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Abstract

Key message A lack of snow cover and increased soil freezing may not only have short-term impacts on trees but
longer-lasting lagged effects on radial growth.

Abstract Soil temperature and soil frost intensity are affected by the depth of insulating snow cover and the timing of snow-
melt which are predicted to change by climate warming. This may increase tree growth if there is less soil freezing or decrease
growth if there is no insulating snow cover, but frost temperatures still exist. Previously, we showed that the changes in soil
frost by snow manipulations in a~50-year-old stand of Norway spruce [Picea abies (L.) Karst.] in eastern Finland in two
winters (2005/2006 and 2006/2007) led to short-term changes in physiology, morphology, and the growth of the shoots and
roots. The treatments were: (1) control with natural insulating snow accumulation and melting; (2) snow removal during
winter; and (3) snow removal in winter and insulation at the top of the forest floor in late winter to delay soil thawing. In this
study, we examined the lagged effects of those treatments by radial trunk increment cores during the nine-year recovery period
after the termination of the treatments. Annual ring width index (AWI) was calculated for each year by normalization of the
ring width in the respective year in proportion to the ring width in the last year (2005) before the treatments. No differences
in AWI were found between the treatments before or during the snow manipulation period. However, differences started to
appear | year after the treatments were finished, became significant 4 years later in 2011 and lasted for 3 years. The radial
increment was lower in the treatment with snow removed than in the control and in the treatment with insulation to delay
soil thawing, but there were no differences between the latter two treatments. The results indicate that a lack of snow cover
may not only have short-term impacts but longer-lasting consequences on the radial growth of trees. The positive effects
of prolonged growing season by the increasing summer temperatures on forest growth predicted for the boreal region may
therefore not be fully realised due to the negative effects of decreased snow cover and increasing soil freezing.
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Introduction Hiemstra 2011; Pederson et al. 2011; Moran-Tejeda et al.

2016) Further reductions in snow-covered areas are pre-
The length of the seasonal snowy period and snowpack  dicted in northern latitudes and mountainous areas due to a
thickness have declined due to the climate warming in  predicted shift in precipitation from snow to rain (Rasmus
boreal and at high elevations in temperate areas (Liston and et al. 2004; Reinmann et al. 2019). Because snow is an effec-
tive insulator, the changes in snow cover and the timing of
snowmelt will have implications on soil temperature and soil
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tures are also likely to occur in the future in midwinter in
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Soil freezing and delayed soil thawing may damage
fine roots and increase their mortality thus affecting the
growth of trees (Tierney et al. 2001, 2003; Repo et al. 2014;
Sutinen et al. 2014). Evapotranspiration of trees, particu-
larly conifers, is high in spring due to high solar irradiance,
temperature fluctuation and wind (Sakai 1968; Tranquillini
1982). Frozen soil inhibits water uptake, potentially causing
severe water stress and injuries to trees (Bonan and Shugart
1989; Harrison et al. 2020). Although tree roots may toler-
ate short-term low temperatures in their frost-hardy state
(Bigras et al. 2001), mild but long-lasting soil freezing may
damage fine roots (Tierney et al. 2001, 2003; Comerford
et al. 2013; Sutinen et al. 2014). In a snow manipulation
study in New Hampshire (U.S.), adverse impacts of reduced
snowpack and increased soil freezing on the physiology of
sugar maple (Acer saccharum Marsh) were accompanied by
40% reduction in aboveground woody biomass increment,
averaged across the 6 years from the start of the experiment
(Reinmann et al. 2019). According to the model simulations
for Finland, Solantie (2003) concluded that the productivity
of boreal forests depends on snow depth and soil frost depth
accordingly, such that an increase of one centimeter in mean
maximum soil frost depth in winter decreases the annual
productivity by 0.1 m*ha™". Long-lasting soil frost has been
found to reduce the shoot growth of Scots pine (Pinus sylves-
tris L.) saplings and mature Norway spruce (Picea abies (L.)
Karst.) trees (Repo et al. 2007, 2008; Sutinen et al. 2015),
as well as to induce death of annual shoots or the whole
seedling, depending on snow cover and species (Martz et al.
2016; Domisch et al. 2018, 2019). Similarly, in European
mountainous areas, exceptionally low winter temperatures
combined with thin snowpack have resulted in large-scale
yellowing and loss of needles in Scots pine and Norway
spruce, accompanied by canopy dieback and tree mortality
(Kullman 1989, 1991; Camarero et al. 2015). On the other
hand, the radial growth of Scots pine reacted positively to
midwinter precipitation in northern Finland, which contrib-
uted to the mean snow depth preventing the direct effects
of low temperatures on roots over the winter (Helama et al.
2013). Moreover, early snowfall and soil cooling in the fall
may lead to reduced photosynthate storage and reduced
growth in the following summer (Carlson et al. 2017).

