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Measures of increased tundra plant productivity have been associated with
the accelerating retreat of the Arctic sea-ice. Emerging studies document
opposite effects, advocating for a more complex relationship between the
shrinking sea-ice and terrestrial plant productivity. I introduce an auto-
regressive plant growth model integrating effects of biological and climatic
conditions for analysing individual ring-width growth time series. Using
128 specimens of Salix arctica, S. glauca and Betula nana sampled across
Greenland to Svalbard, an overall negative effect of the retreating June
sea-ice extent was found on the annual growth. The negative effect of the
retreating June sea-ice was observed for younger individuals with large
annual growth allocations and with little or no trade-off between previous
and current year’s growth.

1. Introduction

A comprehensive number of studies support the common notion that the accel-
erating retreat of the Arctic sea-ice has caused the recently observed increase in
plant productivity across the Arctic tundra [1,2]. The positive trend in observed
satellite-based normalized difference vegetation indices (NDVI) has most often
been used to support the causal relationship between sea-ice extent and plant
productivity [1,4]. Specifically, the loss of near-coastal sea-ice has caused the
temperature to rise along the Arctic Ocean [1], resulting in the observed
increase in plant productivity [3]. Invoking warming as the mechanism for
increased growth has been supported by the in situ warming experiments
across the western Arctic [4].

Although the relationships between trends of NDVI and sea-ice extent are
largely negative, notable variations are found across the Arctic, even with
locally significant declines in productivity [2,5] and greenness of above-
ground tundra vegetation [5-8]. Specifically, on Svalbard, browning of dwarf
shrubs has been reported probably related to increased frequency of winter
icing effects [9]. NDVI, especially satellite-based indices, measures congregated
vegetation responses to climate without incorporating potential biotic inter-
actions such as individual life-history traits [10] and plant—animal
interactions [5,11]. Indeed, herbivory of muskoxen and caribou have been
found to repress growth responses of arctic deciduous shrubs to experimental
warming with up to 46% [11]. Hence, local environmental conditions may
potentially interact with plant growth responses to climate change [10],
which calls for an individual-based approach.

Recently, the role of the declining sea-ice extent on plant productivity was
addressed specifically by integrating analyses of individual-based time series
of tree-ring width measurements [12]. These results demonstrated a consistent
growth decline during the late twentieth century warming through enhanced
moisture stress amplified by the declining sea-ice concentration. Elaborating,
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I introduce an autoregressive plant growth model for analys-
ing how current year plant growth is concurrently influenced
by intrinsic temporal dependence (i.e. previous year’s growth
allocations), herbivory and climate variations mediated by
the Arctic sea-ice extent. Rather than developing true chrono-
logies for species [13], I have opted for an individual-based
plant growth model, which allows for comparing individual
growth responses within as well as across sampling locality.
Capturing such individual variations would not be possible
using across-individual dendroclimatological reconstructions
[14]. The individual-based autoregressive model is applied to
tundra shrub tree-ring time series from eight locations
across Greenland to central Svalbard.

2. Material and methods

(a) Individual plant growth model
It has long been recognized [15,16] that time-series data of tree-
ring widths display significant autocorrelation and rarely
represent white noise. The within and across species variance
in the estimates of the autoregressive coefficients have not been
discussed previously in detail for annual plant growth time
series. However, it is known that variations in the auto-covariate
structure of biological time series provide significant information
on intrinsic as well as inter-trophic biotic interactions [17,18].
Assuming concurrent additive effects of lagged temporal
dependence and climate, current year’s growth (G, of a
long-lived, iteroparous plant species may be written as a
second-order autoregressive model with climate (C;) as a covariate,

Gy =bo+ 011G 1+ b2Gy o +1Cy, (2.1)

where the autoregressive coefficients b; and b, quantify the direct
effect of last year’s growth allocation (G,—1) and effect of delayed
growth allocation (G;-»), respectively. Following previous model
studies [18,19], we may argue that direct temporal dependence
(b1) embraces the combined effects related to growth constraints
imposed on previous year’s growth allocation and/or to density
dependence in resource acquisition [19]. Specifically, for b; > 1
we find no trade-off between current and last year’s growth. How-
ever, for by <1 this trade-off will increase with decreasing values
of by. Delayed temporal dependence estimated by b, has been
shown to depend on inter-trophic interactions [18]; for annual
growth time series of the plant species of Salix and Betula, the
former may reflect changes in herbivory [20].

