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site, while both species had larger vessel groups at the dry than the wet site (p < 0.01). RW of B. nana was higher
at the wet site (p < 0.01), but no differences were observed for S. glauca. Additionally, B. nana Ks and LA95
showed different trends over the study period, with decreases observed at the dry site (p < 0.001), while for
other responses no difference was observed. Our results indicate that, taking into account ontogenetic and
allometric trends, hydraulic related xylem traits of both species, along with B. nana growth, were influenced by
soil moisture. These findings suggest that soil moisture regime, but not snow cover, may determine xylem re-
sponses to future climate change and thus add to the heterogeneity of Arctic shrub dynamics, though more long-
term species- and site- specific studies are needed.

1. Introduction

Arctic regions at the northernmost limits of woody plants have
experienced warming four times that of the global average (AMAP,
2021; Rantanen et al., 2022), leading to widespread increased woody
plant productivity including changes in shrub abundance and growth
(Biintgen et al., 2015; Garcia Criado et al., 2020; Myers-Smith et al.,
2011; Tape et al., 2006). However, responses vary among individuals,
species, and sites (Young et al., 2016), with some areas seeing decreases
in productivity (Ackerman et al., 2017; Myers-Smith et al., 2015),
making it challenging to predict future vegetation patterns, and thus
overall Arctic ecosystem functioning. While there has been a general
increase of productivity with temperature, recent studies have found a
decoupling between growth and temperature; this “divergence prob-
lem” has been found in trees (Babst et al., 2019; D’Arrigo et al., 2008) as
well as in low-statured Arctic and Alpine shrubs (Francon et al., 2021;
Gamm et al., 2018). This suggests a potential shift toward vegetation
being limited by other climatic variables (Carrer et al., 2019) or complex
micro-site near-surface conditions and dynamics (Dobbert et al., 2021a,
2022; Francon et al., 2020) in a warmer world. Thus, although rising
growing season temperatures typically benefit Arctic shrubs (e.g., Boyle
et al.,, 2022; Buchwat et al., 2022), reduced water availability and
increased transpiration rates might counteract these advantages
(Buchwat et al., 2020; von Arx et al., 2012).

Arctic deciduous shrubs have been found to store insufficient water
in their stems than is necessary for potential transpiration, suggesting a
reliance on soil moisture, rather than stem storage, to meet transpiration
requirements (Clark et al., 2022). Indeed, soil moisture has been iden-
tified as a driver of plant productivity (Berner et al., 2020) and shrub
growth (Ackerman et al., 2017; Gamm et al., 2018) in the warming
Arctic, with water availability potentially determining plant distribution
and growth rates at some sites (Ackerman et al., 2017; Buchwat et al.,
2020; Davis et al., 2021; Gamm et al., 2018). Plant available water in the
Arctic often comes from permafrost, runoff, and snow melt, rather than
precipitation, making it localised and challenging to quantify (West-
ergaard-Nielsen et al., 2017, 2020). Snow-melt water, an important part
of the hydrological cycle (Liu et al., 2021), has been found to be used by
plants, particularly early in the growing season (Hu et al., 2013; Zhang
et al., 2021) and during dry periods (Zhu et al., 2022).

Thus, snow, a prominent feature of the Arctic, may mediate or
amplify climate impacts on vegetation (Callaghan et al., 2011; Sturm
et al., 2001; Wipf et al., 2009), but the net effect can be difficult to
predict. For example, increased snow may positively influence shrubs
either directly (e.g., providing protection from frost (Larcher and Sieg-
wolf, 1985; Slatyer et al., 2022)) or indirectly by altering local growing
conditions (e.g., increasing soil temperatures (Pattison and Welker,
2014; Sanmiguel-Vallelado et al., 2021), nutrients (Brooks et al., 2011),
and water availability (Jespersen et al., 2018)). On the contrary, as
snow-melt date may dictate the timing of the growing season for low-
lying shrubs (e.g., by influencing access to direct sunlight and near-
surface temperatures), increased snow may also shorten the length of
the growing season (Assmann et al., 2019; Kelsey et al., 2021; Pedersen
et al., 2018; Rixen et al., 2022), and potentially counteract any of the
positive influences (Fig. 1). Understanding the effects of snow on shrubs
is important as changes in shrubs can further influence the Arctic

ecosystem, for example with larger shrubs increasing snow depth and
potentially promoting increased shrubification (e.g., the shrub-snow
hypothesis (Sturm et al., 2005, 2001)).

