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Abstract

The seasonal timing and magnitude of photosynthesis in evergreen needleleaf

forests (ENFs) has major implications for the carbon cycle and is increasingly

sensitive to changing climate. Earlier spring photosynthesis can increase car-

bon uptake over the growing season or cause early water reserve depletion

that leads to premature cessation and increased carbon loss. Determining the

start and the end of the growing season in ENFs is challenging due to a lack of

field measurements and difficulty in interpreting satellite data, which are

impacted by snow and cloud cover, and the pervasive “greenness” of these sys-
tems. We combine continuous needle-scale chlorophyll fluorescence measure-

ments with tower-based remote sensing and gross primary productivity (GPP)

estimates at three ENF sites across a latitudinal gradient (Colorado,

Saskatchewan, Alaska) to link physiological changes with remote sensing

signals during transition seasons. We derive a theoretical framework for

observations of solar-induced chlorophyll fluorescence (SIF) and solar

intensity-normalized SIF (SIFrelative) under snow-covered conditions, and show

decreased sensitivity compared with reflectance data (~20% reduction in mea-

sured SIF vs. ~60% reduction in near-infrared vegetation index [NIRv] under

50% snow cover). Needle-scale fluorescence and photochemistry strongly cor-

related (r2 = 0.74 in Colorado, 0.70 in Alaska) and showed good agreement

on the timing and magnitude of seasonal transitions. We demonstrate that

this can be scaled to the site level with tower-based estimates of LUEP and

SIFrelative which were well correlated across all sites (r2 = 0.70 in Colorado,

0.53 in Saskatchewan, 0.49 in Alaska). These independent, temporally con-

tinuous datasets confirm an increase in physiological activity prior to snow-

melt across all three evergreen forests. This suggests that data-driven and

process-based carbon cycle models which assume negligible physiological

activity prior to snowmelt are inherently flawed, and underscores the utility

Received: 21 November 2023 Revised: 18 June 2024 Accepted: 12 July 2024

DOI: 10.1002/ecy.4402

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Author(s). Ecology published by Wiley Periodicals LLC on behalf of The Ecological Society of America.

Ecology. 2024;e4402. https://onlinelibrary.wiley.com/r/ecy 1 of 21
https://doi.org/10.1002/ecy.4402

https://orcid.org/0000-0002-6726-2406
https://orcid.org/0000-0002-9033-0024
https://orcid.org/0000-0002-6334-0497
https://orcid.org/0000-0001-8290-5900
https://orcid.org/0000-0001-5191-2155
https://orcid.org/0000-0002-3864-4042
https://orcid.org/0000-0003-3920-2139
https://orcid.org/0000-0002-4165-4532
https://orcid.org/0000-0002-0546-5857
https://orcid.org/0000-0001-6368-7629
mailto:zoe.a.pierrat@jpl.nasa.gov
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/r/ecy
https://doi.org/10.1002/ecy.4402
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fecy.4402&domain=pdf&date_stamp=2024-08-19


Handling Editor: Jeannine
Cavender-Bares of SIF data for tracking phenological events. Our research probes the spec-

tral biology of evergreen forests and highlights spectral methods that can be

applied in other ecosystems.
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INTRODUCTION

Evergreen needleleaf forests (ENFs) are a major contribu-
tor to the global carbon and water cycles and are one
of the vegetation types most sensitive to environmental
change (Bonan, 2008; Thurner et al., 2014). Climate
change has led to warmer spring temperatures and longer
potential growing seasons in many ENFs, but the impacts
of this change on boreal annual carbon balance and
seasonal vegetation phenology remain uncertain (Fisher
et al., 2018; Fu et al., 2017; Goetz et al., 2005; Richardson
et al., 2010; Schaefer et al., 2014). Specifically, the onset
and cessation of photosynthetic carbon uptake (gross pri-
mary productivity, GPP) is a major factor that determines
the response of ENFs to climate. Many models work under
the assumption that springtime carbon uptake begins fol-
lowing snowmelt, which suggest a substantial increase in
CO2 uptake following earlier snowmelt dates (Pulliainen
et al., 2017). Despite this importance, quantifying start
and end of season dates has remained challenging, with
large disagreements between measurements and models
(Hu et al., 2010; Jeong et al., 2011, 2017; Parazoo
et al., 2018). This can be attributed to the unique set of
challenges posed by complex evergreen ecophysiology and
northern high latitude climates where most ENFs are
located, emphasizing a need for high spatiotemporal resolu-
tion observations of these ecosystems to validate and under-
stand coarse satellite observations (Nelson et al., 2022).

Long-term, continuous ground observations of carbon
fluxes from towers are both challenging to conduct and
represent limited spatial coverage in ENFs, particularly
in high-latitude systems. While eddy-covariance measure-
ments provide our best estimate of the timing and magni-
tude of GPP at the canopy scale, they are prone to
uncertainty, particularly during the spring and fall transi-
tion seasons when initial fluxes can be especially small
relative to growing-season maximums (Baldocchi, 2003;
Hollinger & Richardson, 2005). Both needle-scale measure-
ments of photochemistry and canopy remote sensing
are a necessary bridge for understanding and tracking
phenological change. Greenness-based remote sensing of
phenology using indices such as NDVI are ineffective in
evergreen vegetation (Dye & Tucker, 2003; Magney,

Bowling, et al., 2019; Magney, Frankenberg, et al., 2019;
Pierrat et al., 2021; Sims et al., 2006). This is because
ENFs in seasonally snow-covered regions undergo a com-
plete downregulation of photosynthesis in winter while
remaining continuously green (Adams et al., 2004; Bowling
et al., 2018). The utility of reflectance-based indices such as
NDVI for detecting phenological events in high-latitude
ecosystems is further restricted by rapid transitions, highly
variable transition season weather, complex illumination
geometry, and the presence of snow cover across the land-
scape (Maguire et al., 2021; Nelson et al., 2022; Parazoo
et al., 2018; Pierrat et al., 2021; Wang et al., 2023).

To overcome the unique set of reflectance-based
remote sensing challenges posed by ENFs to be useful
for tracking phenology, remote sensing metrics must be
sensitive to changes in physiological activity. Metrics used
in such tracking efforts must also be able to disentangle
the impacts of snow and canopy structure from the
physiological signal, which impact vegetation indices
across the electromagnetic spectrum (Wang et al., 2023).
Solar-induced chlorophyll fluorescence (SIF) has proven
to be a powerful metric for determining important pheno-
logical events in ENFs due to its mechanistic connection
to photosynthetic activity (Cheng et al., 2020, 2022;
Magney, Bowling, et al., 2019; Magney, Frankenberg,
et al., 2019; Pierrat et al., 2021; Pierrat, Bortnik,
et al., 2022; Pierrat, Magney, et al., 2022). SIF is a direct
emission from chlorophyll molecules and, therefore,
remotely sensed SIF is theoretically less impacted by
non-photosynthetic material such as snow and soil
than reflectance-based vegetation indices. The biological
basis for using SIF to infer changes in plant photo-
chemistry stems from decades of research into the
mechanisms of light partitioning at the leaf scale using
pulse-amplitude modulation (PAM) fluorescence (Murchie &
Lawson, 2013; Pierrat et al., 2024).

