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TITLE: Soil thawing regulates the spring growth onset in tundra and alpine biomes

Abstract

Soil temperature remains isothermal at 0 °C and water shifts to a liquid phase during soil
thawing. Vegetation may receive this process as a signal and a key to restore physiological
activity. We aimed to show the relationship between the timing of soil thawing and the spring
growth onset. We estimated the delay between the soil thawing anu the spring growth onset in 78
sites of the FLUXNET network. We built a soil thawing m= u2nved from modelling for the
northern hemisphere and related it to the greenness onset e.timated with satellite imagery. Spring
onset estimated with GPP time series occurred shortly ai.> soil surface thawing in tundra (1.1 +
3.5 days) and alpine grasslands (16.6 + 5.8 day.). Tae association was weaker for deciduous
forests (40.3 + 4.2 days), especially where soil, freeze infrequently. Needleaved forests tended to
start the growing season before the encu of thawing (-17.4 £ 3.6 days), although observations
from remote sensing (MODIS La~d ~“rver Dynamics) indicated that the onset of greenness
started after the thawing pericd (6.8 = 3.2 days). This study highlights the role of soil
temperature at the spring ~vov ' onset at high latitudes. Soil thawing becomes less relevant in
temperate forests, wherc soil is occasionally frozen and other climate factors become more

important.

Keywords: Boreal forests, deciduous forests, plant phenology, spring onset, thawing, tundra.

1. Introduction



Phenology is defined as the timing of periodic life-cycle events (Schwartz, 2003). Phenology has
recently gained attention as an indicator of global warming and more broadly for its link with
global environmental change (Badeck et al., 2004; Cleland et al., 2007; Pefiuelas et al., 2009;
Pefiuelas & Filella, 2001). Plant phenology is primarily modulated by the seasonal variation in
climate, which involves a stage of dormancy when the climate is adverse and a period of growth
when conditions are favorable for vegetation activity. Temperature, water availability, and day
length have been proposed as the main environmental drivers thac ~onstrain vegetation activity
and regulate plant phenology, acting eventually as confound-= ,cciraints for vegetation growth
(Chuine & Régniere, 2017; Jolly et al., 2005; Kramer & Hanninen, 2009). Temperature is the
main climatic factor regulating plant phenology for the L =set of vegetation in the northern high
latitudes (Schwartz, 2003). Evidence for the ir.*:ra.tion of temperature with other limiting
factors, e.g. photoperiod and water avai! «bil’.y, though, is under discussion (Fu et al., 2019;
Korner & Basler, 2010; Pefiuelas et ai. 2004) and, the choice of the climatic variables for

modeling phenology is an open scie~ce ~Jestion.

Air temperature has been wide: * used to simulate the transition from dormancy to growth in
temperature-limited Fiories, and jointly with day length, an indicator of photoperiod, for
modeling plant phenology in the Northern Hemisphere (Badeck et al., 2004; Pefiuelas & Filella,
2001). Some biome-specific studies, however, have suggested that soil temperature more
accurately indicates the start of the growing season (Baldocchi et al., 2005; Jiang et al., 2018;
Lieth, 2013; Semenchuk et al., 2016; Starr et al., 2008), although a study showed a stronger
connection with air temperature than soil temperature for boreal forests (Tanja et al., 2003).
Some studies even suggested that the lengthening of the growing season in tundra during recent

decades was primarily caused by a change in the seasonal thaw cycle (Barichivich et al., 2013;



Kimball et al., 2006). A soil warming experiment in subarctic grasslands, which reduced the
occurrence of soil frost, revealed that the growing season lengthened across the entire range of
IPCC warming projections for 2100 and reported no indications of photoperiod constraints

within that warming range (Leblans et al., 2017).