Snow manipulation experiments, such as passive snow fences, can be
used to study these potential impacts of snow on vegetation by altering
snow-depth and melt timing (Rixen et al., 2022; Wipf and Rixen, 2010).
Such experiments provide valuable insights into shrub responses to
changes in local growing conditions (Wipf and Rixen, 2010), despite
uncertainties related to predicting Arctic precipitation patterns and
landscape-scale snow cover (Bintanja et al., 2020; McCrystall et al.,
2021; Rixen et al., 2022). However, shrub responses to snow vary, with
both negative (e.g., lower live cover (Cooper et al., 2019)) and positive
(e.g., increased stem length (Blok et al., 2015)) influences observed on
Arctic shrubs across different species, studies, and habitat types
(Morsdorf and Cooper, 2021). Our understanding of the overall effect of
changing snow-cover on Arctic shrub dynamics remains limited due to
these varying responses, exacerbated by a lack of studies focused on the
influence of snow cover on radial growth and the underlying cellular
mechanisms (Power et al., 2022).

Quantifying xylem cell traits can establish mechanistic links between
radial growth and climatic or environmental factors, as these traits have
been demonstrated to adjust to growing conditions and concurrently
influence plant growth and survival. The plant water-transport system,
in particular, can be influenced by internal (e.g., ontogeny and allometry
(Anfodillo et al., 2013; Olson et al., 2020; Zhao, 2015)) as well as
external factors (e.g., climate and herbivory (Nielsen et al., 2017; Pre-
ndin et al., 2020)). Larger vessels, according to Hagen-Poisseuille’s law
(Baas and Schweingruber, 1987; Hacke and Sperry, 2001), contribute to
greater hydraulic efficiency (Fonti et al., 2010), and thus may poten-
tially lead to increased growth rates (Nielsen et al., 2017). Additionally,
the spatial arrangement of these vessels can influence xylem functioning
(Martinez-Vilalta et al., 2012); vessels can be grouped together, allowing
for transport among conduits (Carlquist, 2009; Loepfe et al., 2007).
Larger vessels and vessel-groups, while increasing conductance, also
pose a higher risk of embolism occurrence and spreading (Loepfe et al.,
2007; Tyree et al., 1994), impacting survival during extreme conditions
such as drought and freeze-thaw events (Brodribb et al., 2020; Feild and
Brodribb, 2001; Gorsuch and Oberbauer, 2002; Mayr et al., 2007; Tyree
and Sperry, 1989). Hence, the two critical properties of the overall
transport system, conductance and resistance to embolism, tend to
favour contrasting traits (Loepfe et al., 2007). Understanding the factors
influencing phenotypic plasticity and genetic variability of the hydraulic
architecture can offer insights into the mechanisms underlying re-
sponses at individual, species, and site-specific levels, especially as
temperatures, and the frequency of extreme events, increase across
Arctic ecosystems (Gorsuch et al., 2001; Nielsen et al., 2017; Pedersen
et al., 2015; Wang and Callaway, 2021).

Here, using methods of dendroanatomy, we analyse responses of two
widespread deciduous Arctic shrub species Salix glauca L. and Betula
nana L., in a snow manipulation experiment in Western Greenland. We
examine the impact of snow accumulation and soil moisture on radial
growth and xylem anatomical traits, focusing on annual ring width and
traits related to water transport and hydraulic efficiency (Table 1).
Specifically, taking into account allometric and ontogenetic variability,
we 1) test the species-specific effects of the snow accumulation
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Fig. 1. Schematic of a snow fence in both winter and spring, showing the potential influences of the snow treatment on the growing conditions. Arrows indicate our
hypotheses of how each effect may influence shrub growth and anatomy. Green arrows indicate a positive influence (i.e., increased growth and increased hydraulic
efficiency) while orange arrow indicates a negative influence (i.e., decreased growth and decreased hydraulic efficiency).

treatment, and 2) test the differences in the shrub responses between the
wet and dry site.

We hypothesise, due to increased water availability in the beginning
of the growing season and more protection in the winter, annual radial
growth and hydraulic efficiency (i.e., hydraulic conductivity and vessel
size) and connectivity (i.e., vessel group size) will be greater in the in-
dividuals under increased snow accumulation (H1). In addition, we
hypothesise, due to the increased water availability and less threat of
drought during the growing season, radial growth and hydraulic effi-
ciency and connectivity will be higher in the individuals growing at the
wet site compared to the dry site, irrespective of snow treatment (H2).

2. Methods
2.1. Site and experimental design

The study area is located in the transition zone between continuous
and discontinuous permafrost in the Blesedalen valley on Disko Island
(Qegqertarsuaq) (69°16'N, 53°27'W), in Greenland (Kalaallit Nunaat).
The samples were collected from areas adjacent to snow fences within a
snow manipulation experiment established by the Center for Permafrost

(CENPERM) and the Arctic Station, both University of Copenhagen. The
experimental setup has 12 fences, each 14.7 m in length and 1.5 m in
height, in two distinct vegetation types, approximately 200 m apart: six
fences in a well-drained tundra heath (the “dry” site) and six fences in a
wetland characterised by grasses (the “wet” site) (Voriskova et al., 2019)
(Fig. S1). The vegetation is taller at the wet site (Christiansen et al.,
2017), dominated by Carex ssp., Eriophorum angustifolium, Paludella
squarrosa, Tomentypnum nitens, Salix arctophila and Dryas octopetala
(Voriskova et al., 2019). While the dry site is dominated by a mix of
shrubs including Vaccinium uliginosum L., B. nana, S. glauca, Empetrum
nigrum L., and Cassiope tetragona (Lindwall et al., 2016). The soil consists
of basaltic rock fragments, with the dry site having a thin (~5-10 cm)
organic horizon and the wet site having a thick (~20 cm) peat layer
(Voriskova et al., 2019). The permafrost table is lower in the dry site
(>3 m below the ground) than at the wet site (~0.5 m below the ground)
(Christiansen et al., 2017).