After absorption by chlorophyll, light energy can
either: (1) drive photochemistry (ϕP); (2) be dissipated as
excess energy (non-photochemical quenching, ϕN);
(3) be re-emitted as chlorophyll fluorescence (ϕF); or
(4) lost as heat through nonradiative transfer of excitation
energy (ϕD). These partitioned components account for all
absorbed light such that their individual fractional yields
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(ϕ) sum to one and changes in one variable lead to com-
pensatory changes in others (Frankenberg & Berry, 2017).
Over seasonal time scales and under moderate light
conditions, ϕP and ϕF tend to vary synchronously, with an
opposite change in ϕN (Porcar-Castell, 2011; Porcar-Castell
et al., 2014, 2021); however, the positive covariation
between ϕP and ϕF can break down under highly stressful
conditions (Martini et al., 2022). Due to the general
premise that ϕP and ϕF covary under conditions relevant
to remote sensing measurements (moderate light, Magney
et al., 2020), SIF has been widely used as a proxy for
canopy photosynthetic activity (Porcar-Castell et al., 2014,
2021; Sun et al., 2017, 2023).

SIF retrieved at the canopy scale can be defined as:

SIF¼PAR× fPARchl × LUEF × f esc, ð1Þ

where PAR is the photosynthetically active radiation,
fPARchl is the fraction of incident PAR absorbed by chlo-
rophyll, LUEF is the light use efficiency of fluorescence
(canopy-level ϕF), and fesc is the fraction of emitted SIF
photons which escape the canopy to be detected, which
is a function of canopy structure and chlorophyll content.
Importantly, SIF retrieved at the canopy-scale is a func-
tion of chlorophyll content, incident light reaching the
canopy, and fluorescence yield.

Canopy-level carbon uptake (GPP) can similarly be
defined as:

GPP¼ PAR× fPARchl × LUEP, ð2Þ

where LUEP is the light use efficiency of photosynthesis
(canopy-level ϕP). The relationship between SIF and GPP
can thus be described (Guanter et al., 2014):

GPP¼ SIF×
LUEP

LUEF × f esc
: ð3Þ

Based on these equations, SIF and GPP are linked by
both shared drivers (PAR × fPARchl), as well as biologi-
cal parameters (LUEP and LUEF). Because evergreen sys-
tems do not experience large changes in canopy structure
or chlorophyll content seasonally, fesc remains approxi-
mately constant (Pierrat, Magney, et al., 2022). Averaged
over broad spatiotemporal scales, the LUEP

LUEF × f esc
term in

Equation (3) is approximately constant, making SIF an
effective proxy for GPP (Magney, Bowling, et al., 2019;
Magney, Frankenberg, et al., 2019; Pierrat, Magney,
et al., 2022). However, our interpretation of canopy SIF
and the relationships among canopy-scale LUEP and
LUEF, and needle-scale ϕF and ϕP is challenged by lim-
ited comparisons across sites and a lack of coincident
needle- and canopy-scale measurements of fluorescence.

This is most notable when relating SIF to GPP during the
transition seasons.

Recent work has reported an increase in SIF in spring
along with increasing PAR prior to changes in GPP in ENFs
(Magney, Bowling, et al., 2019; Magney, Frankenberg,
et al., 2019; Pierrat, Bortnik, et al., 2022; Pierrat, Magney,
et al., 2022; Yang et al., 2022). This raises the question: Is
covariation between SIF and GPP merely a result of shared
drivers (PAR × fPARchl), which decouple during the
spring transition when PAR increases but LUEP does not,
or an actual physiological change in steady-state fluores-
cence yield? Coupling measurements at multiple scales
(leaf and canopy) will help properly disentangle the phys-
iological from the physical SIF signal and answer this
question. This will enable further testing of the hypothe-
sis that LUEF and LUEP co-vary during important pheno-
logical transitions due to the co-variation of ϕF and ϕP.
This coupling approach has been used in cropping systems
(Kimm et al., 2021), but has yet to be empirically tested in
ENFs. We compare canopy-level measurements of SIF,
GPP, and derived LUEF and LUEP, with continuous PAM
needle-scale fluorescence measurements of ϕF and ϕp

from research sites in Alaska (Delta Junction, DEJU)
and Colorado (Niwot Ridge, US-NR1). We then compare
canopy-level estimates of LUEF (approximated using
intensity-normalized SIF, SIFrelative) and LUEP (approxi-
mated as GPP/PAR, Equation 2) at DEJU and US-NR1
with a third site in Saskatchewan (Southern Old Black
Spruce, Ca-Obs) using multiple years of data. Ultimately,
we seek to answer the following two questions:

1. How do the yields of fluorescence and photosynthesis
vary across the year in ENFs in cold/winter dormant
climates?

2. Considering the unique set of remote sensing chal-
lenges posed by snow and persistent greenness in
ENFs, how can we best scale fluorescence and photo-
synthesis measures from the needle to the canopy to
capture seasonal transitions?

Answering these questions will help inform the corre-
spondence between needle and canopy-scale measure-
ments related to physiological transitions in ENFs
and ultimately improve our ability to monitor ecosystem
sensitivity to environmental change.

METHODS

Study sites

We collected data at three ENF locations: Niwot Ridge
AmeriFlux core site US-NR1, Southern Old Black Spruce
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site Ca-Obs, and NEON Delta Junction, DEJU. These
three sites are ideal candidates for this study because they
(1) exhibit strong seasonality in photosynthesis driven
by sub-zero temperatures in winter; (2) experience
seasonal snow cover which complicates the use of
reflectance-based metrics for determining photosynthetic
seasonality and; (3) are at a broad range of latitudes and
therefore experience large differences in the seasonality
of available light (PAR). The site locations, average mete-
orological conditions, and vegetation are summarized in
Table 1.

At DEJU and US-NR1, continuous PAM fluorescence,
eddy covariance, and tower-based remote sensing
data were collected (Figure 1). At Ca-Obs, only tower
remote sensing and eddy covariance data were collected.
Meteorological data including air temperature, PAR, and
others not presented in this study were collected at all
sites.

Needle-scale fluorescence measurements

Continuous PAM fluorescence data were collected using
a MONI-PAM fluorometer (Walz GmBH, Germany) at
both DEJU and US-NR1. The MONI-PAM is an active
fluorometer system that uses weak modulated light to

continuously measure fluorescence emission from needles
with preprogramed saturating pulses (every 2 h) to obtain
steady-state fluorescence (Fo at night and Ft during
the day) and maximal fluorescence emission (Fm at night
and Fm0 during the day, see Maxwell & Johnson, 2000 for
notation). The US-NR1 MONI-PAM was installed on
March 15, 2018, and ran until August 30, 2018. The
DEJU MONI-PAM was installed on August 18, 2021, and
ran through August 15, 2022. At US-NR1, one sensor
head was installed on a south-facing lodgepole pine
branch to avoid shadowing effects approximately 5 m off
the ground via a canopy access tower. Ten lodgepole pine
needles were placed on a plane within the leaf clip
similar to Kim et al. (2021) and Porcar-Castell (2011).
At DEJU, four sensor heads were installed at roughly
2 m off the ground on individual black spruce branches
of four separate trees. Each sensor head was oriented in a
different direction to ensure that at least one sensor head
was in direct sunlight at any given time. PAM fluores-
cence data is sensitive to incident illumination condi-
tions; however, because the MONI-PAM data is averaged
across all sensors and over the entire day (i.e., at any
given time one might be sunlit while the others are
in the shade). These data thus provide accurate daily
baseline conditions associated with fluorescence and
photochemical yields.