Delayed snow melting and soil frost affect soil tempera-
tures and therefore limit tree establishment and shorten the
growth period of several tree species. Accordingly, the radial
growth of Scots pine correlated better with the soil tempera-
ture than the air temperature in April (Nikolaev et al. 2009;
Helama et al. 2013). Likewise, northern conifers showed
delayed cambial activity due to the delayed snowmelt at
the beginning of the growing season (Vaganov et al. 1999;
Kirdyanov et al. 2003; Macias Fauria et al. 2008). Helama
et al. (2013) and Franke et al. (2017) reported that snow
cover during the current year’s April and May correlated
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negatively with the annual radial increment of Scots pine.
Similar results have also been reported for mountain pine
(Pinus uncinata Ram.) in the Spanish Pyrenees (Sanmiguel-
Vallelado et al. 2019). On the other hand, abundant soil
moisture from spring snowmelt may promote tree growth
on xeric sites (Walsh et al. 1994; Pederson et al. 2011; St.
George 2014; Watson and Luckman 2016). In our previous
studies, soil freezing and its delayed thawing led to changes
in the physiology, morphology, and growth of the shoots
and roots of ~ 50-year-old Norway spruce (Repo et al. 2011,
2014; Jyske et al. 2012; Sutinen et al. 2015). Soil frost even
led to the death of some trees. In terms of the number of new
tracheids, the annual radial increment and intra-annual wood
formation were reduced by delayed soil thawing during the
post-treatment growing seasons (Jyske et al. 2012). In addi-
tion to such short-term effects, increased soil freezing may
have longer-term effects which may limit tree growth and
affect longer-term growth pattern, but they are not known
well.

We aimed to study the lagged effects of soil freezing on
radial growth of ~50-year-old Norway spruce in the same
stand that was previously used for short-term intensive mon-
itoring of shoot and root responses. The radial increment of
trees was assessed during the nine-year recovery period after
the termination of the soil frost treatments. We hypothesized
that snow cover removal and delayed soil thaw would not
have only immediate impacts on the radial growth of stems,
but would also have long-lasting, lagged effects, and reduce
tree growth over several years.

Materials and methods

The soil frost experiment was carried out in a Norway spruce
stand in eastern Finland (N 62° 42’, E 29° 45’, 84 m asl).
The stand with spruce as the only tree species was regener-
ated in 1958 on a medium fertile site, classified as a Myr-
tillus site type (MT) (Cajander 1949). Soil texture in the
uppermost mineral layers was 66% sand, 23% silt, 9% coarse
sand and 2% clay. The thickness of the organic layer was
approximately 5 cm. In 2006, the average height of the trees
was 17 m, the stand volume 211 m*ha™! and the basal area
25.4 m?ha~!. Typically, Norway spruce has a superficial
root system, with the mean rooting depth of 21 cm in the
pole stage stand of the MT type (Kalliokoski et al. 2008).
The stand had been managed by thinning in 1999 and 2014
in accordance with the recommendations for private forests
(Rantala 2011).

