whenever
temperature and radiation conditions are favorable for vegetation
growth. Thus, the binary time series may reflect unconstrained
observations when sporadic favorable conditions occur during the
dormant period, and the SoS could incorrectly identified in such
scenario. To avoid this shortcoming, Jolly et al. (2005) proposed a
21-day moving average of the growing-season index to remove ex-
treme events that can prematurely detect the start of the growing
season. In this study, we used the maximum-separation method be-
cause the method detects the SoS only when there are many values
that are unconstrained after the dormant period. Similarly, the EoS
is detected when there is a substantial decline in the number of un-
constrained observations after the growing season. Thus, the daily
observations of favorable temperature and radiation that may occur
sporadically during the dormant period are not detected as SoS or

EoS by the maximum-separation method.

2.5 | Growing-season index

The growing-season index was designed to reproduce the NDVI time
series from air temperature, daylength, and VPD (Jolly et al., 2005).
The growing-season index is calculated from cut-off functions for

temperature (Equation 3; in °C), daylength (Equation 4; in hours),
and VPD (Equation 5, in kPa), which bound the climate time series
to values between 0 and 1. The cut-off functions are defined by a
and T__ ),

minimum and a maximum threshold for temperature (T max

min
daylength (DL, and DL and VPD (VPD, and VPD_ ). The
growing-season index is the multiplication of Tgsi, DLgsi, and VPDgsi

(Equation 6) and ranges from O (vegetation is fully constrained) to 1

max)'

(vegetation is fully unconstrained).

0 T(t) < Tmin
T(t) =T
Tei(t) = T()#m'" Tonin <T(®) < Tax (3)
max min
1 T(t) > Trax
0 DL(t) <DLpyn
DL(t)— DLy,
DLggi(D) bL_ DL, DLy < DL(t) <DL,y (4)
1 DL(t) > DLy
0 VPD(t) <VPD,,,

VPD(t)-VPD,,
VPD, . —VPD,,.
1 VPD(t) > VPD, .

VPD,(t) = VPD,,,, <VPD(t)<VPD,,, (5)

max

GSI(t) = Tygi(t) X DLggi(t) X VPDggi(t) (6)

Equation (3) originally used daily minimum air temperature but, for
consistency with the climate-constrained function, we used daily mean
air temperature. The daylength was calculated as a function of time
(day of the year) and latitude (°) using the model proposed in (Forsythe
etal.,, 1995). VPD was calculated using the formula in Yuan et al. (2019),
which uses air and dew point temperature, both variables included
in the ERA5-Land dataset. Jolly et al. (2005) defined the threshold
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parameters of the cut-off functions. However, we calibrated these pa-
rameters for our case study because (1) we used different climate data,
(2) we used mean air temperature instead of minimum air temperature,
and (3) we aimed to reproduce the FLUXNET GPP, representing vege-
tation productivity, instead of the NDVI, which is an indicator of green
biomass. The calibration of the parameters was done using the simplex
search method.

The growing-season index can be used as a phenology model. As
the climate-constrained model, phenological dates can be extracted
from the growing-season index. We used the maximum-separation
method and a dynamic threshold of 20% of the amplitude to deter-
mine the SoS and EoS dates.

2.6 | Photo-threshold model

The photo-threshold works similarly as the growing-degree-day
model (Hanninen, 2016) but replaces the arbitrary date when forcing
starts accumulating (generally January 1) with the date when day-
length reaches the threshold DL, (Meng et al., 2021). The state of
forcing Sf(t) (Equation 7) is calculated as the summation of the rate
Equation 8). Temperature T(t)
(0°C in this study). The SoS
occurs the date when the state of forcing Sf(t) is higher than the forc-

of forcing Rf(t) starting from DL ot (

is offset with a base temperature T
ing requirement F. If the forcing requirement is not met, the model
forces the SoS to the first day of year when daylength surpasses
DL,,4- In the photo-threshold model, DL DL
parameters to calibrate. The simplex search method was used for

and F are the

start’ end’

the calibration.

