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Sunlight is strongly attenuated by the snowpack, causing irradiance to decrease exponentially with depth.
The strength of attenuation is wavelength dependent across the spectrum. Changes in received irradiance
and its spectral composition are used by plants as cues for the timing of phenology, and it is known that
at shallow depths in the snowpack there is sufficient light for plants to photosynthesize if conditions are
otherwise favourable. The spectral composition of solar radiation under snow in the visible region was
already determined in the 1970s using scanning spectroradiometers, but spectral attenuation within the
ultraviolet region (UV-B 280-315 nm, UV-A 315-400 nm) has not been well characterised because it is
difficult to measure. We measured vertical transects of spectral irradiance (290-900 nm) transmitted
through a settled seasonal snowpack. The peak transmission of radiation was in the UV-A region in the
upper centimetres of the snowpack and transmittance generally declined at longer wavelengths. Given
the known action spectra of plant photoreceptors, these results illustrate the possibility that changing
UV-A: visible and red : far-red radiation ratios under the snowpack may serve as spectral cues for plants;
potentially priming plants for the less stable environment they experience following snowmelt. Array

Received 28th April 2019,
Accepted 18th July 2019

DOI: 10.1039/c9pp00197b

spectrometers open opportunities for rapid and continuous measurement of irradiance in challenging
environments, e.g. beneath the snowpack, and capturing changing light conditions for plants. Future
research is needed to couple the spectral transmittance of snowpacks differing in their longevity and
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Introduction

The winter snowpack is usually considered to be beneficial to
the plants it covers in cold climates because of its moderating
effect on temperature and irradiance. The snowpack insulates
the ground, buffering changes in air temperature and partially
attenuating solar radiation through reflectance and scattering
by snowflakes. The small portion of the incident solar radi-
ation which is not reflected is absorbed by or transmitted
through the snowpack. The transmitted radiation is available
to snow algae and plants within the snowpack for photosyn-
thesis and carries information to organisms about their
environment.' There is a long history of research testing how
deep in the snowpack both photosynthesis and signalling
functions remain possible for plants and algae, e.g. ref. 4.
Early in the 20™ Century, pyrheliometers and photo-electric
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crystal structure with measurements of the perception and response to radiation by plants under snow.

cells with wavelength-selective filters were used for these
measurements, and later scanning spectroradiometers were
placed in elaborately-constructed snow tunnels allowing the
extinction coefficients for photosynthetically active radiation
(PAR: 400-700 nm) to be calculated along with the trans-
mission through snow of each region of solar radiation in the
visible spectrum.””” However, in part because of the practical
difficulties that such studies present, our knowledge of the
transmission through the snowpack of UV radiation comes
from a small number of tests (e.g. ref. 8-11). Likewise,
measurements are scarce of differences in attenuation by snow
across the solar spectrum comparing ultraviolet (UV-B
280-320 nm, UV-A 320-400 nm), photosynthetically active radi-
ation (PAR: 400-700 nm), and the red-to-far-red ratio (R:FR,
655-665/725-735 nm)"> (Table S17).

The transmission of light through a homogeneous medium
usually follows the Beer-Lambert law of exponential decline
with depth.” In snow, this relationship holds only approxi-
mately as snow is an agglomerate of ice crystals of different
shapes surrounded by air spaces, that is to say, it is an hetero-
geneous medium." Strong back-scattering from ice particles
in the snowpack increases the proportion of radiation moving
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through air spaces altering the rate of extinction of solar radi-
ation with depth. This back-scattering can in particular cause
unexpectedly high values of irradiance in the top centimetres
beneath the snow surface, e.g. ref. 1 and 9. Several studies
have found clean snow to transmit enough incident solar radi-
ation for photosynthesis to occur at a depth of 30 cm at
midday (reviewed by ref. 2). At high elevation in the Rocky
Mountains, sufficient solar radiation to serve as a cue for
seeds to germinate was detected at 500 nm wavelength at a
maximum snow depth of 198 cm under the snowpack on
March 20™; but its transmission to greater depth was con-
sidered likely when solar irradiance and snow density are high
and albedo low.” Spectral transmission of blue (420-490 nm)
and green (500-570 nm) light is greater than red or far-red
(Table S17), giving a possible explanation for the pigmentation
of red algae which can utilise green light in photosynthesis."°

To better understand the spectral attenuation by snow of
solar radiation in the PAR and UV regions, the irradiance
transmitted through a seasonal winter snowpack was
measured along a vertical transect down to 20-24 cm depth
from the surface of the snowpack. These measurements were
made with an array spectrometer in Helsinki during February
2018 and repeated at the same location during January 2019.
This allowed us to test the capacity of the device to function at
a low temperature (to —19 °C) and to compare the instan-
taneous spectral transmittance of the snowpack across the
solar spectrum at high wavelength (<1 nm) resolution along
the vertical transects.