TAB L E 1 General overview of sites where data were collected for this study.

Site US-NR1 (Colorado) Ca-Obs (Saskatchewan) DEJU (Alaska)

Lat/lon 40.03� N, 105.55� W 53.98� N, 105.12� W 63.88� N, 145.75� W

Elevation 3050 m 629 m 517 m

Mean annual air
temp

2.8�C 1.4�C 0.4�C

Mean annual
precipitation

800 mm 428 mm 305 mm

No. days annually
with snow depth
>1 cm

~200–230 days ~130–160 days ~220–250 days

Canopy height 13 m 16 m 10 m

Overstory
vegetation

Lodgepole pine (Pinus
contorta), Englemann spruce
(Pinus engelmannii), and
subalpine fir (Abies lasiocarpa)

Predominantly (90% stem density)
black spruce (Picea mariana) and
scattered (10%) larch (Larix laricina)

Black and white spruce (Picea mariana
and Picea glauca)

Understory
vegetation

Sparsely vegetated (~25%
average understory coverage)
with Vaccinium myrtillus

Mixed feather mosses (Hylocomium
splendens, Pleurozium schreberi,
Ptilium cristacastrensis) with some peat
moss (Sphagnum spp.) and lichen
(Cladina spp.)

Sedges, mosses, and low-growing
shrubs including lingonberry
(Vaccinium vitis-idaea), crowberry
(Empetrum nigrum), bog blueberry
(Vaccinium uliginosum), bog Labrador
tea (Ledum palustre), false toadflax
(Geocaulon lividum), and bearberry
(Arctostaphylos uva-ursi)

Sources Burns et al. (2015), Monson
et al. (2010)

Chen et al. (2006), Jarvis et al. (1997) Delta Junction NEONjNSF
NEON (n.d.)
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Given that black spruce needles are too short to create
a “flat-mat” of needles (Kim et al., 2021;
Porcar-Castell, 2011), we did not manually manipulate
the needles and instead placed a stem of ~25 needles in
the field of view (FOV) of the MONI-PAM. At both sites,
the sensor heads were programed to deliver a 0.8-s satu-
rating pulse every 2 h. Saturating light intensity (sensor
setting 11) was chosen to ensure a rectangular saturat-
ing maximal fluorescence emission response. The
MONI-PAM detects >87% of light at wavelengths
greater than 660 nm (Heinz Walz GmbH, 2023). From
the MONI-PAM data, we report steady-state fluores-
cence yield (ϕF) and photochemical yield (ϕP), averaged
across all four instruments. ϕF is computed as 0.1 × (Ft/
FmR), where FmR is a summer night reference measured
in the absence of sustained non-photochemical
quenching (NPQ) (Kim et al., 2021; Zhang et al., 2019).
The FmR value here assumes a maximum fluorescence

yield of 10% for PSII under a saturating pulse (Fm), and
combines the total yield of fluorescence and basal
thermal energy dissipation—which has been widely
adapted to provide information on the seasonal dynam-
ics of ϕF (Barber et al., 1997; Kim et al., 2021;
Porcar-Castell, 2011; Zhang et al., 2019). ϕP is computed
as (Fm0 − Ft)/Fm0, where Fm0 is maximal fluorescence
under light and Ft is steady-state fluorescence during
the day (Porcar-Castell, 2011).

Tower-based remote sensing
measurements

We collected remotely-sensed measurements of vegeta-
tion reflectance (400–950 nm) and far-red SIF using a
custom spectrometer (PhotoSpec Grossmann et al., 2018)
at each forest. SIF was retrieved in the far-red

F I GURE 1 General overview of measurements and parameters derived from instruments at the study sites. Note that Ca-Obs did not

have continuous PAM fluorometer data available. An inset map shows the location of each study site. Created with BioRender.com. GPP,

gross primary productivity; LUEP, light use efficiency of photosynthesis; PAR, photosynthetically active radiation; SIF, solar-induced

chlorophyll fluorescence.
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(745–758 nm) wavelength range using a
Fraunhofer-line-based fitting algorithm (Grossmann
et al., 2018). Fraunhofer-lines are dark spectral lines
inherent in the solar spectrum itself and caused by ele-
mental absorption in the Sun’s atmosphere (Figure 2b).
Because SIF is an emitted signal, it provides an additive
offset, which reduces the optical depth of these
well-known spectral features (Grossmann et al., 2018).
The change in optical depth is used to retrieve the SIF
signal. The wavelength region used for our retrieval was
additionally selected to exclude absorption features from
water and oxygen to improve retrieval stability under var-
iable atmospheric conditions. The Fraunhofer-line-based
approach makes SIF retrievals insensitive to atmospheric
scattering and therefore robust even under cloudy sky
conditions (Chang et al., 2020; Frankenberg &
Berry, 2017; Mohammed et al., 2019).

PhotoSpec was installed in all three sites at the
top of the scaffolding/eddy-covariance tower facing due
north. It has a narrow FOV (0.7�), 2-D scanning capa-
bilities, and takes a measurement approximately every
30 s (Grossmann et al., 2018). We took canopy represen-
tative scans within a 30 min window at all field loca-
tions and removed low-quality data with high retrieval
uncertainties or unstable illumination conditions dur-
ing the measurement window (Grossmann et al., 2018;
Magney, Bowling, et al., 2019; Magney, Frankenberg,
et al., 2019; Pierrat et al., 2021; Pierrat, Magney,
et al., 2022). In addition to SIF, we calculated SIFrelative
for each measurement following Equation (4) and
averaged canopy scans together to report half-hourly
data for SIF and SIFrelative.

Because SIF is sensitive to both LUEF and APARchl

(APARchl = PAR × fPARchl) (Equation 1), the spring
onset of photosynthesis can be difficult to decipher from
changes in APARchl when using SIF directly (Magney,
Bowling, et al., 2019; Magney, Frankenberg, et al., 2019;
Pierrat, Magney, et al., 2022; Yang et al., 2022). To test
the covariation between LUEF and LUEP we need to
separate the physical (fesc, APARchl) from the physiological
(LUEF) influences on the SIF signal.