Sfit) = tZRf(T(t» 7)

D-Toe TH>T,
Rf(t) _ ® base > base (8)
0 T(t) <Tpase

2.7 | Estimation of temperature and radiation
constraints on phenological dates

To quantify the limitations of radiation and temperature on the start
and end of the growing season, we reduced the two-dimensionality
of the temperature-radiation constraint to one single variable; 6.
The angle 6 was calculated geometrically (Equation 9) based on the
threshold function (Equation 2) and given the points Pa, Pb, and Pc,
where Pa and Pb have fixed coordinates in (T,
Rinresn) respectively. The coordinates of Pc are given by the tem-

hresh Ripresh) @nd (25,

perature and shortwave radiation at the time of the phenological
and R . We calculated T, and R

pheno as the mean
temperature and radiation 7 days before and after the phenological

event (Tp

heno pheno) pheno

event (SoS and EoS) to avoid noisy values of @ due to variation on
daily temperature and radiation. A graphical representation of the
calculation of #is shown in Figure 1a. The temperature values (Tphenc

I ey

and T ., Were scaled by dividing by 25°C, and radiation values
(R

ing values represent approximately the 95th percentile of all tem-

and Ry, ...) were scaled by dividing by 300Wm™. These scal-

pheno

perature and radiation observations in the FLUXNET sites.

0= tan1< 25(Rpheno - Rthresh) ) (9)
3SO(TPheno - Tthresh)

A high temperature and low amount of radiation at the time of the phe-
nological event lead to low values of 8 proximal to 0° and a low tem-
perature and high amount of radiation at the time of the phenological
event lead to high values of @ proximal to 90°. Values of 6 <0 or>90°

were clamped to 0 and 90°, respectively.

2.8 | Estimation of the potential lengthening of the
growing season

We converted the current climate constraints on phenology into
potential lengthening of the growing season. The potential SoS and
EoS (SoSpot and EoSpot) represent the dates under a warming sce-
nario in which SoS and EoS would be restricted only by radiation.
This gives a practical quantification of the climate constraints on the
phenological dates. For instance, a small difference between EoS
and EOSpot indicates that future warming will not delay the EoS. For

the calculation of SoSpDt and EoSp we changed the threshold func-

ot’
tion in Equation 2 to a constant radiation threshold equal to Ry, .-
The observation was considered inhibited when shortwave radiation
was <Ry .., and active when it was >R, ... Analytically, this would
correspond to the climate-constraint function (Equation 2) having a

high temperature T(t) that is nearly infinity.

2.9 | Estimation of temperature dependency

The dependency of SoS and EoS on temperature was estimated for
2001-2020 using ERA5-Land and the phenological dates extracted
from the SIF time series. The SoS and EoS were extracted using a
dynamic threshold of 20% the amplitude. The mean air tempera-
ture during the phenological dates were calculated as the average
daily air temperature during +7 days the SoS and EoS. Temperature
dependency was estimated using the coefficient of correlation be-
tween temperature and phenological dates obtained from SIF time
series, which provides more spatial and temporal coverage (2001-
2020) than the FLUXNET GPP records. We used Pearson correla-
tions, which is termed temperature dependency, instead of the
conventional metric of temperature sensitivity (Fu et al., 2015) be-
cause the latter overestimates the sensitivity when the temperature
time series is highly variable (Keenan et al., 2020), which could po-
tentially weaken the spatial analysis in our study. Pixels were masked

if minimum winter radiation was below R latitudes where win-

thresh;
ter radiation is above Ry, ., are potentially not limited by radiation

and present SIF values greater than 0. The minimum winter radiation
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was estimated as the average shortwave radiation from day of year
345 to 365 and aggregated over the 2001-2020 period.

3 | RESULTS
The parameters Ty, .. Ryesny @and C, which define the threshold
function of temperature and radiation, were 2.56°C, 26.5 Wm™, and
342 when considering all FLUXNET site-years (Table 1). The param-
eters Ty, op @and Ry ohs
function, did not change substantially among vegetation types; ENF
presented the lowest T, ., (2.07°C) and highest R, ., (34.8 Wm™),
while DBF presented the highest T, ., (2.71°C) and lowest Ry, ..,
(25.9 Wm™2). Temperature and radiation during the FLUXNET GPP
SoS and EoS occurred closely to the threshold function in ENF and
MX (Figure S2).