Methods

Measurement of spectral irradiance across a gradient of snow
depth

Spectral irradiance was measured along a vertical transect
through the snowpack on 28-02-2018 and on 27-01-2019 in an
open ploughed field at Viikki Fields, Helsinki (61.22684°N
25.01921°E, 8 m asl). The age, compaction and grain size of
the snowpack has a large effect on its spectral transmittance
and most research in the last 25 years has focussed on polar-
or long-duration snowpacks (e.g. ref. 8§ and 9). In contrast, the
seasonal snowpacks (40 cm deep) we measured were com-
prised of recently-settled rounded-grains of snow with no
crust. These were classed as dry snowpacks and relatively
homogeneous with depth.'* In 2018, the snowpack was com-
prised of snow which fell predominantly between 10-02-2018
and 15-02-2018, whereas in 2019 snow fell on the 09-01-2019
and 17-01-2019. During formation of the snowpack the temp-
erature did not rise above freezing (Appendix 2, ESIL:+t solar
angles and weather data). Spectral irradiance was recorded
30 cm above the snow, and level with the horizontal surface of
the snowpack, and at approximately 2 cm intervals below the
snow, down to 24 cm depth, which corresponded to a height
of approximately 15-20 cm above the ground. The measure-
ments were centred around solar noon on days when the sky
was completely clear; on 28-02-2018 from 13:20-14:20 EET

1964 | Photochem. Photobiol. Sci., 2019, 18, 1963-1971

View Article Online

Photochemical & Photobiological Sciences

(Eastern European Standard Time), solar elevation angle from
21.9°-18.8° and air temperature stable at about —13 to —15 °C
(Appendix 2, ESI}), ozone column thickness 492 DU (Total
Ozone Mapping Spectrometer, NASA, USA); on 27-01-2019,
12:05-13:45 EET, solar elevation angle from 11.5-10.9°,
stable air temperature about —17 to —19 °C and ozone column
thickness 395 DU (Appendix 2, ESIf). All equipment was
placed in situ at the measurement location for about 20 min
prior to the recordings to allow the temperature of the device
to approach the ambient temperature.

Recordings of spectral irradiance were made using an array
spectrometer, factory tuned for low stray light and maximum
sensitivity in the UV region (Maya 2000 Pro, configured with a
“short” 10 pm slit type 10s and #HC21 grating, Hamamatsu
$10420 Back-thinned, 2DFFT-CCD detector with 200 nm OFLV
filter; Ocean Optics, Dunedin, FL, USA), attached via a 2 m
long optical fibre (OBIF600-UV-BX, Ocean Optics) to a circular
cosine diffuser (45 mm diameter; DH-7, Bentham Instruments
Ltd. Reading UK)." For measurements above the snowpack,
the diffuser was levelled on a tripod in a sensor-holder incor-
porating a spirit level. On and below the surface of the snow-
pack, only the diffuser was in direct contact with the snow
(Fig. S17). A pit in the snowpack was made and for measure-
ments at each depth the diffuser was inserted from the north
side into the wall of the very loose snowpack at least 30 cm
horizontally. Care was taken to disturb the structure of the
snow as little as possible, and any snow which was disturbed
to allow insertion of the diffusor was replaced by backfilling
with loose snow before each measurement, as was the snow in
the snow pit. Snow depth was measured with a ruler and tape
measure.