Our approach for separating the physiological from the
physical SIF signal is to estimate LUEF using SIFrelative
(Butterfield et al., 2023; Cheng et al., 2020; Parazoo
et al., 2020; Pierrat et al., 2021). SIFrelative is the ratio
of emitted SIF per reflected radiance (I) in the portion of
the spectrum where SIF retrievals occur (Figure 2b) as:

SIFrelative ¼ SIF λð Þ
I λð Þ , ð4Þ

where (λ) indicates the wavelength region of interest
(in our case far-red 745–758 nm). This normalization is

useful because it corrects the SIF signal for canopy radia-
tive transfer effects to get at LUEF as demonstrated
below. We can say that the radiance measured at the
detector, I(λ), is:

I λð Þ¼ I λð Þleaf × f esc λð Þ, ð5Þ

where I(λ)leaf is the radiance emitted at the leaf level and
fesc(λ) is the fraction of photons escaping the canopy in
that wavelength range. Because SIF(λ) and I(λ) have the
same fesc(λ), we can combine Equations (1) and (5) to
solve for LUEF:

LUEF ¼ SIF λð Þ× I λð Þleaf
I λð Þ×APARchl

: ð6Þ

Although chlorophyll absorption in the 400–700 nm
PAR range leads to a wavelength-dependence on the rela-
tionship between I(λ)leaf and APARchl (Guidi et al., 2017),
overall canopy radiative transfer is dominated by
shadowing effects which do not have strong wavelength
dependence. Thus, the wavelength dependence is small
compared with the variability from shadowing, and we
can say that I(λ)leaf and APARchl are proportional for a
given viewing direction. We can then eliminate I(λ)leaf
and APARchl in Equation (5) to arrive back at:

LUEF ≈ SIFrelative ¼ SIF λð Þ
I λð Þ : ð7Þ

While a variety of corrections have been proposed
to isolate the physiological response of SIF (LUEF) by
correcting for the physical effects (fesc and APARchl)
(Dechant et al., 2020; Yang et al., 2020; Zeng et al., 2019,
2020), we compute SIFrelative because it does not rely
on vegetation indices (which are shown to be highly
impacted by snow cover, as shown in Accounting for snow
impacts on SIF retrievals). Furthermore, it does not
require additional measurements (of APARchl or other)
which can be highly uncertain or introduce additional
sources of error. Finally, because SIF(λ) and I(λ) have the
same radiometric calibration, this approach also corrects
for calibration uncertainty and deterioration over time.

One complicating factor in this argument is the pres-
ence of snow, which is often present during the spring
transition. Because we aim to capture spring and
fall dynamics even when snow is present, we cannot
exclude observations under snow-covered conditions
and, therefore, must consider the impact of snow onto
SIF and SIFrelative in more detail. Snow cover is intermit-
tently present in the canopy during spring transition, and
because of the rapid onset of photosynthetic activity and
SIF dynamics during this compressed period, it is
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F I GURE 2 Legend on next page.
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necessary to retain observations for comprehensive exam-
ination rather than exclude due to snow contamination.

Accounting for snow impacts on SIF
retrievals and reflectance

Photosynthesis can begin under snow if temperatures are
warm enough and light is able to penetrate the snow
(Starr & Oberbauer, 2003). Therefore, we cannot simply
eliminate data with potential snow contamination.
We justify not filtering for snow based on the following
conceptual comparison of the impacts of snow on SIF,
SIFrelative, and a common reflectance index used to cor-
rect for illumination effects on SIF, the near-infrared
vegetation index (NIRv; Badgley et al., 2017). NIRv is
normalized difference vegetation index (NDVI) multi-
plied by reflected radiation in the NIR. This metric has
gained recent popularity in tracking photosynthesis
across a variety of ecosystems and has been used to
correct SIF for illumination effects (Badgley et al., 2019;
Dechant et al., 2020; Zeng et al., 2019). We illustrate this
with the following idealized calculation to understand
the impacts of snow on SIF, SIFrelative, and NIRv.

The intensity of retrieved light at a particular wave-
length (I) can be defined as the product of incoming light
at a particular wavelength (I0) and reflectance (R). If we
assume the instrument FOV contains a mixture
of exposed leaf and snow cover, we can set a fraction of
snow in the instrument FOV as α (Figure 2a). Thus, the
intensity of the retrieved light at a particular wavelength
will be a combination of the reflectance from both snow
(Rsnow) and leaf (Rleaf) at that wavelength as:

I¼ I0 ×R¼ I0 αRsnow + 1− αð ÞRleafð Þ: ð8Þ

We can use this to determine the dependence of NIRv
on the fraction of snow cover in the instrument FOV.
NIRv is calculated as:

NIRv¼RNIR −RR

RNIR +RR
×RNIR, ð9Þ

where RNIR is the reflectance in the near-infrared
(840–876 nm), RR is the red reflectance (620–670 nm). By

substituting Equation (8) into Equation (9), we derive the
following equation for the dependence of NIRv on snow
fraction.

NIRv¼ αRsnowNIR + 1− αð ÞRleafNIR − αRsnowR − 1− αð ÞRleafR

αRsnowNIR + 1− αð ÞRleafNIR + αRsnowR + 1− αð ÞRleafR

× αRsnowNIR + 1− αð ÞRleafNIR ð10Þ

We tested this equation for the sensitivity of NIRv at
a constant intensity using sample reflectance spectra of
both pure vegetation and snow from the ASTER spectral
library (Baldridge et al., 2009) shown in Figure 2c.
The normalized results of this test for NIRv are shown in
Figure 2c. Here, we can see that NIRv is highly sensitive
to the presence of snow cover and can even become
negative in the case of a fully snow-covered pixel
(Figure 2d). This is due to the spectral differences
between snow (highly reflective) and vegetation spectra
(highly absorptive) in the red 620–670 nm wavelength
range (Figure 2c).

In contrast to NIRv, which depends on reflected
radiance, SIF is an emitted signal. The measured SIF sig-
nal is composed of:

SIF¼ SIFdirectly from leaf + SIFemitted through snow: ð11Þ

Since SIF depends on the incoming light
(Equation 1), we must consider the radiative transfer of
light both into and out of the snow overlying vegetation
cover. Light traveling through a snowpack depth z and
an e-folding length ε can be defined as:

Iz ¼ I0e− z=εð Þ: ð12Þ

SIFemitted through snow will be the product of SIFdirectly
from leaf and the decrease over distance of the snowpack
such that:

SIF¼ SIFdirectly from leaf + SIFemitted under snow × e− z=εð Þ: ð13Þ

The emitted SIF signal at the leaf level depends on
APAR, LUEF, and fesc (Equation 1). For this test case, we

F I GURE 2 (a) Assumptions of a “mixed pixel” within a PhotoSpec retrieval, composed of both snow and leaf contributions, used in