A frozen soil strictly limits vegetation growth and overrules any impact of eventual favorable air
temperatures during spring. Thawing occurs when soil remains isothermal at 0 °C, triggering
some processes that may be used as signals for the vegetation o rustore physiological activity.
Water only returns to its liquid form and becomes available tu ror ts (Noormets, 2009) during and
after thawing. In addition to a direct signal of soil the*ving soil temperature has been found to
exert a stronger influence on plants than air tempr.ia'ure. For example, soil temperature has also
been associated with physiological processz. such as root elongation (Wang et al., 2018) and
root respiration (Lloyd & Taylor, 1994). Soi. warming experiments have found that an overall
increase in soil temperature affected spz.ific traits; leaf area, leaf expansion rates, and diameter
growth in deciduous trees (Farnsv.orth et al., 1995; Wheeler et al., 2016), needle starch content
and photochemical efficiencv 1, horeal forests (Repo et al., 2004), and flowering frequency in

tundra (Khorsand eta' 2115,

These results suggest that soil temperature may play a more deterministic limiting role than air
temperature at the onset of spring at high latitudes. We tested the hypothesis that soil thawing
regulates spring growth onset at high latitudes but becomes less relevant where soil is only

sporadically frozen.

2. Materials and Methods



2.1. Phenology derived from in situ and satellite data

We used the same methodology as Zhang et al, 2003 to estimate the start of season at the
FLUXNET sites. We took the daily mean gross primary productivity (GPP) measurements
(daytime partitioning method) and adjusted a logistic function for each year for the period
January 1st to July 1st. The start of season at the FLUXNET sites (GPP SoS) was the day when

the second derivative of the logistic function was maximal.

We used the MCD12Q2 V5 Land Cover Dynamics product (M OD.S SoS) for the period 2001-
2014. MCD12Q2 phenological metrics are estimated year'y, wita a logistic function fitted over
the MODIS EVI time series (Zhang et al., 2003). We t'sed ‘he layer ‘Onset Greenness Increase’,
which represents the day of the year on which the %u itive curvature of the fitted logistic function

is maximal.

2.2. Estimation of the start and end of thav.ing

We defined the end of thawing ‘Eov) as the last day before solstice with daily mean soil
temperature <0.5 °C and defined tre start of thawing (SoT) as the closest day before EoT with a
temperature below -C5 'C. 'Ve estimated the EOT and SoT using the in situ records of soil
temperature at the FLUNET sites in the Profile 1 (TS_1 1 1), which corresponds to soil
temperature measured at the shallowest layer, with a different depth depending on the
FLUXNET site but commonly 2-5 centimeters. The EoT was also estimated using the layer of
soil temperature at 10-centimeter depth available in the Global Land Data Assimilation System
(GLDAS) dataset (See section 2.3.). This resulted in global maps of EoT at 0.25° resolution. We
used a threshold of 0.5 °C instead of 0 °C to avoid false-positive estimates of EoT due to noise

and slight variations in the soil temperature time series during thawing.



2.3. Global climatic data set

We used the GLDAS version 2.1 as a global climatic data set for the daily representation of soil
temperature at a global scale. GLDAS is a land-surface modeling system developed by the
Goddard Space Flight Center of the National Aeronautics and Space Administration and by the
National Centers for Environmental Prediction of the National Oceanic and Atmospheric
Administration. The version 2.1 provides data for the period 2000 up until the present time.
Ground measurements (meteorological data), such as soil tempe~r.:re, and satellite observations
are ingested in order to constrain the land-surface model a1d 1 >strain unrealistic model states.
GLDAS offers 3-hourly estimates of earth-surface varie..~s cuch as soil temperature at different
depths. We used the soil temperature product at 10-ce.itimcter depth with a spatial resolution of

0.25°.

2.4. Resizing and filtering MODIS SoS

The spatial resolutions of GLDAS £.T and MODIS SoS differed, so we resized the resolution of
MODIS SoS (500 m) to the rc~oiction of GLDAS EoT (0.25°) to make the comparison between
the two datasets consiste it. *Ave first masked the yearly MODIS SoS images with the MODIS
IGBP Land Cover (MCL 12Q1) product. MODIS SoS was masked separately with the IGBP
classes 1) deciduous broadleaved forests (deciduous forests), 2) evergreen needleleaved forests
(needleleaved forests), 3) shrubland, 4) open shrubland, and 5) grassland. For the tundra biome,
we only considered the pixels classified as shrubland, open shrubland, and grassland at >50°
latitude. Finally, the masked MODIS SoS images were resized to 0.25° using the mean as the
resampling operation. This resulted in six sets of MODIS SoS for each land cover for the period

2001-2014.