The integration time used for recording for each measure-
ment was set manually in Spectral Suite software (Ocean
Optics, Dunedin, FL, USA) to obtain as good a resolution as
possible in the UV region while not exceeding the maximum
counts (60 000 counts) in the visible region. The average of two
spectra was recorded at each depth, and bracketing employed
to obtain high resolution spectra in the UV region in the upper
12 cm of the snowpack. Bracketing involved measuring a spec-
trum in just the UV region (<400 nm) at high resolution (inte-
gration time up to 8 s) and combining this with the entire
spectrum (290-900 nm). At depths of greater than 14 cm deep
in the snow pack, the maximum integration time (8 s) for the
device was used for the entire spectrum so bracketing was not
feasible. At and below 14 cm depth, readings in the UV-B
region were very low and can not be considered reliable
because of a low signal-to-noise ratio. These UV-B data are
excluded from the analyses but remain plotted in the figures
to illustrate the high noise and lack of precision in the UV-B
region at very low irradiances.

A measurement with the diffusor covered by a darkening
cap was used to correct for dark-noise at each integration time
used, and for measurements above the snowpack an
additional calibration with a UV-filter was employed to
account for stray light in the UV region (<400 nm).'® Spectra
were pre-processed using the R packages ooacquire and photo-
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biology'” in R version 3.4.3 (R Core Team, 2018). Both pro-
cessed and raw spectra were individually inspected at each
0.46 nm wavelength step and values from unresponsive pixels
or dropping below zero in the UV-B region were discarded (no
more than 10 per spectrum). A measured spectrum was com-
pared with modelled spectra for the same hour of the same
day (Fig. S2t), generated using libRadtran a library of radiative
transfer protocols'® as described in ref. 19.

To facilitate comparisons of spectral irradiance, irradiance
was divided into spectral integrals (UV-B, UV-A, blue, green,
R:FR etc.) and the extinction coefficients of irradiance with
depth through the snowpack were fitted through regression for
these regions with the function, eqn (1):

y=ae™ (1)

Extinction coefficients were calculated for the upper 5 cm
depth and down to 20 cm depth where: x is depth, a is the
surface irradiance and b is the extinction coefficient in units of

pmol m™2 s em™.

Results

Spectral irradiance decreased exponentially with depth
through the snowpack across the regions of the spectrum cap-
tured by our spectrometer (Fig. 1, 290-900 nm), with 10% of
the incident irradiance at the surface of the snowpack reaching
7 cm below the surface in both years. Low irradiances pro-
duced a low signal-to-noise ratio for UV-B at >12 cm depth and
UV-A >16 cm depth, reducing our confidence in these data to a
level where we omitted them from our calculations of extinc-
tion coefficients (Table 1). While the general trends were
similar between transects measured on the two measurement
dates, these trends differed in their magnitude and in some
fine spectral features. The lower solar elevation angle in
January 2019 than February 2018 resulted in 28%-lower inci-
dent PAR (400-700 nm), and 39%-lower UV-B irradiance, at the
surface of the snowpack. This may be partially responsible for
the absence of prominent peaks in transmittance, particularly
at shorter wavelengths in the 2019 measurements.

The effects of the snow pack on the spectral transmission
of radiation are easier to visualise when the irradiance spectra
are plotted as a proportion of the irradiance at the snow
surface (Fig. 2). This plot shows that transmission of solar radi-
ation by the snowpack was not uniform across the spectrum
(Fig. 2 and S37%). The function, eqn (1), for exponential attenu-
ation of irradiance with depth was a good fit to the data within
the selected range for the spectral integrals across UV-B, UV-A,
and PAR (Tables 1 and S2, Fig. S4t). Of the variation in trans-
mitted irradiance across PAR region of the 2018 transect
(Fig. 24A), the small peak at approximately 515 nm is the most
interesting (0-5 cm depth: b = —0.241, R* = 0.938); since a peak
in this region of the spectrum has also been reported in the
past from measurements at a lower spectral resolution of
10-50 nm intervals with a scanning spectroradiometer
(Table S17).
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Transmission of UV-A radiation relative to PAR was particu-
larly enhanced at shallow depths in the upper few centimetres
of the snowpack (Fig. 2, S4 and S5, Table 1; at 4 cm depth
25% of UV-A, but only 15-20% of PAR, irradiance was trans-
mitted in both transects), but surprisingly transmission did
not gradually continue to increase into the UV-B region
(Fig. 2). Consequently, a peak in transmitted UV-A irradiance
at about 365 nm was recorded on 28-02-2018, and a less pro-
nounced rise and decline at shorter wavelengths on 27-01-
2019. The trend for faster extinction of longer PAR wavelengths
(600 nm) was consistent in both years (Fig. 1 and 3, Table 1:
10-15% of far-red reaching 4 cm depth). The R:FR ratio
increased with depth as far-red radiation was attenuated by
the snowpack more than red light (Fig. 3). Near infra-red radi-
ation was most-steeply attenuated with depth in the snowpack
when comparing the all regions of the spectrum that we
measured (Tables 1 and S4;f only 12-16% transmitted at 4 cm
depth).