Equations (8–15). (b) Simulated contributions to reflected radiance measured by PhotoSpec by combining simulated canopy reflectance and

solar irradiance. Also shown is an amplified example solar-induced chlorophyll fluorescence (SIF) spectrum and shaded regions where SIF is

retrieved and near-infrared vegetation index (NIRv) is calculated. Adapted from Frankenberg and Berry (2017). (c) Example spectra taken

from the ECOSTRESS Spectral Library of vegetation and snow, with bars indicating the retrieval windows for both SIF and NIRv. (d–f)
Sensitivity tests of the reduction in signal at 1, 2, and 5 cm depths for NIRv (d), SIF (e), and SIFrelative (f). Created with BioRender.com.
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assume that at a single moment in time LUEF and fesc are
constant and that APAR is proportional to the incident radi-
ation at the leaf (I0). Thus, the SIF signal emitted from
non-snow-covered surfaces will be proportional to the
incident radiation over non-snow-covered surfaces
(SIFdirectly from leaf / I0 1− αð Þ) and the SIF signal emitted
from snow-covered surfaces will be proportional to the
incident radiation traveling through snow (SIFemitted under

snow / I0 × α× e− z=εð Þ). Combining this conceptual frame-
work with Equation (10) we can say that:

SIF¼ I0 1− αð Þ+ I0 × α× e− 2z=εð Þ: ð14Þ

We tested the dependence of SIF at a constant
normalized intensity to the fraction of snow cover
at a variety of potential snow depths, assuming
an e-folding depth of light in the SIF retrieval window
(745–758 nm) of ε¼ 15 cm (Figure 2e; Galbavy
et al., 2007).

SIFrelative is the SIF signal divided by the intensity of
the light in the retrieval window (Equation 4); therefore,
we can define the sensitivity of SIFrelative to snow cover
fraction by substituting Equations (8) and (14) into
Equation (4) so that:

SIFrelative ¼ 1− α+ α× e− 2z=εð Þ

αRsnow + 1− αð ÞRleaf
: ð15Þ

We tested this normalized equation and show the
dependence of SIFrelative on snow cover fraction for a
variety of snow depths and an e-folding depth of
ε¼ 15 cm (Figure 2f).

This example shows that both SIF and SIFrelative sig-
nals depend on snow cover fraction due to the loss of
light traveling through the snowpack, however, the sensi-
tivity of these signals is significantly less than the sensi-
tivity of reflectance-based metrics due to the emitted
nature of the SIF signal. Therefore, we retain SIF values
presented in the manuscript under snow conditions,
as the onset of photosynthesis can often begin prior to
snow melt in these systems (Pierrat et al., 2021; Starr &
Oberbauer, 2003).

Ecosystem fluxes

GPP was partitioned from estimates of Net Ecosystem
Exchange (NEE) using the eddy covariance method.
Details on the partitioning can be found in Pierrat, Bortnik,
et al. (2022) for DEJU and Ca-Obs and Magney, Bowling,
et al. (2019) and Magney, Frankenberg, et al. (2019)

for US-NR1. At Ca-Obs, measurements were taken using
a 3D sonic anemometer (CSAT3, Campbell Scientific,
Logan, UT) in combination with a closed-path infrared
gas (CO2/H2O) analyzer (LI-7200 analyzer, Li-COR,
Lincoln, NE) operated in absolute mode. We performed
quality assurance on the data using the standard
Fluxnet-Canada method following (Barr et al., 2004,
2006). For DEJU, data were obtained from (National
Ecological Observatory Network [NEON], 2022) using a
Campbell Scientific CSAT-3 3D Sonic Anemometer and
LI-COR—LI7200 gas analyzer. We performed quality
assurance on carbon fluxes based on turbulent and
storage fluxes separately, using a bivariate statistical
procedure for each, to overcome quality flag restrictions
in the “expanded” NEON eddy-covariance bundle. The
3% outliers (3% of rarest events from the tails of each
distribution) were excluded from joint probability distri-
butions for all available data for (a) turbulent flux and
PAR, and separately for (b) storage flux and time of day.
Net Ecosystem Exchange (NEE) data were considered
valid if both the turbulent and storage fluxes passed this
quality control step (and NEE is equal to their sum).
At US-NR1, the vertical exchange of CO2, including
storage, was measured at a height of 21.5 m by eddy
covariance using a sonic anemometer (model CSAT3;
Campbell Scientific) coupled with a closed-path infrared
gas analyzer (model LI-6262; LI-COR Biosciences)—
details are available in Burns et al. (2015). At all sites,
data for NEE and meteorological variables were filtered
to remove low turbulence (low-friction velocity) periods,
and then gap-filled via the R package REddyProc
(Wutzler et al., 2018). REddyProc was used to partition
NEE into GPP and total ecosystem respiration, Reco

with air temperature used as the driving temperature
for Reco (Lasslop et al., 2010).

We calculated a canopy approximation for LUEP

using Equation (2). We assume fPAR = 1 and is constant
through the course of the season, and therefore
LUEP = GPP/PAR (Barton & North, 2001; Nichol
et al., 2000; Suyker et al., 2004). Although fPAR is not
equal to 1, this would only change the LUEP values by a
constant scaling factor and therefore is irrelevant for
evaluating the timing of the spring and fall transitions.
NDVI and NIRv values during the growing season show
minimal changes further supporting the idea that fPAR is
approximately constant (Appendix S1: Figure S1).
Finally, we forced all LUEP values calculated with either
a GPP value <1 μmol m2 s−1 or a PAR value
<1 μmol m2 s−1 to be zero as the division by such a
small number led to significant scatter in our data,
and it is a reasonable assumption that negligible
photosynthesis is happening under extremely low light
conditions.
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RESULTS AND DISCUSSION

Needle-level fluorescence and
photosynthesis yields

MONI-PAM data from both US-NR1 and DEJU show
seasonal co-variation between the yields of fluorescence
(ϕF) and photochemistry (ϕP) (Figure 3). Between the
spring and fall, both ϕF and ϕP increase and decrease in
synchrony—with some variation throughout the summer
(Figure 3a,c). In spring at DEJU, the increase in ϕF and
ϕP occurs while air temperatures are consistently above
zero, but snow is still present. At US-NR1 snow cover is
more variable and an increase in ϕF and ϕP occurs during
warm spells, followed by occasional snow events (similar
to Pierrat et al., 2021). Given that photochemistry acti-
vates while snow is still present, any remotely sensed
proxy for photosynthetic phenology must be sensitive to
both underlying leaf level biology and relatively robust
against the presence of snow (i.e., Figure 2).

Importantly, both ϕF and ϕP remain above zero for
most of the winter at both sites (Figure 3a,c). This sup-
ports previous findings that despite reduced antenna
size and the development of sustained nonphotochemical
quenching, there is only a partial loss of photosystem II,
which remains intact during the winter to dissipate

absorbed energy as heat through charge separation and
recombination (Öquist & Huner, 2003). This results in a
small emission of steady-state fluorescence during the win-
ter (Bowling et al., 2018; Porcar-Castell, 2011), which can
be detected using remote sensing techniques (Seasonal
trends in canopy-scale SIF and GPP). Over the entire
dataset, ϕF and ϕP are highly correlated with r2 = 0.74
and 0.70 at US-NR1 and DEJU, respectively (Figure 3b,d).
Interestingly the relationship between ϕF and ϕP tends to
show some seasonal hysteresis at both DEJU and US-NR1.
In the spring, ϕF and ϕP increase in parallel, and in the
fall, a more rapid decrease in ϕF than in ϕP is observed.
This suggests that maximal fluorescence emission under a
saturation pulse (Fm0) might be changing less than mini-
mal steady-state fluorescence emission (Ft). Winter depres-
sion in both Ft and Fm can be the result of a reduction in
D1 PSII reaction center proteins (Ensminger et al., 2001;
Ottander et al., 1995) and the presence of sustained
NPQ—leading to downregulation of the reaction centers
(Porcar-Castell, 2011; Porcar-Castell et al., 2008) and
potentially a faster relative response in Ft than Fm0. This
could suggest decoupling between fluorescence and photo-
chemical yields in the fall, and more work along these
lines is needed.