The fences were installed in July 2012 (dry site) and July 2013 (wet
site) to allow for accumulation of wind-drifted snow on the lee (“snow™)
side of the fence (South) and ambient levels of snow on the windward
(“control”) side (Fig. S2).
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Table 1

Descriptions of anatomical variables quantified in this study (Anadon-Rosell
et al., 2018). Based on high correlations between the quantified variables, we
selected the variables in bold for analyses and discussion.

Function Parameter Acronym  Units Reference
Growth Annual ring width RW pm -
Hydraulic Theoretical xylem- Ks m? (Tyree and
Efficiency specific hydraulic MPa ! Ewers, 1991)
conductivity st
Theoretical hydraulic Kh m® (Tyree and
conductivity MPa ! Ewers, 1991)
s1
Mean hydraulic Dh pm (Kolb and
diameter Sperry,
1999)
95% percentile of LA95 pm? (Anadon-
vessel lumen area Rosell et al.,
2018)
Spatial Vessel Mean group size of Vm - (von Arx
Distribution ~ non-solitary vessels et al., 2013)
Vessel density CD no./ -
mm?
Vessel grouping index: Ve - (Carlquist,

Mean number of cells 2001)
per group (including
solitary cells)

2.2. Environmental data

2.2.1. Snow

To further assess how the snow fence treatment impacted the
growing conditions in general and to characterise the wet and dry site,
we utilized the following variables in relation to snow: snow melt date
(2013—2020) and spring snow depth (2014-2020). These variables
were measured at four fences: three in the dry site and one in the wet
site.

Snow depths were estimated from approximately 18,000 photos
taken from 2012 to 2020 with Cannon 1000D cameras fixed on tripods.
Each of the four fences was photographed three times daily from April to
September (Fig. S2). Snow surveyor poles (approximately 160 cm tall
with 20 cm increments marked) were installed at the snow and control
sides of each fence. Snow depths were then manually estimated from the
photos based on the distance between the snow surface and the top of
the pole, with a resolution of 0.8 cm of snow depth per pixel (Liu et al.,
2023).

For spring snow depth, we defined spring onset day each year as the
day following April 1% when daily mean air temperature exceeded 0 °C,
recorded at a climate station located within 200 m of the dry site.

2.2.2. Soil temperature and soil moisture

To characterise our study sites and assess the impact of the fences on
the local growing conditions, we used daily soil temperature and
moisture (measured at the same four fences as the snow data, see above).
Soil temperature was measured hourly at a 5 cm depth using TinyTag
PB-5001 loggers (Gemini Data Loggers, UK). Soil moisture was
measured every 10 min as volumetric water content using Decagon EC-5
sensors (Decagon Devices, USA), giving integrated measurements of the
0-5 cm topsoil. Monthly mean values of soil temperature and moisture
from 2013 to 2020 were used for the analyses.

Science of the Total Environment 916 (2024) 169896

Due to data availability, the time frames of the environmental data
differ from those of the shrub responses. However, we used the entire
time-series available to provide insight on how the fences influence the
growing conditions in general.

2.3. Shrub sampling

The shrubs were sampled in August 2018 (dry site) and August 2020
(wet site). We aimed to collect five individuals of each species on each
side of each fence; if fewer than five individuals were present, samples
were taken from available individuals. To account for any microsite
variation within the sampling plots, we sampled S. glauca and B. nana
individuals growing relatively close to each other, when possible.
Collected shrubs of the same species were approximately 2 m apart,
where possible, to avoid sampling clonal individuals (Fig. S1 B). To
ensure control individuals were not impacted by the fence, we selected
those growing at least 2-4 m from the control (North) side of the fence,
while snow side individuals were within ~1-2 m from the fence, i.e.,
within a distance that experienced increased localised snow
accumulation.

Using gardening shears, a section of the main stem (at least 25 cm
from the tip) of each individual was collected in the field (root collars
could not be sampled due to ongoing experiments). The distance from
the cut to the tip of the stem, as well as the distance to the fence, the
vegetative height, and the stem diameter were measured and recorded
for each individual.

In total, 210 shrubs were sampled (60 S. glauca at the wet site, 60
S. glauca at the dry site, 30 B. nana at the wet site, and 60 B. nana at the
dry site).