The experimental design was a randomized complete
block design with three treatments in three blocks, render-
ing nine plots. Each plot was 12X 12 m in size with a tran-
sition zone of 5 m between the plots. The soil frost treat-
ments with snow manipulations were carried out in two
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winters, 2005-2006 and 2006-2007. In the control treat-
ment (CTRL), snow accumulated and thawed naturally.
In the OPEN and FROST treatments, snow was removed
during the winter after every snowfall, and the soil tem-
perature was therefore lower, with the soil freezing more
deeply than in CTRL (Table 1). In OPEN, soil thawing in
spring took place in accordance with the natural pattern
but without snow cover. To delay soil thawing in spring in
the FROST treatment, the soil surface was insulated with
a 15 cm layer of hay set between plastic sheeting when the
air temperature increased above 0 °C at the end of March.
The insulation was removed in July. The minimum soil tem-
peratures decreased approximately to — 15 °C at the depth
of 5 cm without the snow cover but remained at — 4 °C
with the snow cover (Table 1). When the air temperature
increased permanently above 0 °C and snow melt com-
menced, soil temperature started to increase first in CTRL,
some days later in OPEN and with several weeks delay in
FROST (Repo et al. 2011, 2014; Jyske et al. 2012). The soil
remained frozen even at the depth of 90 cm for two months
in OPEN after the air temperature had increased perma-
nently above 0 °C (unpublished data). Snow removal and
insulation of the forest floor affected the level and dynamics
of soil water content in spring and early summer in 2006
and 2007, being typically lower in OPEN and FROST than
CTRL (Repo et al. 2014). In addition, due to slow soil thaw-
ing in FROST, soil water content increased more slowly and
reached the maximum later in the growing season in FROST
than OPEN and CTRL where the volumetric soil moisture
content decreased below 10% in July and August. The maxi-
mum snow cover ranged from 40 to 60 cm depending on

Table 1 The minimum air temperatures (at height 1.3 m) and soil
temperatures at different depths in two winters with snow manipula-
tions, and the respective monthly mean values in June, in a~50-year-
old stand of Norway spruce in eastern Finland

Treatment Depth,cm  Minimum temperature in ~ Mean tem-
winter, °C perature in
June, °C
2005/2006  2006/2007 2006 2007
CTRL 5 -4.1 -3.6 10.4 13.2
15 -14 -23 8.8 11.9
50 -03 -0.7 6.8 10.1
OPEN 5 -154 —14.8 8.8 13.0
15 -10.7 -113 6.9 11.7
50 -5.7 -64 44 9.7
FROST 5 - 14.8 —-14.2 0.1 10.3
15 - 115 -12.1 0.0 8.9
50 -5.7 -65 -01 6.0
Air -31.0 -31.9 14.8 15.8

CRTL refers to control, OPEN to the treatment where snow was
removed during the winter and FROST the same as OPEN, but the
soil surface was insulated from the end of March to July in both years

year. The experiment and the treatments were described in
detail previously (Maljanen et al. 2010; Repo et al. 2011,
2014; Jyske et al. 2012; Sutinen et al. 2015).

In December 2016, 11 years after the start of the experi-
ment with snow manipulations, increment cores were taken
at breast height (1.3 m) from five randomly selected trees left
after thinning in 2014 on each plot. The ring widths of the
cores were measured with 0.01 mm accuracy and visually
cross-dated to ensure that each individual ring is assigned
its exact year of formation. The rings formed between 1994
and 2016 were included in the analyses, i.e., 13 years before
the treatment onset, two treatment years and 9 years after the
end of the treatments. The annual ring-width index (AWI)
was calculated for each year by dividing the ring widths of a
tree by the width in 2005, i.e. the last year before the start of
the soil frost treatments (Trt). The treatment effects on AWI
were statistically tested by using the linear mixed model
(procedure MIXED in IBM SPSS Statistics v25, IBM Co.,
Armonk, New York, US):

AWI = u + Trt + Year + Trt X Year + Block + Plot + Tree + €

where Trt, Year, and their interaction are fixed effects,
Block, Plot, and Tree are random effects, u is a constant, and
€ is an error term. A logarithmic transformation (In(x+ 1))
was applied for AWI. The correlation of the residuals over
time was described by a heterogeneous ARH1 covariance
structure. The significance of the difference between the
treatments in different years was tested using Bonferroni-
corrected significance levels. The distribution of the residu-
als was checked using graphics, and the time correlation
structure was selected based on Akaike’s information
criterion.