The strong positive relationship between ϕF and ϕP

provides support for the hypothesis that over seasonal

F I GURE 3 Daily averages of needle-scale fluorescence (ϕF) and photochemical (ϕP) yield data for US-NR1 (a) and DEJU (c) from

MONI-PAM. Vertical light blue bars indicate snow presence on the canopy, as observed from tower webcams. Scatterplots of daily average

ϕF and ϕP at US-NR1 (b) and DEJU (d) over the course of the sampling period, colored by month.
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time scales, ϕF and ϕP tend to covary. However, when ϕF

and ϕP are observed over shorter time scales (diurnally)
and under low light conditions, a negative relationship
between ϕF and ϕP has been observed in evergreen forests
(Maguire et al., 2020). Additionally, under high light
and high stress conditions, there has been evidence of
decreases in ϕP with an increase in ϕF (Martini
et al., 2022). Martini et al. (2022) observed this phenome-
non during a heatwave in a Mediterranean forest and
explain this as a saturation of NPQ, causing a change in
the allocation of energy dissipation pathways toward ϕF.
It is also worth noting that even with correspondence
between ϕF and ϕP, as is observed in our data, changes
in photochemistry do not necessitate a change in
gas-exchange (Maguire et al., 2020). In boreal conifers,
photosynthetic gas exchange decreases rapidly in response
to freezing temperatures, and will cease when water
freezes extracellularly (Kolari et al., 2007; Nehemy
et al., 2023; Öquist, 1983). Differences in ϕP and net photo-
synthesis are often observed in the springtime in
overwintering evergreen systems, as the light harvesting
reactions of photosystem II are relatively temperature
insensitive while the Calvin cycle reactions are more
temperature sensitive (Sevanto et al., 2006). At the same
time, observations of strong downregulation of PSII have
been found during the fall transition in boreal conifers,
often in synchrony with decreases in photosynthetic gas
exchange (Ensminger et al., 2004; Lundmark et al., 1998).

While our data suggest potential coordination between
light (photochemistry) and carbon reactions (photosynthesis),
we are limited by a lack of needle-scale gas-exchange
measurements—but we can test this hypothesis using
tower-based eddy covariance and remote sensing
data (Seasonal trends in canopy-scale SIF and GPP).

Seasonal trends in canopy-scale SIF
and GPP

Daily changes in both GPP and SIF, as well as SIFrelative
(as a proxy for LUEF) and LUEP, illustrate the coordina-
tion of fluorescence and photochemical/photosynthetic
activity at the canopy scale. The seasonal trends in SIF
and GPP (Figure 4) are consistent with prior observations
of daily tower-based SIF and GPP in ENFs (Magney,
Bowling, et al., 2019; Magney, Frankenberg, et al., 2019;
Pierrat, Bortnik, et al., 2022; Pierrat, Magney, et al., 2022;
Yang et al., 2022). Across all three sites, GPP shows a
winter dormant period and a summer photosynthetic
period, whereby GPP increases in spring when air tem-
perature is above 0�C, but prior to the disappearance of
snow (Figure 4). GPP then remains elevated until the first
snowfall or later (Figure 4). The seasonal cycle of SIF
shows good agreement with the seasonal cycle of GPP
with a winter dormancy and summer growing season
(Figure 4a–c). While GPP goes to zero in the winter, there
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F I GURE 4 Time series of five-day moving average gross primary productivity (GPP) (black) and far-red solar-induced chlorophyll

fluorescence (SIF) (red) for US-NR1 (a), Ca-Obs (b), and DEJU (c). Time series of five-day moving average GPP (black) and

photosynthetically active radiation (PAR) (gold) for US-NR1 (d), Ca-Obs (e), and DEJU (f). Time series of five-day moving average GPP

(black) and air temperature (blue) for US-NR1 (g), Ca-Obs (h), and DEJU (i). Vertical blue lines indicate snow on the canopy.
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is still a small amount of fluorescence emission (SIF > 0).
Across all three tower sites, SIF increases prior to GPP in
spring, but generally follows GPP in the fall. In contrast,
vegetation indices sensitive to greenness (NDVI and NIRv)
tend to show little seasonality at these sites because ENFs
retain chlorophyll year-round and there is little change
in canopy structure (Appendix S1: Figure S1; Magney,
Bowling, et al., 2019; Magney, Frankenberg, et al., 2019;
Pierrat, Magney, et al., 2022; Pierrat, Bortnik, et al., 2022;
Pierrat et al., 2024). The seasonality observed from our
greenness-based vegetation index data (NDVI and NIRv;
Appendix S1: Figure S1) is due to changes in snow cover
and/or emergence of canopy understory within the
instrument FOV (Sims et al., 2006; Wang et al., 2023).
Wang et al. (2023) showed dramatic changes across the
electromagnetic spectrum due to snow (based on ground
measurements), which corroborates our test case (Figure 2),
providing further evidence that snow sensitivity will
impact interpretation of the seasonal timing of photo-
chemistry in ENFs from reflectance-based remote
sensing platforms.

The spring increase in SIF (Figure 4) prior to the onset
of GPP can be attributed to a persistent SIF light resp-
onse over winter (Appendix S1: Figure S1; also reported
in Pierrat, Magney, et al., 2022; Pierrat, Bortnik,
et al., 2022; Yang et al., 2022). Over the winter months
(e.g., January–March, November, December) water limi-
tations from frozen boles and small stems (Nehemy
et al., 2023; Sevanto et al., 2006) and sustained NPQ (Adams
et al., 2004; Bowling et al., 2018; Verhoeven, 2014) inhibit
photosynthesis. This abolishes the GPP light response across
all three sites (Appendix S1: Figure S2). In contrast, SIF
over winter has a small, but non-zero, response to light
(Appendix S1: Figure S2). This is supported by our measure-
ments of non-zero ϕF during winter at the needle scale
(Figure 3; Ottander et al., 1995; Porcar-Castell, 2011;
Walter-McNeill et al., 2021). To clarify the relationship
between SIF and GPP, particularly during the transition
months, we must develop techniques to disentangle the
impact of PAR on remote sensing signals (i.e., SIF) to repre-
sent LUEF in a way that can capture the spring transition in
seasonally snow-dominated ecosystems. Because SIF and
SIFrelative are less impacted by the presence of snow
(Figure 2), we assess the effectiveness of SIFrelative for track-
ing phenological events at the canopy scale (Coordination of
fluorescence and photosynthetic yields across spatial scales).