2.4. Dendroanatomical analyses

Samples were cut into 12-15 pm thick micro-sections with a rotary
microtome (RM2245, Leica, Heidelberg, Germany). Sections were
stained with 1 % safranin and 0.5 % astrablue and permanently fixed
with Eukitt (BiOptica, Milan), following standard protocols (Gartner and
Schweingruber, 2013; von Arx et al., 2016). Digital images of each
section were captured at 100x magnification (D-sight, Menarini Diag-
nostic, Florence, Italy (1.99 pixel/pm) and Axio Scan Z1, Zeiss, Germany
(2.26 pixel/pm)). From the 210 individuals sampled, we selected a
subset of 80 (ten samples per treatment, per moisture regime, per spe-
cies) to be analysed in this study, based on sample age (minimum age of
ten years) and being of high enough quality for conducting the
anatomical analyses. This number of replicates is in line with recent
shrub dendroanatomical studies (eg., Anadon-Rosell et al., 2018;
Ganthaler and Mayr, 2021; Piccinelli et al., 2023).

Growth rings were first measured using CooRecorder (Larsson,
2014), with at least two radii measured for each cross-section, taking
care to include wedging rings. Visual crossdating was performed within
and between individuals, and the output was statistically checked using
COFECHA (Holmes, 1983).

Within each cross-section, we defined a wedge, centered at the pith
and with a consistent angle (a = 60°), to be analysed using ROXAS
v.3.0.548 (von Arx et al., 2013; von Arx and Dietz, 2005). We selected
the wedge based on its quality (i.e., avoiding imperfections such as
cracks and broken cell walls) and inclusion of as many rings as possible
that were present in the sample. Annual rings were manually traced in
ROXAS, with reference to the measurements in CooRecorder to ensure
inclusion of wedging or missing rings. In total we analysed 1167 radial
rings (634 in S. glauca and 533 in B. nana).

For each growth ring, we quantified the following hydraulic related
variables: a) vessel density (CD), b) vessel lumen area at 95 % percentile
(LA95), c) vessel grouping (mean group size of grouped vessels per
annual ring (Viy), and the mean number of vessels per group, including
solitary vessels (Vg)), €) mean hydraulic diameter (Dh), and f) hydraulic
conductivity (theoretical hydraulic conductivity (Kh) and theoretical
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Fig. 2. Cross-sections of A) Salix glauca and B) Betula nana, both from the wet site. Insets highlight an example of a solitary vessel (in the centre of the blue box) and a

vessel group (in the centre of the red box) from each sample.

xylem specific conductivity (Ks)) (Table 1). As the variables within each
group (grouped by general function) were highly correlated with each
other, as well as with RW, we selected a subset of anatomical variables to
present: theoretical xylem-specific hydraulic conductivity (Ks) to
represent hydraulic conductivity, the largest vessels (LA95) to represent
earlywood vessel size, and the mean group size of grouped vessels per

annual ring (Vi) to represent spatial vessel distribution (Anadon-Rosell
et al., 2018) (Fig. 2). Correlations between RW and the quantified hy-
draulic related variables are shown in Fig. S3. In total we analysed
49,866 vessels (28,823 in S. glauca and 21,043 in B. nana). The entire
quantified ring width and anatomical time-series covered the period
1991-2019 for S. glauca (wet site: 1991-2019, dry site: 1991-2017) and
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1998-2019 for B. nana (wet site: 1998-2019, dry site: 2003-2017) (Fig.
S4).

2.5. Statistical analyses

To assess the differences in growing conditions (soil moisture, soil
temperature, snow depth, and snow melt date) between the treatments
within each site and between the sites, we performed paired wilcox tests
using the “compare_means” function in the ggpubr package (Kassam-
bara, 2023).

To investigate the effects of treatment and site on radial growth and
anatomical traits, we first accounted for ontogenetic trends (Carrer
et al., 2015) by calculating the residuals of each response variable in
relation to cambial age. The residuals were calculated using the tune
package (Kuhn, 2023) within the tidymodels meta-package (Kuhn and
Wickham, 2020), fitted with a natural cubic spline using the “ns”
function in the splines package (R Core Team, 2022). To determine the
most reasonable number of degrees of freedom to use in the spline, we
divided the dataset into a training set (75 % of the dataset) and a test set
(25 % of the dataset). A hyperparameter grid ranging from 2 to 18 de-
grees of freedom, in intervals of 2, was used to evaluate nine alterna-
tives. We then used a random tenfold cross validation within the training
set to select the best model based on the root mean square error (Kuhn
and Johnson, 2018). Once the best hyperparameter of the degrees of
freedom was selected, we trained the model with this number of degrees
of freedom. This process was followed for each response variable and
species separately for years with a minimum of five individuals per
species (across all sites and treatments). Although age-related trends
were not prominent for all variables, for consistency we used the re-
siduals as the response variables for all models (Fig. S5).