The long-term annual growth equilibrium G* is found from
equation (2.1) when G, = G;,_1 = G;_, = G*,

G — by +¢1C

Hence, for long-lived, iteroparous plant species, equation
(2.2) suggests that G* is related to intrinsic trade-off between
previous and current year growth (b;) and extrinsic influences
of climate (c;) and herbivory (b,).

(b) Data and analyses

During 2002-2010, a total of 128 individual dwarf-shrubs
were sampled across eight arctic locations from southwestern
Greenland to Svalbard, of which 27 individuals were B. nana,
43 S. glauca and 58 S. arctica (figure 1a; electronic supplementary
material, figure S1). Year of sampling was not included in the
tree-ring time series. All species are long-lived, tundra shrub
species native to the Arctic. In contrast to the prostrate growth
of B. nana and S. arctica, S. glauca grows erect and may be
found up to 2-3 m in favourable habitats in Greenland [22]. In
all species, growth is seasonal with well-defined, annual
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Figure 1. (a) Map with the six locations where 128 individual specimens of
S. glauca, S. arctica and B. nana were collected. For each location is given
latitude and the number of collected individuals. Average length of growth
time series was 34.27 £ 1.62 (+s.e.m.) years with a minimum length of
11 years and a maximum length of 116 years. (b) Variations in the average
estimated autoregressive coefficients b, (direct temporal dependence) and
and b, (delayed temporal dependence) (equation (2.1)) across locations.
(c) Latitudinal variations in the estimated average effect of June sea-ice
extent (¢;) and annual growth (G,) and long-term annual growth equilibrium
(G*). Horizontal bars indicate + s.e.m.

growth rings suitable for establishing time series of annual
growth-ring chronologies [23].

Following techniques previously applied [24], 20 um micro-
sections were cut from each stem, stained and then mounted
on slide frames. Slides were then digitally scanned for increased
photographic contrasting and finally enlarged for the process of
measuring tree-ring widths. On each microsection 3-9 radii were
measured electronically [13]. To provide optimal cross-dating
within each locality, radii were compared to find missing
rings following previous applied standard procedures using
multiple cross-sections of the sampled stem. For details, see
references [13,14].
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To estimate the relative importance of intrinsic (autoregres-
sive; by, b,) and extrinsic (climatic; ¢;) influences on annual
growth across individuals and locations, we confronted each of
the sampled 128 growth time series with the autoregressive
plant growth model in equation (2.1), where G; is the width in
millimetres of tree-ring year t and C, the Arctic sea-ice extent
(million km?) in June, year t. Time-series models specifically inte-
grating nonlinearity of density-dependence or multiplicative
population processes use In-transformations [18,19]. As
the current model does not a priori consider such processes, the
ring-width data used here were not In-transformed. The June
sea-ice extent was provided for the period 1979-2015 by the US
National Snow and Ice Data Center, University of Colorado,
Boulder (http://nsidc.org). In Greenland and on Svalbard, the
June sea-ice extent displays a strong inverse relationship with
summer temperatures and depth of active layer but only a ten-
dency to correlate positively with summer precipitation
(electronic supplementary material, table S1 and figure S3).

All analyses were done in R [21]. The function arima was
used with the order =¢(2, 0, 0) and the external vector xreg
defined by the June sea-ice extent time series. Model fitting
was done using maximum likelihood [21]. For intrinsic compari-
sons across sample locations, for each time series the G* was
estimated from a pure first-order autoregressive model with the
ar.mle function, that is for b, = ¢; = 0 in equation (2.2).

3. Results

The autoregressive structures of the annual growth time series
for B. nana, S. glauca and S. arctica displayed considerable
variance across the sampled locations (figure 1a). Specifically,
direct temporal dependence (b;) increased (i.e. decreasing
by-values) across locations towards north with the strongest
direct temporal dependence found in the specimens from
Svalbard (B. nana) and North Greenland (S. arctica; figure 1b).
By contrast, delayed temporal dependence (b,) was insignifi-
cant in most time series and displayed no trend across
latitudes (figure 1b).