Results

The ‘Year’ and its interaction with the treatment had sig-
nificant effects on AWI (Table 2). There were no significant
differences in the average AWI between the plots before the

Table2 The result of the linear mixed model on the effects of soil
frost treatments (Trt) and calendar year (1994-2016) on the annual
ring width index (AWI) of stems with snow manipulations in two
winters (2006 and 2007) in a~50-year-old stand of Norway spruce.
The trees were cored in 2016

Effect Degrees of freedom F P value
df1 df2

Year 22 348 66.3 <0.0001

Trt 2 2.1 0.09 0.92

Year X Trt 44 346 1.89 <0.001
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onset of the treatments (Fig. 1). Moreover, no significant dif-
ferences in the radial growth of the sample trees were found
between the treatments during the snow manipulation period
(2006 and 2007). In 2007, the mean (+ SE) annual ring
widths were 2.19 (£0.14) mm, 1.79 mm (£ 0.17) mm, and
1.88 (+0.12) mm in CTRL, FROST, and OPEN respectively.
The differences between the treatments started to appear in
2008 but only became significant in 2011, i.e. 4 years after
the completion of the treatments (Fig. 1). In that year, the
mean annual ring widths were 1.74 (+0.14) mm, 1.67 mm
(+0.25) mm, and 1.18 (+0.08) mm in CTRL, FROST, and
OPEN respectively. In 2011, AWI was significantly lower
in OPEN than CTRL and FROST (P=0.009 and P=0.005
respectively), but the difference between CTRL and FROST
was not significant. The difference lasted for two more years
(P values 0.154 and 0.071 in 2012, and 0.053 and 0.033 in
2013 respectively) until 2013 and then disappeared.

Discussion

In line with our hypothesis, altered snowpack and the conse-
quent change in soil frost condition (lower soil temperatures,
deeper soil frost, and delayed soil frost thawing) consider-
ably reduced radial growth over several years after the actual
snowpack manipulation. In the previous study of the same
experiment, we found minor effects immediately after the
treatments on radial growth (Jyske et al. 2012). According
to that study, the timing of radial increment and tracheid dif-
ferentiation was delayed in FROST after the first treatment

winter but not after the second, when the total number of
new tracheids remained slightly lower in FROST and OPEN
than in CTRL. The results of this study indicate that severe
soil frost would have not only minor short-term impacts but
lagged effects after several years for the condition of trees
and therefore for radial growth, too. If severe soil frost was
to be repeated in several consecutive years, we assume that
the effects on radial growth would be cumulative (cf. Rein-
mann et al. 2019).

Snow cover affects soil conditions in multiple ways
(Groffman et al. 2006; Sutinen et al. 2008, 2009a). In the
treatments without snow cover, the minimum soil tempera-
tures in winter were below -10 °C in the layer where most of
the roots of Norway spruce are located but remained above
-5 °C in the CTRL treatment with snow cover (Table 1, Repo
et al. 2011). Deep soil freezing led to delayed soil thawing
in spring in FROST and in deep soil layers of OPEN, too. A
low soil temperature and decreased soil water content result-
ing from soil freezing, together with a missing snow cover
in winter and spring, may have caused a shortage of water
for trees at the beginning of the growing season. This may
have caused stem embolism and reduced xylem conductivity,
which have been found to increase shoot and needle dieback
(Tranquillini 1982). This probably also explains the delayed
growth onset of roots and shoots, and reduced shoot growth
in FROST during the post-treatment growing seasons of this
experiment (Repo et al. 2014; Sutinen et al. 2015).

Although in the short-term freezing tests, fine roots may
tolerate lower temperatures than measured in the upper soil
layers of this experiment (Bigras et al. 2001), even mild

Fig.1 The mean ring width 2.0
index (AWI) (= standard error)
of stems in a ca. 60-year-old
stand of Norway spruce sam-
pled for the increment cores in
2016. Snow manipulations took 16 F
place in two winters, 2006 and
2007 (gray bar), resulting in
different soil frost conditions.
In OPEN and FROST, snow
was removed in winter, but in 12}