The SoS and EoS were modeled using climatic time series and then
compared to the observed SoS and EoS in the FLUXNET sites. The
estimated and observed phenological metrics showed the highest
agreement in ENF (RMSE was 11.78 d and 12.97 d for SoS and EoS,

respectively) (Figure 2). The model output agreed well with observed

which define the asymptotes of the rational

SoS and EoS in ENF sites, despite the wide range of latitudes and var-
ious biome type; constraints of temperature and radiation explained
the SoS and EoS in the FLUXNET site San Rossore (IT-SRo), with a
Mediterranean climate, as well as the FLUXNET site Saskatchewan
(Ca-Obs), covering a boreal forest. The largest RMSE was found for
SoS in deciduous forests (34.38 d), which presented a large bias for the
SoS (ME was 34.4 d in DBF compared to the 0.4 d in ENF).

Model parameters in the growing-season index and the photo-
threshold model were overall similar. However, the forcing re-
quirement F, in the photo-threshold model, was a parameter that
differed substantially among vegetation types (Table 1). The forc-
ing requirement F ranged from 35.7°C in ENF to 258.4°C in DBF.
The photo-threshold method presented the highest RMSE in DBF
and GRA (Table 2) but, in ENF and MX, the RMSE was similar to
the climate-constraint function. The SoS and EoS modeled using the
growing-season index showed a higher RMSE compared with the
climate-constraint model in all vegetation types.

Temperature and radiation during SoS and EoS at the
FLUXNET sites were within the ranges defined by the threshold

function in ENF and MX (Figure S2), although on average the
daily mean radiation differed between SoS (air temperature,
7.5°C; shortwave radiation, 212Wm’2) and EoS (air temperature,
7.7°C; shortwave radiation, 94Wm™) in all vegetation types,
which suggests a contrasting limitation of temperature and ra-
diation during the SoS and EoS in temperate and cold regions of
the Northern Hemisphere. Values of 6, extracted from SIF time
series, were on average high during the SoS for 2001-2020 in the
cold and temperate regions of the Northern Hemisphere (median
and 5-95th percentile range was 87 [65, 98]), which contrasted
with the low 0 during the EoS (32 [14, 50]) (Figure 3a). Specifically,
the regions where radiation limitation was highest during the SoS
and EoS correspond to temperate Europe (Figure S3), while tem-
perature restricted the SoS and EoS in high-latitude and high-
altitude regions.

The limitation of radiation to photosynthesis was linked to a low
sensitivity of phenology to temperature in temperate and cold re-
gions of the Northern Hemisphere. SoS was on average more de-
pendent than EoS to temperature. The dependency of phenological
dates to temperature was significantly lower when the limitation
of radiation was high (Figure 4). Regions with the highest radiation
limitation during the SoS, where values of 8 were lower than the
5th percentile (9 < 65), presented a significantly lower temperature
dependency (R = -0.50) than the rest of the regions (R = -0.63).
Similarly, regions with the lowest radiation limitation during the EoS,
defined as values greater than the 95th percentile (9 > 50), exhibited
a significantly greater temperature dependency (R = 0.23) than the
rest of the regions (R = 0.16).

Lastly, we defined the dates when radiation could potentially
become the climatic variable that fully restricted photosynthetic
activity during spring onset and autumnal senescence as SoSpOt
and EoSpot,

wave radiation reaches threshold Ry ., (27Wm™) in spring

representing the days of the year when daily short-

and autumn. The 27Wm™ threshold represents the radiation
threshold if temperature did not constrain photosynthesis. The
estimated EoS was generally similar to the EoSpot based on the
FLUXNET and gridded climatic data (Figures 3b and 5). The mean
difference EoSpot - EoS was 23.6 d in the FLUXNET sites. The ob-
served SoS estimated using FLUXNET and gridded climatic data,

in contrast, was far from reaching SoS__, at the hemispheric scale

pot

TABLE 1 Parameters of the climate-constraint model, growing-season index, and the photo-threshold model