2.5. Experimental setup and statistical analyses

We analyzed 78 sites of the FLUXNET network and compared the timing of spring onset of
ecosystem GPP with thawing date. We used all sites north of 30°N latitude that are located in
tundra (13 sites) and alpine (4 sites) climates, and the sites categorized in the IGBP classification
as deciduous broadleaved forests (DBF) (18 sites in temperate and 1 site boreal climate zones) or
evergreen needleaved forests (ENF) (25 sites in temperate and 17 sites boreal climate zones).
Table S1 shows the coordinates and biome of the selected sites. ¥"v'> excluded the sites without in

situ soil temperature records.

We investigated at which soil temperature the GPP wea-~ sig.ificantly positive in each biome. We
grouped the half-hourly GPP observations in inter.a 5 of 0.5°C of soil temperature. We applied a
two-tailed Student's t-test at each interval =7 so.' temperature with a significance of 95%. We
considered that GPP was positive at a cen.'n temperature when the lower GPP confidence

interval was greater than 0.5 pmol CC, 1.2 5™

The SoT and EoT estimated w:.*h the FLUXNET records were compared with two independent
observations of the start nt *he growing season (SoS): 1) SoS estimated with daily in situ
observations of the FLUXINneT GPP time series (GPP SoS) and 2) SoS extracted from remote-
sensing sources (MODIS SoS). We applied the two-tailed Student's t-test with a significance of
95% to find whether the day of the EoT and the spring onset (GPP SoS and MODIS SoS) were
significantly different. We reported the mean difference, confidence interval, and coefficient of

determination (R®) between the end of thawing and the spring onset.

We also compared the spring onset observed with satellite derived data (MODIS SoS) with the

thawing period estimated with the GLDAS. The MODIS SoS was filtered and resized to the



resolution of the GLDAS to make the datasets comparable. Similarly to the comparison at the
FLUXNET sites, we reported the R? and the mean difference with a confidence interval of 95%
between the EoT and the MODIS SoS. The analysis covers a time period from 2000 to 2015 for
the comparison between FLUXNET and MODIS, and from 2001 to 2017 for the comparison

between the GLDAS and MODIS.

3. Results

The growing seasons were primarily driven by temperature ir the 73 FLUXNET sites; GPP and
air temperature had similar intra-seasonal patterns. Gross . “imary productivity at these sites was
highest in summer, when the air and soil temperatures w:*¢ also highest. The Italian site IT-Rol
was the only exception, where GPP decreas.® curing summer due to water stress. A
representation of air and soil temperature GF P and spring onset is shown in Fig. S1 for five
FLUXNET sites. GPP was insignificai.: with frozen soil in all biomes (Fig. 1). The lowest soil
temperature at which GPP was sigrificr.ly higher than 0.5 pmol CO, m?s™ was 1°C in tundra,

-0.5°C in alpine grasslands, -1 < in 1ieedleaved forests, and 4.5 °C in deciduous forests.

Spring onset occurred curn 9 thawing (41% of observations for GPP SoS and 6% of the
observations for MODIS 50S) or after EoT (51% of observations for GPP SoS and 59% of the
observations for MODIS SoS) (Fig. 2). Only 8% of the observations occurred when soil was
frozen in GPP SoS, primarily in needleaved forests. Spring onset for tundra and alpine grasslands
tended to start shortly after the EoT (1.1 + 3.5 d for GPP SoS and 18.5 £ 3.0 d for MODIS SoS
for tundra, 16.6 + 5.8 d for GPP SoS and 32.9 + 8.3 d for MODIS SoS for alpine grasslands).
Spring onset tended to start with a longer delay after EOT in deciduous forests with seasonally

frozen soil (40.3 £ 4.2 d for GPP SoS and 46.4 + 3.8 d for MODIS SoS), while needleleaved



forests showed discrepant results between the two sources of data (-17.3 £ 3.6 d for GPP SoS

and 26.8 + 3.2 d for MODIS SoS).