) —O— FROST
—w— OPEN

14 |

FROST, the soil surface was E

insulated in spring to delay soil <C

thawing. CTRL refers to the 1.0

treatment without snow manipu-

lations. The different small-case 08+

letters indicate significant differ-

ences among the treatments by

years. AWI is the ring width for 06

each year in proportion to the

ring width in 2005 04+
0.2 L
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long-term soil freezing has been found to cause damage
(Tierney et al. 2001, 2003; Sutinen et al. 2014). However,
no remarkable increase in fine root mortality was observed
by minirhizotron imaging in our study plots, which may be
partly due to the limited scope of the imaging tubes for the
whole root system of the large trees (Repo et al. 2014). Pre-
viously, delayed snowmelt in a study in Finnish Lapland
caused a delay in soil thaw and the infiltration of melting
water into the soil (Sutinen et al. 2009b). However, this
snowmelt liquid water was found in the root zone area and
even in the roots before soil temperature rose notably above
0 °C (Sutinen et al. 2009a), suggesting that in field condi-
tions with thick snow cover water availability is not a limit-
ing factor for growth onset in spring.

The soil water content increased with soil thawing in
FROST in the latter part of the growing season. This hap-
pened because the soil melt took place later in FROST
than OPEN and CTRL, in addition to reduced evaporation
from the soil surface due to the insulation cover in FROST
(Repo et al. 2011). A higher soil moisture content may have
compensated for the negative effects of soil freezing, and
shortage of water for the growth of roots and shoots at the
beginning of the growing season. This enhanced the recov-
ery from the stress of delayed soil thawing, and even favored
the compensatory root growth in FROST compared with
CTRL and OPEN (Repo et al. 2014). This may have been
reflected as the better radial growth in FROST than OPEN,
even several years after the treatments. In the last two years,
AWT increased in all treatments, which may be explained by
thinning in 2014 which was projected similarly in all plots.

The effects of the physiological and morphological
changes observed in the aboveground parts during the post-
treatment growing seasons on the long-term radial growth
remain speculative. There were differences in the starch con-
tent and electrical impedance of needles but no differences
in the soluble sugar content among the treatments in the
post-treatment growing seasons (Repo et al. 2011). For the
starch content of needles, FROST differed from the other
two treatments in 2006, and CTRL from the other two treat-
ments in 2007. Therefore, no clear conclusion can be made
of the relation between the starch content and lagged decline
in radial growth in OPEN. In addition, shoot elongation,
the needle cross-sectional area, and the number of healthy
buds were reduced after the treatments, but only in FROST
(Sutinen et al. 2015). However, the effects of soil freezing
are primarily projected onto roots, either directly through a
low temperature and/or mechanical stress, or indirectly via
microorganisms. The absence of snow cover with a con-
sequent increase in soil freezing and delayed soil thawing
may induce damage in roots, mycorrhizas, and counteracting
microorganisms (Groffman et al. 2001; Tierney et al. 2003).
Therefore, the growth rhythm of fine roots may be affected
by lagged soil thawing as found here in the FROST treatment

but not in the OPEN treatment with approximately simi-
lar soil freezing pattern in winter (Repo et al. 2014). In the
long-term, those changes may have impacted the resources
allocation and growth between roots and shoots, but in this
study the impacts were not found in trunk diameter growth
in FROST but in OPEN only. One reason could be that the
compensatory root growth in FROST alleviated that effect in
comparison to OPEN (Repo et al. 2014). In addition, spatial
variation in soil properties and increased nutrient availabil-
ity of roots by soil freezing may mediate the tree growth
response (Cleavitt et al. 2008; Sanders-DeMott et al. 2018),
but these relationships have yet to be evaluated. Future stud-
ies are needed to determine whether sublethal soil freezing
induces shifts in carbon allocation and increased growth of
fine roots and mycorrhizas at the expense of stem diameter
growth.

In the boreal region, empirical results indicate that cli-
mate warming has already enhanced forest growth (Pretzsch
et al. 2014; Henttonen et al. 2017), and model predictions
forecast a future increase in some regions (e.g. Xia et al.
2014; Kellomiki et al. 2018). However, our results suggest
that climate warming, which increases soil frost severity,
may initiate physiological responses and damage that result
in an overall decline in tree growth rates (cf. Reinmann et al.
2019; Harrison et al. 2020). Thus, the positive effects on
forest growth via a longer growing season as a consequence
of increasing temperatures may not be fully realised due to
the negative effects of winter warming.
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