Climate-constraint model Growing-season index

Photo-threshold model

1 R C - T DL,

thresh thresh min max min
ALL 2.56 26.52 342.2 -1.57 4.33 131
ENF 2.07 34.83 112.4 -1.84 4.75 12.0
DBF 271 25.90 338.1 -1.99 4.92 10.2
MX 2.50 27.00 350.0 -1.49 4.92 121
GRA 2.56 27.30 367.8 -2.01 5.23 10.2

DL .. VPD, .. VPD, .. DL DL, .4 [F
13.7 0.88 4.18 12.6 221 73.9
12.6 0.71 3.85 114 245 35.7
11.2 0.91 4.30 12.6 221 258.4
13.0 0.67 3.75 11.3 14.6 118.8
11.4 0.83 4.14 12.6 19.0 95.0

Note: The parameters were calibrated using an optimization algorithm that found the lowest RMSE between modeled and estimated phenological

dates at the FLUXNET sites.
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FIGURE 2 Comparison between
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TABLE 2 Root-mean-squared error (RMSE) between modeled
and estimated phenological dates at the FLUXNET sites

RMSE (start of season) RMSE (end of season)
Climate- Growing-  Photo- Climate- Growing-
constraint season threshold constraint season
model index model model index
ALL 2722 21.12 22.35 21.72 50.93
ENF 11.78 10.74 16.04 12.97 31.11
DBF 34.38 9.16 58.69 16.71 28.54
MX  21.74 17.87 23.26 13.97 43.12
GRA 33.26 18.70 48.44 34.33 45.85

(mean difference SoSpot - SoS was -79.3 d for FLUXNET). SoS was

only close to SoSpot in Europe.

4 | DISCUSSION

Our results indicate that the photosynthetically growing season
begins shortly after conditions for growth become favorable and
ceases when these conditions decline in evergreen needleaved
forests. Climate constraint boundaries, which define the thresh-
old under which photosynthesis is inhibited, can differentiate be-
tween active and restricted vegetation stages (Jolly et al., 2005;

O & (?90 q:OQ %00 ,goQ
Observed phenological dates

Zhang, Parazoo, et al., 2020) and, thus, determine the phenological
dates across latitudes. Our findings highlight the necessity of con-
sidering radiation, temperature, and their covariance in modelling
the photosynthetically active season in evergreen needleleaved
forests and their responses to climatic warming. The results did
not prove that limiting factors determine the start and end of the
growing season in other vegetation types other than evergreen
needleaved forests. The climate-constraint model is not suited
for modelling the spring onset in deciduous forests, which require
heat accumulation (Richardson et al., 2013) and, in certain decidu-
ous species, chilling requirements (Hanninen, 2016) for bud devel-
opment and leaf unfolding.

Our results highlight that temperature and radiation constraints
differ spatially during the SoS and EoS, indicating that vegetation
will respond to climate change differently depending on the region
of the Northern Hemisphere. Radiation is already constraining the
SoS and EoS in regions such as Europe, while the EoS is largely con-
strained by radiation in the Northern Hemisphere, as indicated pre-
viously (Zhang, Commane, et al., 2020), but not in highly elevated
areas where temperature mainly limit photosynthesis in autumn.
Moreover, the advance of spring onset was overall not limited by
radiation, and future warming can potentially lead to an advance of
the spring onset of carbon uptake in evergreen needleaved forests,
which respond promptly to favorable temperature and radiation
conditions.
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FIGURE 4 Histograms of the coefficients (R) for the correlation
between temperature (ERA5-Land) and phenological dates
(estimated from the OCO-2 SIF time series) during 2001-2020. The
asterisk represents that mean R was significantly different in the
regions with the highest radiation constrain during the SoS (0 < 65)
and in the regions with the highest temperature constrain during
the EoS (9 > 50). The threshold of 6 for the SoS represents the 5th
percentile of all mean 6 values and the threshold of 6 for the EoS is
the 95th percentile of the mean 6 values for the 2001-2020 period.
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FIGURE 3 Potential lengthening of
the growing season in temperate and cold
regions of the Northern Hemisphere.
(a) Magnitudes of the constraints on
% I the start and end of season (SoS and
EoS) by radiation and temperature. The
’Q temperature constraints increase with 6,
8 and the radiation constraint decreases
= with 6. (b) Potential advance of the SoS
(SoS - SoSpot) and potential delay of the
00— EoS (EoS - Eospot). SoS,;and EoS
represent the start and end of the growing
season if radiation was the only limiting
factor. SoS and EoS were estimated using
the OCO-2 SIF data set and temperature
and radiation were extracted from the
ERA5-Land for 2001-2020.