To examine the effect of the snow treatment and moisture (site), we
employed linear mixed effects models. All models were fit using the
“Ime” function from the nlme package (Pinheiro et al., 2022; Pinheiro
and Bates, 2000). In each model, individual ID was used as a random
effect to account for individual differences and dependencies within
measurements. Using the measured distance of the wood cut to the tip of
the stem, we reconstructed the retrospective distance to the stem apex
for each year, assuming constant rate of primary growth per year. This
reconstructed distance was included in all models as a fixed effect to
account for allometric trends. We included a residual auto-correlation
structure (corAR1) (Pinheiro et al., 2022) to account for temporal
dependence of response variables within individuals. Assumptions of
normality and homoscedasticity of residuals were visually assessed and
accepted for each model (Zuur et al., 2010). We tested each model for
collinearity by using Generalized Variance-Inflation Factors (GVIF) in
“vif” function in the Car package (Fox and Weisberg, 2019). Marginal
and conditional pseudo R? for each model was calculated with the
function “r.squaredGLMM” in the MuMIn package (Barton, 2023).

See sub-sections below for the fixed effects included in the different
models based on our hypotheses (“fullpy,”) for the treatment and site
analyses, respectively. To test if any observed differences were due to
the treatment/site and not due to temporal trends, individual vari-
ability, or allometric trends, we performed an ANOVA on each of the
fullpyp, models and two alternative models: 1) the null model, including
just the autocorrelation term and the random effect of ID, 2) the nullgj
model, the same as the null model, but with distance to apex as a fixed
effect. We accepted the fullpy, model if the ANOVA showed it was
significantly (p < 0.05) different from each of the alternative models.

Due to differences in shrub ages, sampling year, and fence installa-
tion years, the response variables for each species/site combination had
varying timeframes: the treatment period (i.e., years after fence instal-
lation) was 2013-2017 for the dry site and 2014-2019 for the wet site.
To test for treatment effects, we analysed an equal number of years
before and after the fence installation (i.e., five and four years before and
after the fence installation for the wet and dry sites, respectively). For
the site analyses (i.e., examining the influence of moisture regime), only
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the common time period between the sites and species (2004-2017) was
included.

2.5.1. Treatment models (H1)

To investigate differences in growth and anatomical traits of B. nana
and S. glauca before and after the installation of the snow fences (H1),
we fit separate linear mixed effect models for each combination of
species, site, and response variable (RW, Ks, LA95, V)y). We created two
factor variables: period (years before the fence installation as “pre” and
years after as “post”) and treatment (“snow” and “control”). In all fullyy,
models, the distance to apex and an interaction between treatment and
period were included as fixed effects.

2.5.2. Site models (H2)

To investigate the effect of site (wet versus dry) on radial growth and
xylem traits (H2), we fit linear mixed effect models for each species and
each of the four response variables. In all full,y, models we included the
distance to apex and an interaction between site and year. A random
effect of treatment, along with ID, was first included to account for
variation among individuals growing on the different sides of the fence,
whether this variation was due to the treatment or due to unexplained
variation between the plots. However, as the inclusion of this factor did
not change the results, and the models with and without treatment as a
random effect were not significantly different (p > 0.05), we present the
models with ID as the only random effect.

2.5.3. Post-hoc comparisons

We performed post-hoc tests on the estimates from the full,y, models
to determine significant differences between factors (treatments and
sites) using the “emmeans” and “pairs” functions from the emmeans
package (Lenth, 2023). For the treatment models (H1), we compared the
mean of each of the responses before and after the fence establishment at
the control and treatment plots, respectively. Contrasting significance
between treatment and control sides (i.e., a significant difference on one
side of the fence, but not on the other) would suggest an effect of the
treatment. For the site models (H2), we compared both the mean
response and the change in response (i.e., slope), between the sites.
While differences in means would indicate an overall difference between
the sites, a difference in slopes suggests a difference in the trend over our
study period.

All the analyses were performed in R version 4.2.1 (R Core Team,
2022).

3. Results
3.1. Snow depth effect (H1)

As expected, the fences increased snow accumulation and delayed
snow melt at the snow plots (Table 2). Snow plots had on average an

Table 2

Average monthly values (+1 S.E.) of the environmental variables quantified
from 2013 to 2020 for each treatment (control = ambient and snow = increased
snow) and site. Units: soil moisture — decimal volume %, soil temperature —
temperature degree days over 0 °C, snow depth — cm, snowmelt date — day of
year.