Discussion
Spectral irradiance along a gradient of snow depth

The progressively-reduced transmission of radiation through
the snowpack with increasing wavelength that we recorded is
consistent with past reports of wavelength dependence of irra-
diance under snow in the red, far-red and near infra-red
regions (e.g. ref. 10 and 20; although not always those of snow
on sea ice, see ref. 21). Prior to the 1980s, there were several
comprehensive field studies of the transmittance of snow in
the visible and near-infra-red (NIR) regions, but only a couple
of subsequent studies have considered visible and UV radi-
ation at wavelengths as low as 350 nm (Table S1}). Of these,
the most detailed survey of transmission of PAR and UV-A radi-
ation through snow was performed in Antactica.” In this study,
the transmission of solar radiation through the snowpack was
measured down to 135 cm depth with a 3 nm resolution to
350 nm, and a peak in transmittance was identified at 390 nm.
This represents a slightly longer wavelength than the peaks in
transmittance that we obtained (at 365 nm on 28-02-2018 and
at <340 nm on 27-01-2019), but typically published studies
have found peak transmittance by snowpacks approaching
the low-wavelength limits of the instruments they used
(Table S17). The extinction coefficient of radiation in the snow-
pack is the sum of absorbance and backscattering of radiation,
and it is worth noting in this context that snow has a peak in
albedo at 350-360 nm.>** A physical explanation related to the
scattering of UV radiation by ice crystals in the upper centi-
metres of the snowpack is the most likely explanation for the
peaks in transmittance reported in the UV-A region. Snow
grains have an asymmetrical shape and crystals increase in
size and take on more similar properties to ice with length-of-
time in the snowpack and repeated freeze-thaw cycles. The
unusual scattering properties of snow crystals, emanating
from their complex and heterogeneous structure, are difficult
to model,*** and might explain the differences in the wave-
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Fig. 1 Measured spectral irradiance on 28-02-2018 (A & B) and 27-01-2019 (C & D) at the snow surface (0 cm) and at depths beneath the snow
surface creating a vertical transect presented on (A & C) a linear y-axis (full spectrum) and (B & D) a log;g axis (UV-region of the spectrum only).

lengths of maximum transmittance within the UV-A region
between our two measurement dates.

Ray-tracing models of reflectance and transmittance
through the snowpack suggest that, while differences in the
crystal size and shape of grains of snow can affect the
overall transmittance, they do not affect the spectral depen-
dency of transmittance.”® These models consistently give
the highest albedo, lowest absorbance, and highest trans-
mittance at the shortest modelled wavelength of 350 nm.
However, the age, density and wetness of the snow can

1966 | Photochem. Photobiol. Sci., 2019, 18, 19631971

affect the spectral dependence of transmittance of
measured irradiance with depth in old hard-packed snow
compared with a seasonal snowpack.®'® Even so, the extinc-
tion coefficients that we obtained (Fig. S51 and Table 1) are
in a similar range to these models'® for the PAR region, and
are consistent with those obtained in the majority of other
field studies (Table S1t). Likewise, the trend for increased
transmittance by the snowpack in the UV-A region com-
pared with PAR is generally consistent across studies

(Table S17).
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ratio
0.84
0.91
1.17
1.02
1.03
0.95
0.89
0.87
0.88
0.98
1.00
NA
NA

ratio
0.82
0.86
0.98
0.90
0.90
0.86
0.83
0.81
0.81
0.87
0.87
NA
NA

R:FR
ratio
1.10
1.11
1.18
1.16
1.16
1.17
1.15
1.18
1.21
1.26
1.27
NA
NA

UVA : PAR
ratio
0.06
0.07
0.11
0.09
0.09
0.08
0.07
0.06
0.06
0.08
0.08
NA
NA

UVB: PAR
(x1000)
0.14
0.27
0.36
0.25
0.28
0.18
0.18
0.17
0.18
NA

NA

NA

NA

UVB: UVA
(x1000)
2.36
3.79
3.21
2.78
3.17
2.37
2.68
2.64
2.82
NA

NA

NA

NA

Infra-red
(<900 nm)
416.20
319.12
103.47
90.97
51.37
46.23
33.06
17.67
11.77
5.38
4.26