The association between the GPP SoS and the EoT SoS is different in deciduous than in
needleleaved forests (Fig. 3a). Spring onset occurs with positive temperatures in deciduous
forests, while needleleaved forest starts their growing season before the soil has completely
thawed. Tundra and alpine grasslands show the highest agreement of spring onset with the EoT
(RMSE = 9.03 in GPP SoS and RMSE = 20.45 in MODIS SoS}. =LUXNET sites in the boreal
biome also showed a better agreement than the sites in the te'npe.ate biome in both GPP SoS and
MODIS SoS (Fig. S2). In addition, soil did not freez.. .~ vome sites of the temperate biome,

which explains the EoT values equal to 0 in Fig. 3 and --ig. C2.

The comparison of MODIS SoS with the gl ectimates of EoT (Fig. 4) led to similar results as
the observations at the FLUXNET sites. The unset of greenness estimated with MODIS occurred
near EoOT in the land cover types the. r:,r2sent tundra (8.63 + 7.96 d in shrubland IGBP class,
16.97 + 7.72 d in open shrublanu IGBP class, and 18.80 + 14.55 d in grassland IGBP class),
while deciduous forests shovwea ‘e highest delay (34.24 + 18.59 d). The high delay in deciduous
forests can be observs i,> the map showing the difference mean MODIS SoS - mean EoT (Fig.
5) at the most southerly iatitudes of the deciduous forest distribution (eastern North America,
central Europe, and northern China). We observed a high interannual variability in the MODIS
SoS and EoT also at low latitudes (Fig. S3). Contrarily to the results in the FLUXNET sites, the
MODIS SoS in needleleaved forests show a similar pattern as deciduous forests and do not

present a negative delay compared to the EoT (20.03 + 14.15 d).

4. Discussion



Spring onset of vegetation activity and soil thawing were closely associated in tundra and alpine
grasslands, and weakly associated where soil froze intermittently. Water remains inaccessible to
plants in frozen soils, inhibiting vegetation activity. This process is particularly relevant in
regions with deep frost, where the vegetation has maximal root depth <0.5 m in tundra or <2 m
in boreal forests (Canadell et al., 1996). Likewise, most root biomass in boreal and temperate
forests is in shallow soil layers, where most mineralization processes release the greatest amount
of nutrients. Frozen soil, even if only the first few centimeters, may *herefore imply inhibition of
vegetation activity, as suggested by the results from the FL''X,!ZT towers, where the GPP is
insignificant when soil temperatures are negative (Fig. 1). 'n addition, most of the observations
of spring onset, both MODIS SoS and GPP SoS, coinc, *ed with positive or near freezing soil

temperatures (Fig. 2).

Water gradually shifts from the solid to the " quid form during thawing, which plants may use as
a signal to start their activity. Our rez''lts, however, indicated that the time between EoT and
spring onset depended on the biome 1hese differences can be attributed to different forcing
requirements for which vegeictio has different adaptive histories. Deciduous forests seem to
require greater heat accu'nuiction than tundra and needleleaved forests to initiate spring growth.
Many studies have sugge: ted that the high thermal forcing required by deciduous trees, which
delays the vegetation onset date after the EoT, is an adaptation to prevent frost damage in late
spring (Fu et al., 2015; Laube et al., 2014). In addition, deciduous forests have adapted their high
thermal forcing depending on the background climate (Peaucelle et al., 2019), with lower heat
requirements in colder climates. This would explain the high delay between the spring onset and
EoT in deciduous forest in the lowest latitudes of the study, while the only FLUXNET site with

deciduous forests located in the boreal zone shows a close association between the spring onset
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and the thawing period. Similarly to the site with deciduous forest in the boreal biome, tundra
and alpine grasslands have a low heat requirements, very likely because their SoS also occurs
very late in the season, when light availability is already high, and these plants may therefore

have reduced their heat requirement to maximize profit from the high light conditions in late

spring.