Wet (n = 1 fence) Dry (n = 3 fences)

Control Snow Control Snow
Avg. Soil Temp  57.9 67.0 66.9 (+6.7) 64.9 (+6.5)
(£14.4) (£12.8)

Avg. Soil 0.272 0.273 0.091 0.098
Moisture (£0.026) (£0.021) (£0.0039) (+0.0051)
Avg. Snow 67.1 85.9 54.2 (£1.04) 72.3 (+£0.85)

Depth (£1.13) (£0.95)
Avg. Snow Melt  156.2 160.3 153.8 158.4
Date (+1.69) (+1.42) (£0.92) (+0.85)
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increase in snow depth of 21.1 cm (39 %) (3.1-44.4 cm) at the dry site
and 18.8 cm (28 %) (-2.8 [i.e., the control had 2.8 cm more snow than
the treatment] — 31.1 cm) at the wet site (Figs. S6, S7). Snowmelt was
delayed by an average of 5 days per year (2-9 days) at the dry site and
4.6 days per year (1-9 days) at the wet site. Despite this, we did not find
a significant effect of the snow fences on the average monthly soil
moisture or temperature (Figs. S6, S7).

Contrary to our hypotheses, we did not detect any significant (p <
0.05) influence of the snow treatment on RW, Ks, LA95, or V) for either
species (Figs. 3, 4, Table 3). The fullpy, model did not significantly differ
from the null model for eight of the 16 models, and did not differ from
the nullgiss model for 12 of the 16 models, indicating minimal evidence
of any effect of the snow treatment, once taking into account temporal,
ontogenetic, allometric, and individual related variation. Detailed out-
puts can be found in Tables S1, S2, and S3.
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Furthermore, post-hoc comparisons confirm this lack of significant
difference in xylem traits before and after the fence installation (Fig. 4,
Table S3). While Ks and LA95 for S. glauca at the wet site and RW and
LA9S5 for B. nana at the dry site showed differences before and after the
fences were installed, these differences were observed on both the
control and snow sides, indicating they were not due to the snow
treatment. In addition, the RW of S. glauca and V) of B. nana, both at the
dry site, showed significant differences at the control and snow sides of
the fences, respectively. However, neither of these models are signifi-
cantly different from their respective null models (p > 0.1), suggesting
this difference is not due to the treatment.

3.2. Site effect (H2)

As expected, average monthly soil moisture was higher at the wet site
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compared to the dry site (p < 0.001), while soil temperature did not &7 .
significantly differ (p = 0.28) (Fig. S8). Spring snow depth was also 5 ‘é ‘g
greater at the wet site (p < 0.05), while spring snow melt date did not o8 x
significantly differ (p = 0.82). = g 2
As we did not find evidence of an effect of the snow treatment, we 5 % o 0 Il "
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significantly differed from both the null and nullgi models. Detailed % Tré gledazsaiag
outputs can be found in Tables S4, S5, and S6. E z “z:
) &?—‘j —
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RW only greater for B. nana 3 2 ° H =
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(Fig. 5, Table $S6). LA95 was higher at the wet site for both species (p < = [ HEIEEEEFE R
0.01), and mean V) was significantly higher at the dry site for both (‘y § .
species (p < 0.01). Mean RW for B. nana was greater at the wet site than ‘g E é
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RW between the sites (p > 0.1) (Table S6). s = —
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In addition to mean differences, post-hoc analyses revealed differing 82 BI2EREA8aN
site-specific trends (i.e., slopes) over the common 13-year period § 151 T
(2004-2017) (Figs. 6, S9). Trends in RW of B. nana and S. glauca did not _c: 5 ‘;
significantly differ between the sites (p > 0.1). However, the trends in Ks i) 'g i
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4. Discussion g § . o
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Contrary to hypothesis one, we did not observe a significant effect of g ‘é ;I E -
the snow treatment on any response variables for either species at either E ¥4 o @ 9 .
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among the traits and species analysed. Notably, both species exhibited g 52 el omeyeae
higher LA95 and Ks at the wet site, while Vy; was higher at the dry site. E 8 § D
Only Ks and LA95 in B. nana showed differences in adjustments over % £ i
time, with positive trends observed at the wet site and negative at the 4 § 2 g
dry site. Additionally, RW was greater at the wet site for B. nana, but > £ “‘é ez
S. glauca RW showed no differences between the sites. Our results, >E 8T 3 7 é : g 3
therefore, indicate an influence of soil moisture — rather than snow — on ] P z :; M ox X H i
xylem anatomy. Anatomical traits showed increased hydraulic effi- 5ﬂ 5 3 ugn Z|l22q G a E el
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natural variability in snow depths and melt dates for Arctic shrubs, this E RO« x
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between the positive and negative effects of this increased snow (Cooper
et al., 2019); for example, any potential benefits of warmer soil may be
negated by a shortened growing season, as delayed snow melt may also
delay onset of xylogenesis (Vaganov et al., 2005). Moreover, unac-
counted site-specific characteristics may have counteracted any effect of
the increased snow, possibly explaining the lack of differences in the
measured soil characteristics. For instance, the melt water from
increased snow may not have been retained in the soil due to the slope,
or, any impact may have been offset by a naturally occurring nearby
snow drift supplying meltwater to both the snow and control sides of the
fences.