1.78
1.53
—0.392
0.955
—0.246
0.962

Far-
143.55
109.94
37.51
33.02
19.37
18.53
13.54
8.19
5.89
3.20
2.60
1.42
1.16
—0.364
0.944
—0.209
0.953
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red

158.54
121.53
44.22
38.27
—0.355
0.949
-0.202
0.936

22.48
15.60

Red
21.61
9.71
7.11
4.03
3.32
2.09
1.69

Green
163.00
128.42
53.04
43.27
25.64
23.91
16.79
10.43
7.73
4.59
3.84
2.34
—0.348
0.968
—-0.202
0.929
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fcc)
Blue
133.55
110.94
51.77
39.02
23.15
20.61
13.91
8.46
6.25
3.97
3.32
1.60
1.30
—0.351
0.983
—0.207
0.941

37.43
45

24.50
15.90

40.18
9.

7.61
4.74
2.74
2.01
1.45
1.19
0.31
0.22
—0.338
0.970
-0.197
0.960

UV-A

UV > 350
(nm)
29.62
27.14
17.63
11.70
6.94
5.69
3.57
2.09
1.54
1.10
0.91
0.25
0.19
—0.332
0.971
-0.218
0.956

UV <350
(nm)
10.66
6.95
4.25
2.54
1.94
1.18
—0.356
0.967
-0.214
0.955

0.66
0.48

10.43
0.36
0.29
0.05
0.04

-B
0.095
0.142
0.079
0.044
0.030
0.018
0.013
0.007
0.006
0.005
NA
—0.418
0.986
-0.271
0.950

NA
Empirical extinction coefficients (pmol m™—2 s™* em™; 0-5 cm depth)

—0.352
0.968

NA
Empirical extinction coefficients (umol m™ s™* em™"; 0-20 cm depth)

(PPFD)
677.44
535.55
219.33
178.26
105.33
97.99
68.78
42.52
31.34
18.64
15.49
9.00
7.30
~0.204
0.920

Table 1 Average spectral photon irradiance (umol m~2 s™%) given for spectral integrals, measured at 30 cm above the snow, at the snow surface (0 cm), and along a vertical transect beneath the
PAR

snow surface down to 20 cm depth (28-02-2018). Ratios of certain spectral integrals are given: the UV-B : PAR ratio and the UV-B: UV-A ratio report UV-B x 1000 to give readable results. Each
wavelength range and the R: FR ratio are defined by Sellaro.? The extinction coefficients of the fitted function to two alternative maximum depths are given. Table $27 gives these values for

transects from 27-01-2019 which follow a similar trend to those presented here according to the extinction coefficients

Depth
(cm)
30
above
10

14

16

18

20

E

R)Z(p

E.

R)Z(p
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The potential ecological consequences of the differential
spectral transmission of solar radiation through the snowpack

When considering the likely ecological effects of climate
change, understanding the role of snow cover is important
because the presence and depth of a snowpack has a large
effect on global radiation balance.*® Not only do the physical
effects of the high albedo of snow compared with the ground,
water or vegetation need to be budgeted into Earth System
Models,>**” but the ecological interactions of the snowpack
with vegetation should be incorporated into ecosystem process
models considering plant production, phenology and
survival.*®>°

The insulating properties of the snowpack help to maintain
the soil at a stable temperature, delaying or sometimes pre-
venting freezing, and providing a more-stable environment for
the vegetation that is encased beneath snow than that exposed
above it. Fresh snow has high specific heat capacity since it
holds more trapped air than denser snow which has settled
over time.'® Insulated from temperature fluctuations, plants
with wintergreen leaves, or those that start to grow within the
snowpack prior to snow melt in spring, require less physiologi-
cal protection from cold winter temperatures and have the
potential to capitalise on the sunlight they receive to photo-
synthesize.*® These lower irradiances and milder temperatures
within the snowpack allow leaves to have a lower light compen-
sation point than those above the snowpack,® and attain a net
positive carbon balance at 7 cm depth in the snowpack (receiv-
ing 10% of incident solar radiation). At low light levels, UV-A
radiation has even been shown to be utilised by some plants
for photosynthesis (reviewed by ref. 31) and this remains a
possibility in photosynthesizing leaves at shallow depths in
the snowpack.