Coordination of fluorescence and
photosynthetic yields across spatial scales

To explore how needle-scale dynamics between ϕF

and ϕP scale to the canopy level, we compared ϕF and

ϕP with their canopy-level proxies, SIFrelative and LUEP

(Figures 5 and 6). Seasonally, LUEP and ϕP tend to covary
in the timing of both spring onset and fall cessation
(Figure 5a,c). However, LUEP and ϕP show a
weak-moderate correlation seasonally across both sites
(r2 = 0.25 and r2 = 0.61 at US-NR1 and DEJU respec-
tively, Figure 5b,d). The shape of the relationship
between LUEP and ϕP is also notably different between
US-NR1 and DEJU, where a saturation is observed at
high ϕP values at DEJU. While these relationships tend
to covary positively, the weak-moderate correlation
between LUEP and ϕP can likely be attributed to the fact
that LUEP is highly variable during the growing season.
Because LUEP tends to decrease under high light
(Figure 7), rapidly fluctuating light conditions during the
growing season can explain the variability in LUEP.
Additionally, LUEP values calculated in winter can be
noisy when PAR is near zero due to the division of GPP
by PAR (this is most notable at DEJU). Given that our ϕP

measurements were daily averages from lower branches
in the canopy, and were exposed to more consistent
illumination conditions, the seasonal trajectory of ϕP is
more smooth than LUEP.

At both sites, we observe synchronous timing of ϕP

and LUEP before the snow has melted, suggesting coordi-
nation between photochemistry at the needle scale and
estimates of canopy photosynthesis. In particular, there
was a small increase in both ϕP and LUEP in April
2018 at US-NR1, prior to a sub-zero air temperature and
snow event. Photochemical efficiency (ϕP) and canopy
photosynthetic efficiency (LUEP) tend to covary early in
the spring, prior to the summer growing season. This is
consistent with observations at Ca-Obs, which showed
that during the spring transition period, the timing
of photochemical activity via fluorescence emission
(SIFrelative) covaried with transpiration-induced water
transport and GPP (Pierrat et al., 2021). In support of
this, Springer et al. (2017) observed parallel seasonal pat-
terns of photosynthesis and fluorescence measurements
during the spring and fall transitions in a boreal forest
using bi-weekly needle-scale measurements. Given these
multiple lines of evidence, we can conclude that a coordi-
nation between both the light and carbon reactions exists
during transition periods.

To explore the relationship between ϕF and LUEF, we
tested the use of SIFrelative as a proxy for LUEF (Figure 6).
At both US-NR1 and DEJU, SIFrelative showed good corre-
lation with ϕF (r

2 = 0.65 and 0.61 respectively), and good
agreement on the timing of seasonal increases and
decreases in ϕF (Figure 6). Unfortunately, there was a
data gap in SIFrelative during the spring transition at
DEJU which limits our ability to directly relate the
timing of increasing SIFrelative and ϕF during the spring
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F I GURE 6 Time series of five-day moving average tower-based SIFrelative (light use efficiency of fluorescence [LUEF], red) and daily

average needle-scale ϕF (purple) for US-NR1 (a) and DEJU (c). Scatterplots of daily average SIFrelative (LUEF) and ϕF at US-NR1 (b) and

DEJU (d), colored by month of measurement. SIF, solar-induced chlorophyll fluorescence.

F I GURE 5 Time series of five-day moving average of tower-based light use efficiency of photosynthesis (LUEP) (dark blue) and daily

average needle-scale ϕP (teal) for US-NR1 (a) and DEJU (c). Scatterplots of daily average LUEP and ϕP at US-NR1 (b) and DEJU (d), colored

by month of measurement.
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transition, but the increase in SIFrelative corresponds with
the rapid change in ϕF at US-NR1. The fall transition of
ϕF is captured well with changes in SIFrelative at DEJU.
Divergence between SIFrelative and ϕF could be driven by
several challenges associated with scaling from the leaf
to the canopy including differences in the specific trees
measured (i.e., footprint differences), radiative transfer
within the canopy, and most notably, variability in illu-
mination conditions. Similar to Figure 5, there is more
day-to-day variation in the canopy-scale measurements
of SIFrelative than ϕF due to more variable light condi-
tions. Nonetheless, both ϕF and SIFrelative are less noisy
than LUEP and ϕP, because steady-state chlorophyll fluo-
rescence typically does not have a strong light response
(van der Tol et al., 2016, Figure 7), and is therefore
less variable over the course of the day. As a result, we
observe a tight correspondence between SIFrelative and ϕF

across the season at both sites.
The fluctuations in ENF fluorescence and photochemi-

cal yields across seasons are likely connected to shifts
in NPQ, brought about by modifications in pigmentation
(increased activity of xanthophyll pigments) during the
transitions between spring and fall (Ottander et al., 1995).
During the fall cessation, adjustments in pigment com-
position serve to dissipate surplus light energy through
sustained NPQ (Adams & Demmig-Adams, 1994). It is
well understood that sustained NPQ operates in ecosys-
tems experiencing sub-zero temperatures in winter to sup-
press both photochemical and fluorescence yields (Müller
et al., 2001). The converse happens during the warm sea-
son. When light availability increases to potentially satu-
rating levels for photosynthesis and temperatures rise,
cold-hardening pigment modifications reverse and lead to

a decrease in sustained NPQ. This explanation allows us to
scale our understanding of the coordination between pho-
tochemical and fluorescence yields to the canopy level
(Remotely sensed fluorescence yield tracks changes in photo-
synthetic yield).

Remotely sensed fluorescence yield tracks
changes in photosynthetic yield

Our results show that both SIFrelative and LUEP closely par-
allel ϕF and ϕP, respectively over the course of a season,
and specifically during the spring onset and fall cessation
(Figures 5 and 6). To most effectively use remote sensing
metrics to discern photosynthetic phenology we must
test the correspondence between tower-based SIFrelative and
LUEP. To do this, we compare tower-based remote sensing
measurements of SIFrelative with eddy-covariance derived
estimates of LUEP at each forest (Figures 7 and 8).
Across all sites, we observe a rapid increase in SIFrelative
corresponding with an increase in LUEP during the spring
transition (Figure 8). This is particularly evident during the
spring of 2018 at US-NR1, spring of 2019 and 2020 at
Ca-Obs, and spring 2021 at DEJU. Notably, the increase
in SIFrelative and LUEP occur while snow is still present.
Additionally, across all sites SIFrelative and LUEP closely fol-
low each other during the fall transition, which is notably
a slower transition than what we observe in the spring.
Across all three sites, we observe moderately strong
relationships between SIFrelative and LUEP at US-NR1
(Figure 8b), Ca-Obs (Figure 8d), and DEJU (Figure 8f).