Our results show that needleaved forests can release from dormancy and start their gross primary
production during the thawing period with near freezing soil te:..neictures, which corroborates
the photosynthetic acclimation to cold in boreal needleaved 1 rests (Oquist & Huner, 2003).
However, the results obtained from remote sensing .ho.v' that the onset in greenness in
needleaved forests occurs much closer to the end c. the thawing period. This suggests that
evergreen needleaved trees start the growing sc-soi. when temperatures become favorable using
the needles preserved during the dormant L.~.10d, but needle emergence occurs much later than
the start of the photosynthetic activity. The delay between GPP SoS and onset of greenness was
also observed with remotely-sensed u~ta in previous studies (Melaas et al., 2013; Walther et al.,
2016). An alternative explanat.n r the early GPP SoS in boreal forests is that understory might
have started the photosyr the.'c activity before the trees in the overstory and, thus, vegetation in
the understory layer accoi.nted for the carbon fluxes before the thawing period. This would be
supported by the findings of Ikawa et al., 2015, which showed the contributions of the understory

in boreal ecosystems to the carbon and energy balances.

The hypothesis that tundra has adapted to the long period with frozen soils by reducing its heat
requirement implies that spring onset is highly responsive to soil thawing. This hypothesis is
supported by studies with long time series of snow melt and by soil-warming experiments

reporting that spring onset is advanced by an increasingly earlier soil thawing (Barichivich et al.,
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2013; Kimball et al., 2006; Leblans et al., 2017). Spring onset in arctic and subarctic vegetation
may thus continue to advance as soil thawing occurs earlier with climate warming. The possible
restriction in vegetation growth because of insufficient levels of incoming radiation or hours of

sunshine is, however, still undetermined.

Our results suggest that the role of soil temperature is secondary at southerly latitudes for
deciduous and needleaved forests. Sites with favorable soil and air temperatures throughout the
year may be constrained by photoperiod (Zohner et al., 2016), b, ~hi.'ing requirements (Chuine
et al., 2010), or by both (Fu et al., 2019). These regions withot ¢ so.' temperature regulation had the
largest differences between MODIS SoS and EoT, as ofoc"ved in the difference map in Figure 5.
The differences observed between the EoT and the SPF SoS at the FLUXNET towers with
needleleaved forests cannot be depicted with th> MIDIS SoS and, thus, are not reflected in the

map in Figure 5.

In summary, we demonstrate that sri:i onset rarely occurs with negative soil temperatures,
indicating that frozen soil acted As » major constraint on vegetation activity. We also demonstrate
that vegetation activity beran chortly after thawing in tundra, after soil temperatures at 2-
centimeter depth surras.2d .he 0 °C threshold. This correlation became weaker for lower
latitudes. Needleleaved urests can start the gross primary production during the thawing period,
while deciduous forests delayed the spring onset especially at more southerly latitudes. These
results thus provide insight in the onset of spring that can be used for improving phenological
models, especially in tundra and boreal forests where soil thawing plays a major role in
controlling the start of vegetation activity. Further studies may take advantage of recent advances
in mapping soil thawing using microwave remote sensing to estimate the start of the growing

season at northern latitudes.
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Figure 1 | Gross primary rrod. <tivi.y (GPP) in relation to soil temperature in the FLUXNET sites. The x-axis
shows soil temperature measu.d at the shallowest layer. The distribution of GPP is presented with the 50"
percentile (continuous line), 75" percentile (dashed line), and 90™ percentile (dotted line). The red line shows the
lowest temperature in which GPP is significantly higher than 0°C. The temporal resolution of the GPP and
temperature data is half-hourly.
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Figure 2 | Boxplots of the noi. ~alized delay ((a) and (c)) and absolute delay ((b) and (d)) of spring onset after the
end of thawing (EoT) for tun-r., alpine grasslands, needleaved forests, and deciduous forests. The absolute delay is
the number of days between spring onset and EoT, and the normalized delay represents spring onset relative to
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Highlights

e Vegetation may receive soil thawing as a signal to restore physiological activity.

e We estimated the delay between the soil thawing and the spring growth onset in 78 sites
of the FLUXNET network and with remote sensing data.

o Soil thawing plays a role at the onset of spring growth in alpine biomes and at high

latitudes, and the further north the vegetation grows the stronger is the role.
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