The relative enrichment of the UV-A region, particularly at
shallow depths beneath the snow surface (Fig. 2 & S5t), may
be of benefit to plants and algae as a cue inducing photopro-
tection. The change in UV-A-to-PAR ratio in the upper centi-
metres of the snowpack could signal the depth of snow cover,
or could even enhance cis-syn-cyclobutane-primidine-dimer-
(CPD)-photolyase repair mechanisms, priming photosynthetic
organisms for increased exposure to sunlight during
snowmelt.*?

Low-light conditions can occur because of the time of year,
or be caused by shade from plants or extraneous objects, or
even because of snow cover. These different scenarios will have
different implications for the fitness of photosynthetic organ-
isms and contrasting effects on spectral quality, and thus may
necessitate different plant strategies for well-adapted growth
and survival. Most research on plants’ responses to shade has
centred on shade caused by neighbouring or overtopping veg-
etation, but has also determined that plants can distinguish
living and dead neighbours.*® The shade avoidance syndrome
(SAS) was originally considered to be triggered by the R:FR
ratio and attuned by irradiance and temperature:** but increas-
ingly its regulation has been found to be more intricate; with
phytochromes sensing temperature,® as well as blue light,*®

Photochem. Photobiol. Sci., 2019, 18, 1963-1971 | 1967
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the blue : green ratio,"> and sunflecks®” all contributing to the
SAS. Additionally, both the total incident irradiance and its
spectral composition can serve as cues for the timing of phe-
nological events,”® and furthermore, the proportions of UV
radiation, blue and green, red and far-red light in the spec-
trum can function as cues affecting the allocation of resources

1968 | Photochem. Photobiol. Sci., 2019, 18, 1963-1971

to protection and growth.>®*° This begs the question as to
whether plants may use combinations of spectral cues to fine-
tune their responses to low-light conditions, such as those
within the snowpack compared with those in the shade of
other plants. Just as the R:FR ratio alerts plants to the pres-
ence of living neighbouring plants rather than other objects, a
spectral cue could allow plants to distinguish changes in irra-
diance with depth within the snowpack. For instance, in our
transects the R: FR ratio increased markedly with depth under
the snowpack (from 1.1 at the surface, to 1.3 (in 2018) and 1.7
(in 2019) at 16 cm depth). These enriched R:FR ratios (com-
pared with full sun) are likely sufficient to suppress stem
elongation despite the low light conditions under snow;*° but
this remains to be experimentally tested. The change in R:FR
ratio with depth as the snowpack melts in spring may also be
perceived by plants and could potentially serve as a regulatory
cue in tandem with the UV-A-to-PAR ratio.

Plants growing above the snowpack are subject to cold
temperatures and temperature fluctuations which are known
to stimulate the accumulation of leaf epidermal phenolics.*'
While the leaves of evergreen and wintergreen plants protected
beneath the snowpack over winter may have lower concen-
trations of epidermal UV-screening compounds than those
above it,>° they nevertheless maintain their UV-protection
through the winter and are able to rapidly reach high photo-
synthetic capacity following snowmelt (Box 1). Hence, it can be
expected that these plants have evolved mechanisms enabling
them to pre-emptively acclimate to the drastic change in their
environment that happens when the snowpack melts.