The climate-constraint model is similar to the growing-season
index, which considers three separate cut-off functions for tem-
perature, daylength, and VPD (Jolly et al., 2005). A difference be-
tween these models is that the climate-constraint model considers
the interaction between the constraints of radiation and tempera-
ture, which might explain the better estimates of phenological
dates. Our model used radiation instead of daylength. Daylength
has been proposed as a factor controlling the spring onset (Kérner
& Basler, 2010) and leaf senescence (Way & Montgomery, 2015).
Daylength also plays a role in regulating the forcing requirements
in deciduous forests (Meng et al., 2021). However, radiation is
more suited for modelling the start and end of the photosyn-
thetically active season (Zhang, Commane, et al., 2020), primar-
ily because photosynthesis is directly linked to light availability
(Herrmann et al., 2020).

The cold-avoidance strategy of deciduous forests may explain
their exception to the law of the limiting factors in the phenology
of the carbon uptake, as revelead by the long difference between
modelled SoS and flux-based SoS in deciduous forests. Deciduous
trees respond differently than evergreen conifers to cold winters.
Most conifers in temperate and cold regions have a cold-tolerant
strategy. Leaves in conifers resist cold, reject excessive radiation
when temperatures are still low in the spring, and resume photosyn-
thetic activity as soon as climatic conditions are favorable (Chang
etal., 2021). In contrast, deciduous trees shed their leaves in autumn
and leaf budbreak in spring (Chuine et al., 2013). This would account
for our findings that deciduous trees remain dormant during spring,
even when photosynthesis conditions are favorable. Such strategy
would also avoid leafing out prematurely to prevent frost damage
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FIGURE 5 Potential lengthening of the growing season in

the FLUXNET sites. Y-axis show the latitudinal gradients of the
observed start of season (SoS; red dots) and the End of Season
(EoS; blue dots) obtained from the GPP time series at the FLUXNET
towers. The mean potential start of season SoSpot and end of
season EoSpot (black dots) represent the Day of Year (DoY) when
shortwave radiation surpasses the 27W m~2 threshold. The DoY
was offset such that the summer solstice (DoY) is the origin of
the axis.

(Meng et al., 2021). The ecodormancy stage is only broken when a
certain amount of heat is accumulated (Richardson et al., 2013).
Temperature was the main limiting factor during spring onset,
but temperature and radiation have been limiting during autumn in
temperate and cold regions of the Northern Hemisphere (Zhang,
Commane, et al., 2020). Temperature is seasonally asymmetrical,
with lower temperatures before the summer solstice than after. That
is because leafless temperate deciduous forests and snow-covered
ecosystems have a high albedo in the springtime. Tundra FLUXNET

I ey

sites provide key examples; daily mean air temperatures remained
<2.5°C just before the summer solstice, when annual radiation was
at its peak. Because spring is colder than autumn, the growing sea-
son begins closer to the summer solstice than the senescence stage
does. In contrast, the small difference betwee EoS and EoSpot in-
dicates a strong constraint of radiation on GPP senescence in the
Northern Hemisphere and suggests that future climatic warming
cannot delay the end of the photosynthetically growing season due
to low levels of radiation in autumn. During the EoS, the radiation
constraint on photosynthetic activity is increased because autumn
temperatures remain high. This suggests that, as a result of future
warming, radiation constraints will increase further in autumn, limit-
ing the delay of the EoS.