Lastly, while our analyses focused on four xylem responses, other
aspects of shrub growth and development - such as phenology, primary
growth, leaf and root traits, and other anatomical characteristics - may

10

exhibit responses not captured in our study (e.g., Assmann et al., 2019;
Blok et al., 2015; Christiansen et al., 2018; von Arx et al., 2012).
Additionally, the hydraulic architecture may vary within individuals
across different parts of the shrub; thus, the analysed section may not
necessarily represent the plant’s overall hydraulic architecture (Meinzer
et al., 2010).

In our analyses, the random effect of individual shrub explained
much of the variation, compared to the treatment or site effects (Table
S1, S4). This highlights the wide range of variability between individuals
perhaps related to intrinsic intra-specific differences (e.g., genetic
(Pfenninger et al., 2021)) or individual adjustments to micro-site con-
ditions not accounted for within each site (Dobbert et al., 2021a). This
high amount of inter-individual variation is not atypical for
dendrochronological-based studies, as wood formation in each
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Fig. 6. Differences in trends, represented as linear relationships, of estimated responses between study sites for each species from 2004 to 2017. Plots are based on
models for each response variable and species combination. P-values represent significance of differences in slope between the sites, based on post-hoc comparisons.
Significance of explanatory variables, including interaction between site and year, are not shown, and can be found in Table S4. Note the varying y-axis scales.

individual is based on a multitude of unique intrinsic and extrinsic
variables (Trouillier et al., 2018). However, this high level of variation
may have obscured some patterns related to the treatment in our data.

While our study has not found a response to the increases of snow in
our experiment, other studies have found snow to be an important driver
of shrub growth, for example being identified as the key driver of radial
growth of Juniperus communis L. in the Alps (Carrer et al., 2019) and that
of Salix alaxensis in Western Canadian Arctic (Zalatan and Gajewski,
2006). However, the influence of snow on shrubs is complex, as it in-
volves many co-varying factors and potential feedback mechanisms. For
example, radial growth of Vaccinium myrtillus L., also in the Alps, was
greater at sites with late snowmelt, but only in years with cold summers
(Rixen et al., 2010). Therefore, future studies incorporating different
snow treatments (e.g., manual snow addition and removal) and assess-
ing a broader range of environmental conditions and shrub traits over an
extended period could provide further insights into the effects of
changing snow depths. This would help clarify if the observed lack of
shrub responses in our study was due to the specific conditions at our
study site or due to xylem in our study species being resilient against
relatively small changes in snow cover.
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4.2. Drought-related stress and freeze-thaw cycles may play a role in
vessel size and grouping

As there may be a trade-off between efficiency (i.e., water and
nutrient transport) and safety in the xylem hydraulic architecture
(Prendin et al., 2018; Tyree et al., 1994), phenotypic plasticity may
enable shrubs to adjust their anatomical features to better cope with
changing growing conditions (Anderegg, 2015). At the wet site, where
drought-related stress is less likely, the larger vessels promote enhanced
water and nutrient transport, while conversely, the smaller vessels at the
dry site enhance resistance to cavitation during dry periods (Jacobsen
etal., 2005; Liu et al., 2019). Thus, the smaller vessels in each species at
the dry site may be interpreted as a response to cope with extreme
conditions (Gorsuch et al., 2001). Additionally, the larger V) at the dry
site may provide alternative pathways in times of drought, so nutrient
and water transport may continue even if some vessels experience
embolisms (Carlquist, 1984, 2009). As we observed greater vessel
groups overall at the dry site (i.e., static for the study period), but no
difference in slope (i.e., plastic over the study period), this difference
may be a result of either phenotypic or genotypic variations between the
sites (Anderegg, 2015; Callaway et al., 2003; Chevin et al., 2010;
Matesanz et al., 2010).

While our study focused on moisture, and thus drought-induced



C.C. Power et al.

stress, shrubs may also respond to frost-related stress by favouring safety
over efficiency. As both arid areas and regions prone to freeze-thaw
events are expected to trigger similar shrub xylem responses - i.e.,
increased protection against cavitation (Ewers et al., 2007; Maherali
et al., 2004) — it is difficult to distinguish between these potential drivers
in our study. However, if freeze-thaw stress was the predominant driving
factor at our study site, we would expect a significant influence of the
increased snow, as it would likely provide protection against such
events. Additionally, we would expect substantial evidence of frost
damages (i.e., frost rings) in the xylem. However, we observed minimal
evidence of such damages in our samples, and a similar lack of frost
damage has been previously noted in B. nana and S. glauca also growing
in Western Greenland (Young et al., 2016). Lastly, it is feasible that
shrubs growing in this environment have adapted to cope with repeated
freeze-thaw cycles (e.g., Dobbert et al., 2021a, 2021b), while the water-
limitation due to increased temperatures would be a relatively novel
challenge.