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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After overwintering under the snowpack plants maintain
UV screening in wintergreen leaves and are able to
photosynthesize efficiently in full sun following snow-
melt

The benefits of snow cover for the leaves of plants pre-
paring for the growing season are illustrated by the com-
parison below of Vaccinium vitis-idaea leaves measured
directly following snow melt during March in Helsinki,
Finland (2017-03-27). At midday under a mixed-forest
canopy, 30 min dark-adapted leaves from plants which
were snow-covered during winter had (A) a higher
maximum quantum yield of photosystem II than leaves
of adjacent plants exposed above the snow over winter
(mini-PAM, Heinz-Walz, Germany). This difference was
maintained across (B) measurements of the effective
quantum yield in sun patches at midday (®P or Fy/F'y,),
and was reflected in (C) calculations of the photosyn-
thetic electron transfer rate (@P x 0.5 x PAR x 0.84 = ETR
pmol m™> s7'). Optical measurements of leaf pigments
in these same leaves, made using a Dualex (Force-A,
Paris, France), revealed that (D) UV-screening by epider-
mal flavonols was similar between the two groups of
leaves, whereas (E) chlorophyll content was slightly
higher in leaves that over-wintered under the snowpack
but (F) epidermal anthocyanin content was slightly
higher in leaves the were exposed above the snowpack
over winter. Mean + 1 SE from 6 sample locations.
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Conclusions

We successfully used a portable array spectrometer to measure
in situ the transmission of sunlight into the snowpack down to
depths of 20-24 cm, at wavelengths spanning solar UV-B and
UV-A radiation, PAR, FR and near IR. The values of transmitted
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irradiance and extinction coefficients that we obtained largely
agree both with existing models and the few available spectral
measurements, in showing that about 10% of PAR reaches a
depth of 7 cm in the snowpack. UV-A radiation is transmitted
through snow better than longer wavelengths which are
increasingly attenuated through the PAR and far red. The shift
in spectral composition under snow raises the possibility that
plants may detect and respond to the thickness of the snow
layer covering them through perception of the altered ratio of
UV-A radiation to PAR in the upper centimetres of the snow-
pack and/or of fine-scale spectral changes at longer wave-
lengths. This hypothesis is supported by our knowledge that
plants and leaves emerging from the snowpack in spring accli-
mate quickly to the ambient environment and often show
higher ecophysiological sufficiency than leaves that remained
above the snowpack. Nevertheless, further research is needed
to better understand how plants perceive and respond to the
changing spectral irradiance under snow and whether these
changes help to prime them for the onset of spring.

Description of the ESIf

Table S1: Reported transmittance of solar radiation through
the snowpack in different experiments.

Table S2: Average spectral photon irradiance (umol m™> s™*)
given for spectral integrals, measured at 30 cm above the
snow, at the snow surface (0 cm), and along a transect beneath
the snow surface down to 24 cm depth (27-01-2019).

Fig. S1: Photograph of (A) the diffusor covered by 1 cm
snow and (B) the measuring set-up in the field prior to
measurements through the snow.

Fig. S2: Comparison of measured spectral irradiance at
30 cm above the snow and spectral irradiance modelled using
libradtran (Emde et al. 2016) following Brelsford (2016) for
28-02-2018.

Fig. S3: Detail from Fig. 2 plotted on a log,, axis for the UV-
region of the spectrum.

Fig. S4: Plots of the relationships of spectral integrals with
snow depth on dates (A) 2018-02-28 and (B) 2019-01-27.
Photosynthetically Active Radiation (PAR: 400-700 nm) is
plotted on the primary axis, and unweighted UV-A (315-
400 nm) and UV-B (280-315 nm) radiation on the secondary
axis. At very low irradiances readings are unreliable so the UV-
B line is fitted only to 12 cm depth. (C) PAR on 2018-02-28 and
(D) 2019-01-27 broken down into blue (420-490 nm), green
(500-570 nm) and red (620-680 nm), and far-red (700-750 nm)
regions, plotted and with fitted lines (eqn 1) in their respective
colours (defined according to Sellaro et al., 2010) and exp in
units (umol m™> s~ em™).

Fig. S5: Plots of the change ratios of spectral integrals with
snow depth on each of the measurement dates. (A) Photon
ratio of unweighted UV-A radiation to PAR. (B) Photon ratio of
blue (420-490 nm) to green (500-570 nm) irradiance. (C) The
UV-B-to-UV-A photon ratio.
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Fig. S6: Hemispherical photograph taken at the location of
the measurements of the snowpack. South is upper-most on
the photo. The nearest vegetation was a copse of birch ¢ 50 m
to the north, otherwise no building or vegetation were within
100 m.

Appendix 2: solar angles and weather data (Kumpula Snow
and Temperature from FMI).
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