The strongest radiation constraint was found in temperate forest
biomes in Europe, where the maritime influence kept temperatures
favorable for vegetation growth in autumn. In contrast, temperature
mostly constrained carbon uptake phenology in the alpine biome,
which suggests that warming could potentially advance the SoS
and delay the EoS in high-elevated regions more than radiation-
restricted vegetation. This further support the claims of spatial ho-
mogeneity in spring phenology (Liu et al., 2019) and the reduction
of the altitudinal gradient in phenological dates as a result of global
warming (Vitasse et al., 2018). As found in previous studies, high-
elevated vegetation will lengthen the growing season more than
low-elevated vegetation with climatic warming, equalizing pheno-
logical dates across elevations.

Phenology research has had a major focus on the timing of
phenophases in temperate deciduous forests (Piao et al., 2019).
The PEP725, the most widely used in situ phenological database,
mostly contains phenophase records of deciduous species in Central
Europe (Templ et al., 2018). However, we showed that the climate of
Europe has milder temperatures than other areas of the same lati-
tude, exacerbating the limitation of radiation in both spring and au-
tumn. Secondly, deciduous forests have high heat requirements for
their release from dormancy that differ from other vegetation types
(Richardson et al., 2013), which explains their different responses
to favorable weather conditions during the spring onset. Lastly,
the coverage of deciduous trees and mixed forests represents only
18% of the temperate and cold regions of the Northern Hemisphere
(Figure S1). All these factors indicate that forecasted shifts in phe-
nology under climatic warming and projections of carbon sequestra-
tion by vegetation, based on the sole modelling of phenophases of
deciduous trees in Central Europe, cannot be scaled to other biomes
of the Northern Hemisphere. Our findings highlight the importance
of extensive carbon uptake observations for the study of the global
carbon cycle. Carbon uptake phenology is more difficult to track
than tree phenophases, and only in situ (FLUXNET) and satellite (SIF)
observations have been made extensively over the last two decades
(Pastorello et al., 2020; Zhang et al., 2018).

The asymmetric temperature variability over the season explains
the different radiation and temperature constraints during the SoS
and EoS. In turn, the different radiation and temperature constraints
explain the nonuniform seasonal temperature dependency during
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the SoS and EoS and across the temperate and cold regions, suggest-
ing divergent responses of vegetation phenology to future climatic
warming. The dependency of the SoS and EoS to temperature was
significantly lower in regions where radiation constraints were the
highest. These results indicate that the sensitivity of vegetation phe-
nology to temperature decreases with the increasing constraints of
radiation. Our results show that the senescence stage has a low tem-
perature dependency due to the constraints of radiation, and this
might be a reason for the lower magnitude in the EoS delay than the
SoS advance (Menzel et al., 2006). In deciduous forests, other alter-
native mechanisms for leaf senescence include the growing-season
productivity (Zani et al., 2020). SoS could continue its advance with
future warming, even if it is at a lower pace (Fu et al., 2015), although
the advance of spring onset would be highly spatially variable de-
pending on the local radiation limitations. In needleaved forests,
radiation should be taken into account when modeling how the phe-
nology of the photosynthetically active season will change as the
climate warms.

5 | CONCLUSIONS

This study showed that limiting factors determined the start and end
of the photosynthetically active season in evergreen needleaved
forests in temperate and cold regions of the Northern Hemisphere.
Our findings showed that temperature and radiation constraints on
vegetation productivity differed depending on the regions of the
Northern Hemisphere. In addition, the radiation constraints were
different during the SoS and EoS, indicating that carbon uptake
phenology will respond to future warming differently in spring than
autumn. Temperature was overall limiting photosynthesis during the
spring onset, but temperature and radiation were both constraining
at the end of the growing season. The radiation constraint increases
in autumn because temperatures remain high at that stage of the
season, suggesting that future warming will not delay the end of
the photosynthetically active season. In contrast, radiation limita-
tion was low during the spring onset and the start of the season
was highly sensitive to temperature, which indicates that the photo-
synthetically active season could continue overall its advance with
future warming. Our results highlight the importance of taking radia-
tion, temperature, and their covariance into account when modeling
the photosynthetically active season in evergreen needleleaved for-

ests and its responses to climatic warming.
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