4.3. Radial growth of B. nana, but not S. glauca, responsive to soil
moisture

The assessed responses provide insight on the ability of shrubs to
adapt to their growing conditions by adjusting the xylem structure.
Although differences were observed in hydraulic efficiency and vessel
spatial distribution in both species, they coincided with differences in
radial growth only in B. nana. This moisture limitation to B. nana growth
is in line with recent findings also in Western Greenland (Gamm et al.,
2018), and may suggest potential declines in B. nana growth rates at dry
Arctic areas with increasing temperatures. In contrast, S. glauca did not
show sensitivity to soil moisture, suggesting growth in this species may
be more limited by other factors such as air temperature (e.g., Ackerman
et al., 2018). However, it is also possible that the lack of response in RW
is due to S. glauca having a more lagged response; being more influenced
by allometric or ontogenetic trends; or, as growth responses vary within
individuals (Ropars et al., 2017), it is also possible that growth rings at
different parts of the shrub, i.e., at the root collar or roots, may be more
influenced by soil moisture than at the stem.

The greater RW for B. nana at the wet site, likely due to the increased
efficiency of water transport, is similar to findings from Nielsen et al.
(2017), where increased ring widths were also found in relation to
increased hydraulic conductivity in B. nana growing in Western
Greenland. However, the relationship between growth and hydraulic
traits can be complex, with results varying between species, studies, and
sites. This is evidenced, for example, by greater LA95 in S. glauca at the
wet site not coinciding with increased growth in our study, and Anadon-
Rosell et al. (2018) observing increases in growth in Vaccinium myrtillus
related to rising temperatures without an increase in vessel size. Our
results suggest that hydraulic efficiency is limiting for B. nana growth,
but not S. glauca at our study site, and indicate that metrics related to
hydraulic properties may provide more insight into functional responses
in S. glauca than ring width (von Arx et al., 2012).

4.4. Implications and outlook

Shrubs possessing larger vessels and higher xylem conductivity tend
to have a competitive advantage due to the increased uptake of water
and nutrients, potentially resulting in increased photosynthesis and
growth rates (Nielsen et al., 2017). However, they are also more
vulnerable to cavitation that could lead to decreased productivity or
even death of individuals. Moreover, it has been previously estimated
that plants having conduit diameters of 30 pm and greater are particu-
larly vulnerable to freezing induced cavitation (Davis et al., 1999;
Gorsuch and Oberbauer, 2002). We found that S. glauca at the wet site,
having larger vessels overall, reaches this threshold (34.0 pm at the wet
site, 26.8 um at the dry site), while B. nana is well below this threshold at
both sites (24.0 pm at the wet site and 17.1 pm at the dry site) (Table 3).
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While larger vessels may promote S. glauca growth and competitive
ability, potentially allowing it to outcompete smaller statured plants,
including B. nana, loss in conductivity due to damages during extreme
events may lead to decreased growth and long-term survival rates
(Gorsuch and Oberbauer, 2002; Hacke and Sperry, 2001). This may thus
give more of an advantage to B. nana and other species with safer hy-
draulic architectures in a more uncertain future.

Our study species, being dominant shrubs with circumpolar distri-
butions, are among the drivers of Arctic greening trends (e.g., Bonta
et al., 2023; Forbes et al., 2010). As vessel size is expected to increase
with rising temperatures (e.g., in S. pulchra (Gorsuch and Oberbauer,
2002) and in B. nana (Nielsen et al., 2017)), these increases may drive
further Arctic shrubification. Larger deciduous shrubs, such as S. glauca
and B. nana, could continue to impact species diversity by outcompeting
smaller species, including lichens, bryophytes, herbaceous plants, and
evergreen shrubs (e.g., Fraser et al., 2014; Gorsuch et al., 2001). How-
ever, as previously discussed, this advantage may be counteracted if
extreme events also increase. A deeper understanding of how growing
conditions influence the plant water transport system may help explain
the heterogeneity of shrub responses across, and even within, sites. As
shrubification can have far-reaching ecological impacts, such as those
related to nutrient and carbon cycles (Mekonnen et al., 2021; Schore
et al., 2023; Vowles and Bjork, 2019), understanding shrub anatomical
plasticity can lead to a better understanding of Arctic ecosystem pro-
cesses in a changing climate.

5. Conclusion

Based on our analysis of 80 S. glauca and B. nana shrubs in a snow
manipulation experiment, we found the xylem hydraulic architecture,
along with growth in B. nana, was dependent on soil moisture but not
the snow treatment. Understanding the physiological plasticity of these
species is important for predicting future shrub expansion, as changes in
these traits can be directly linked to a species’ ability to cope with
changing growing conditions (Dobbert et al., 2022). Our findings pro-
vide a mechanistic perspective for differential success of two dominant
shrub species growing in different moisture regimes. Here we provided
insights from one site in Western Greenland, though more long-term and
site-specific studies employing multi-proxy and integrative approaches
are needed to enhance our understanding of how snow and moisture will
influence shrub heterogeneity across the Arctic. Increasing our under-
standing of Arctic vegetation at the cellular level can ultimately improve
our insights into the underlying mechanisms driving shrub responses
and inform projections of ecological change in the region.
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