Overall, the June sea-ice extent (C;) was found to have a
significant positive effect on current year growth (G,
figure 1c) in 120 of the 128 time series. However, opposite
to direct temporal dependence (b;), the effect of current
year sea-ice extent in June on annual growth (c;) decreased
towards north (figure 1c) similar to its effect on summer
temperatures (electronic supplementary material, figure S3).
The long-term annual growth equilibrium (G*) also decreased
from south to north (figure 1c).

Looking across species and locations, the estimated effects
of intrinsic and extrinsic predictors on the annual growth
response in Arctic dwarf shrubs covaried significantly. First,
as G* increased, direct temporal dependence (b;) decreased
(bh — 1; figure 2a) and the effect of June sea-ice extent (c;)
increased (figure 2b). Second, as direct temporal dependence
decreased, the effect of June sea-ice extent increased
(figure 2c). And, finally, the effect of June sea-ice extent
was dependent on the age of the dwarf shrubs: as age
increased, ¢; decreased, in particular for younger shrubs
little or no change in effect for individual shrubs aged
60 years and above (figure 2d).

4. Discussion

The overall negative influence of the retreating June sea-ice
in the Arctic on the long-term annual growth patterns of
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Figure 2. (a) Direct temporal dependence (b,) plotted against growth allo-
cation equilibrium (6*) (R* = 0.30, Fi125 = 48.2, p < 0.001). Effect of
current-year June sea-ice extent (¢;) on current-year growth (G,) plotted
against (b) G* (R = 0.49, F 155 = 88.6, p << 0.001), () by (R =10.12,
Fiis =157, p < 0.001) and (d) age (R>= 026, Fy15 =297, p <
0.001). Lines in (a—d) are fitted generalized additive models using
non-parametric smoothing splines [21].

B. nana, S. arctica and S. glauca across Greenland to Svalbard
(figure 1a), reported here, contrasts analyses of satellite data
and in situ measurements [1,3]. Indeed, surface warming
from increasing loss of sea-ice has been associated with
considerable advances in plant phenology and timing of
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peak primary production together with a longer plant growth
season [3]. Also, increases in the abundance and cover of
shrubs have been directly associated with warming exper-
iments across the Arctic tundra [4]. So, focusing on the
reported changes in timing and extent of plant growth
season, the Arctic is greening, arguably as a direct consequence
of sea-ice induced summer warming [3].

However, focusing on the long-term changes in individ-
ual annual plant growth, as in this study, the coupling to
climate may be more complex [25]. In fact, a recent study
using long-term variations in tree-ring chronologies demon-
strated spatially divergent trends, where, the sensitivity of
annual shrub growth to summer temperature varied con-
siderably across the Arctic tundra to local variations in soil
moisture, growth forms and the presence of melting perma-
frost [26]. Specifically, for the species investigated in this
study, both significant positive (50%) and negative (50%)
responses to increased summer temperatures were found in
Greenland. By contrast, the annual growth of S. polaris and
Cassiope  tetragona on Svalbard demonstrated positive
responses to increased summer temperature [26]. As these
species are exposed to different snow and moisture regimes
compared to B. nana, the divergent results emphasize the
importance of integrating species-specific requirements includ-
ing individual growth forms across landscape gradients to
evaluate growth responses to climate changes [26].

The scientific preamble of this study rests upon the
reported variability in annual growth responses to changes
in climate and offers an explanation to this by introducing
a growth model integrating both biotic and abiotic predictors
(equation (2.1)). In particular, my analyses suggest that the
spatial decrease in the effect of sea-ice extent on annual
shrub growth towards north (c;, figure 1c) may be related
to an increased dependence on previous year’s growth
(figures 1c and 2c). Physiological trade-offs embracing
energy allocation between two or more functions competing
for the same resources within a single individual is at the
heart of classic life-history theory [27]. Although variations
in the effect of temporal dependence (b;) may indicate some
energetic trade-off between current and future growth,
trade-off between growth and reproduction among years is
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