Despite generally good agreement, there are still
several unaccounted sources of divergence between
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SIFrelative and LUEP, that could explain the scatter in
our results. Any divergence between LUEP and ϕP or
SIFrelative and ϕF (as discussed in Coordination of fluores-
cence and photosynthetic yields across spatial scales) will
be propagated to divergence in the relationship between
LUEP and SIFrelative. The different sites also experience
differences in illumination conditions that enhance these
divergences. For example, at the DEJU site, lower solar
zenith angles throughout the growing season, and low
PAR values in winter can amplify the challenges in
scaling from the leaf to the canopy associated with illumi-
nation and radiative transfer within the canopy. This
reduces the correlation between LUEP and SIFrelative at
the DEJU site when compared with US-NR1or Ca-Obs.
Additionally, the sites have different requirements
for photoprotection based on the light and temperature
environments (Pierrat et al., 2024). US-NR1 experiences
sub-zero temperatures in winter while still absorbing
appreciable sunlight. In contrast, DEJU experiences
similar cold temperatures but is exposed to lower solar
irradiance in winter. Therefore, the need for sustained
photoprotection over winter will be different across the

sites, potentially driving the steepness of the transitions
in spring and fall. How each forest transitions into and
out of sustained photoprotection will lead to differences
between LUEP and SIFrelative that are not yet fully charac-
terized. Even with these potential complications, the
success of our approach across sites emphasizes its
robustness and highlights where future work could
further refine our ability to scale from the leaf to the
canopy.

Taken together, these results suggest that SIFrelative
can account for the impacts of PAR and snow cover
on the remotely sensed SIF signal and be used to track
photosynthetic phenology in evergreen ecosystems.
Using SIFrelative to correct for the impact of absorbed
light on the SIF signal has previously been demonstrated
by Butterfield et al. (2023), who compared tower-based
remote sensing data with GPP estimates at a deciduous
forest in Michigan. Butterfield et al. (2023) highlight a
shared dependence of SIF and GPP on incoming sun-
light and show that daily averaged SIFrelative better tracks
drought conditions than SIF itself. SIFrelative will also
show minimal response to sunlight diurnally but show a
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seasonal cycle, like that of ϕF, ϕP, and LUEP. Light
response curves plotted at a monthly timescale (Figure 7)
show that SIFrelative does not increase with incoming
irradiance throughout the day, but shows seasonal
changes in its magnitude, with non-zero values in winter.
In contrast, LUEP shows light saturation, seasonal
changes coincident with SIFrelative, and does drop to zero
over winter (Figure 7). Given the differing responses of
LUEP and SIFrelative to PAR, SIFrelative will be ineffective
at tracking GPP over the diurnal cycle. Nevertheless,
SIFrelatvie is an effective proxy for LUEF and therefore,
when averaged to the daily scale can be used to track the
seasonal cycle and transitions of LUEP in ENFs.

Beyond correcting for sunlight, we have demonstrated
that SIF and SIFrelative are less sensitive to snow (Figure 2),
which is particularly relevant as arctic evergreens are
known to photosynthesize in early spring even under
snow cover (Starr & Oberbauer, 2003), and emergent her-
baceous vegetation may initiate photosynthesis prior to
snow disappearance (Parazoo et al., 2018). The sensitivity
of SIF and SIFrelative to snow cover is still a challenge that
may be improved with increased modeling efforts; how-
ever, SIFrelative is an improvement over NIRv. For example,
under a 0.5 snow cover fraction we project a ~20% reduc-
tion in measured SIF and ~60% reduction in NIRv
(Figure 2) making SIF more useful than reflectance-based
indices for tracking the start and end of winter dormancy
in seasonally snow covered locations. Further, remotely
sensed metrics that are robust in the presence of snow
cover have greater potential for detecting periodic photo-
synthetic activity in winter if temperatures are warm
enough to thaw stems (Bowling et al., 2018; Pierrat
et al., 2021). Precise detection of photosynthetic activity
despite the presence of snow is essential for accurate pre-
diction and quantification of the spring transition, that
may require changes in parameterization of models which
use snowmelt timing as an indicator of carbon uptake in
ENFs (Pulliainen et al., 2017). Going forward, applying
simple correction techniques that do not rely on ancillary
data, or information from the reflectance spectrum, are
likely to advance our characterization of physiological
activity across space and time in ENFs.

CONCLUSIONS

In evergreen forests, patterns of temperature and precipi-
tation are changing with climate change, and their col-
lective influence determines the timing of the spring and
fall transition seasons—the seasonal arc of photosyn-
thetic activity. It is critical to make field measurements
at multiple scales to better interpret remote sensing data
for understanding changes in photosynthetic phenology

of ENFs. Here, we compared the utility of measurements
made at the needle and canopy scale for determining
the start and end of photosynthesis in evergreen forests
across three ENF sites. Our needle-scale data shows
a close co-variation and correlation (r2 = 0.74, 0.70) of
fluorescence and photosynthesis across the ENF seasons
(Science Question 1). In addition, we observe a seasonal
hysteresis where in spring ϕF and ϕP increase in parallel
and in fall a more rapid decrease in ϕF is observed,
likely driven by changes in sustained NPQ, although
more work along these lines is needed. SIF has a lower
sensitivity to snow-cover than reflectance-based indices
and can thus be used with more confidence when
scaling fluorescence and photosynthesis measures from
the needle to the canopy in environments with snow
(Science Question 2). This is especially important since
photosynthetic activity begins prior to spring snowmelt
across our three study sites (Bowling et al., 2024; Desai
et al., 2011). Over winter, SIF maintains a limited light
response and does not decline to zero while GPP does,
therefore, illumination effects must be considered when
using SIF as a phenological metric. We can do this using
SIFrelative, which shows strong performance for overcom-
ing challenges associated with disentangling the physio-
logical from the physical effects on SIF (illumination
and snow) because it does not rely on ancillary data, or
information from the reflectance spectrum. We show that
our needle-scale observations correspond to the site-level
with tower-based estimates of LUEP and SIFrelative which
also show a good correlation across all sites (r2 = 0.70,
0.53, 0.49). Our results demonstrate the mechanistic
underpinnings of what SIF data can (and cannot) tell us
about seasonal transitions in ENF photosynthesis and
important considerations and corrections that can be
applied to improve the utility of these data. Although this
study focused on ENFs, our findings are highly relevant
for other ecosystems. Seasonal snow cover complicating
remote sensing observations is not unique to ENFs, and
we have highlighted the advantages of SIF in addressing
this issue. While we show good agreement between fluo-
rescence and photosynthetic yields across scales and ENF
sites, our multi-scale experimental setup is one that
can be applied in other ecosystems. Because observations
of SIF can be made from spaceborne platforms, our
approach has considerable potential to improve monitor-
ing of biological processes in ecosystems globally. Given
its sensitivity to photosynthetic phenology, the nearly
30 years of a multi-sensor satellite SIF record (Sun
et al., 2023), efforts to harmonize spaceborne records
(Parazoo et al., 2019) and integrate within land surface
models (Parazoo et al., 2020), our results support SIF as
a climate variable which should be continued to be mea-
sured routinely across space agencies and scales.
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