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e Background and Aims The dwarf shrub Cassiope tetragona (Arctic bell-heather) is increasingly used for arctic
climate reconstructions, the reliability of which depends on the existence of a linear climate—growth relationship.
This relationship was examined over a high-arctic to sub-arctic temperature gradient and under multi-year arti-
ficial warming at a high-arctic site.

e Methods Growth chronologies of annual shoot length, as well as total leaf length, number of leaves and average
leaf length per year, were constructed for three sites. Cassiope tetragona was sampled near its cold tolerance limit
at Ny-Alesund, Svalbard, at its assumed climatic optimum in Endalen, Svalbard, and near its European southern
limit at Abisko, Sweden. Together these sites represent the entire temperature gradient of this species. Leaf life
span was also determined. Each growing season from 2004 to 2010, 17 open top chambers (OTCs) were placed
near Ny-Alesund, thus increasing the daily mean temperatures by 1-23°C. At the end of the 2010 growing season,
shoots were harvested from OTCs and control plots, and growth parameters were measured.

e Key Results All growth parameters, except average leaf length, exhibited a linear positive response (R between
0-63 and 0-91) to mean July temperature over the temperature gradient. Average leaf life span was 1-4 years
shorter in sub-arctic Sweden compared with arctic Svalbard. All growth parameters increased in response to
the experimental warming; the leaf life span was, however, not significantly affected by OTC warming.

e Conclusions The linear July temperature—growth relationships, as well as the 7 year effect of experimental
warming, confirm that the growth parameters annual shoot length, total leaf length and number of leaves per
year can reliably be used for monitoring and reconstructing temperature changes. Furthermore, reconstructing
July temperature from these parameters is not hampered by divergence.

Key words: Cassiope tetragona, climate proxy, ‘divergence problem’, experimental warming, growth variables,

high- to sub-arctic, North Sweden, Svalbard, temperature reconstruction.

INTRODUCTION

The arctic climate is characterized by a large variability in
time and space, but the scarcity of long-term, high-resolution
proxy and instrumental climate records restricts our knowledge
of past arctic climate change (McBean et al., 2005). To in-
crease our understanding of the drivers of arctic climatic vari-
ability, a more uniform spatial coverage of past climate is
needed (ACIA, 2005). Such estimates can be obtained from
proxy records, such as ice cores, tree rings and varved sedi-
ments. In treeless environments, such as the high arctic and
at high altitudes, shrubs and dwarf shrubs provide an alterna-
tive for trees, and their dendrochronological potential for mon-
itoring and reconstructing environmental and climate changes
is increasingly studied (Woodcock and Bradley, 1994; Zalatan
and Gajewski, 2006; Bér er al., 2008; Liang and Eckstein,
2009; Hallinger et al., 2010; Rayback et al., 2010; Schmidt
et al., 2010; Blok et al., 2011; Liang et al., 2012).

Previous studies demonstrate that various annual growth
parameters of the dwarf shrub Cassiope tetragona may

provide high-resolution, arctic-wide climate proxy records
(Callaghan et al., 1989; Havstrom et al., 1993, 1995;
Johnstone and Henry, 1997; Aanes et al., 2002; Rayback and
Henry, 2005, 2006; Welker et al., 2005; Rozema et al.,
2009; Weijers et al., 2010).

If growth is, however, no longer temperature limited in the
sub-arctic, as reported by Havstrom er al. (1993), linear
growth temperature transfer functions might lead to less reli-
able temperature estimates, especially at the higher tempera-
ture margin of the geographical range of C. tetragona.
Therefore, it is important to test the climate—growth associ-
ation over wide temperature ranges and in long-term experi-
mental settings, to assess whether this association is both
temporally and spatially stable. Here, we test the climate—
growth association in C. tetragona over three sites along a
high- to sub-arctic European climatic gradient through the de-
velopment of growth chronologies, and linear regression ana-
lyses between these chronologies and monthly climate
parameters. We test whether the climate—growth relationship
in C. tetragona is fully linear over the broad temperature

© The Author 2012. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions @oup.com

€T0Z ‘c Afenuer uo usbuluois) 1BISIBAIUNSY (1Y Te /610°sfeulno [piojxoqoe//:dny wodj papeojumoq


mailto:stef.weijers@uni-bonn.de
http://aob.oxfordjournals.org/

654 Weijers et al. — No divergence in Cassiope tetragona

range. Furthermore, the response of C. tetragona to 7 years
(2004-2010) of artificial warming in open top chambers
(OTCs) at a high arctic site was analysed to assess whether
the growth response of C. tetragona to OTC warming in
Svalbard, as reported by Rozema et al. (2009), is persistent
over 7 years of experimental warming.

MATERIALS AND METHODS
Study plants

Cassiope tetragona has a circumarctic distribution and a pros-
trate growth habit. Annual growth parameters can be mea-
sured, as it forms smaller leaves at the beginning and end of
each growing season, resulting in annual wave-like leaf pat-
terns (Warming, 1908). Similarly, leaf scars are grouped
closely together at each year boundary and, from the measure-
ment of leaf scar distances, the annual number of leaves and
shoot length can be derived (e.g. Rayback and Henry, 2006).
Dead leaves may remain attached to the stems for up to
45 years and leaf scars can stay visible for periods exceeding
100 years. The relatively recent discovery of wintermarksepta
(WMS) within C. fetragona stems has enabled the measure-
ment of annual shoot length further back in time (>180
years; Weijers et al., 2010). Wintermarksepta consist of dark
bands in the pith of the stems, which coincide with lows in
leaf length and leaf scar distances, thereby demarking annual
shoot length growth (Rozema et al., 2009; Weijers et al.,
2010).

Study sites and sampling

Ny-Alesund. For the construction of growth chronologies, 21
plant samples were collected on 21 August 2010, from appar-
ently old C. fetragona stands [with the presence of long
(>50 cm) shoots] about 5-5km south-east of Ny-Alesund
(Table 1). The area is at the border between the middle
arctic tundra zone (zone C), characterized by C. tetragona
on leesides, and the northern arctic tundra zone (zone B),
where C. tetragona is absent (Elvebakk, 1999; Walker et al.,
2005). The stands were found on small, bowl-shaped,
northeast-facing slopes, on a rocky plateau.

Our research site for experimental warming is situated about
2 km southeast of Ny-Alesund (Table 1), on an elevated plane
at the south bank of Kongsfjorden. In total, 34 plots were
marked. Half of them were randomly chosen as control
plots. For the other half, temperature was increased by
placing hexagonal OTCs with a diameter of 2-2m and
height of 50 cm (Marion et al., 1997). The OTCs were in-
stalled at the onset of each growing season (mid June) and
removed at the end of the growing season (late August) in
the years 2004—2010. In this way, snow accumulation in the
OTCs during winter (Marion et al., 1997; Aerts et al., 2004)
and undesired side effects, e.g. delayed snowmelt, are pre-
vented. From each plot, three approx. 10cm long
C. tetragona shoots were randomly harvested on 19 August
2010. Afterwards, individual leaf lengths, leaf scar distances
and WMS distances of 18 control shoots and 18 OTC shoots
were measured.

Endalen. In June and August 2008 and in late August 2009, 40
plant samples were collected from the southeast-facing slope
of the valley Endalen situated about 4 km southeast of
Longyearbyen (Table 1). The site is located in the middle
arctic tundra zone (zone C). It is among the warmest sites in
Svalbard, where scattered occurrences of some low arctic
taxa such as Betula nana and Empetrum nigrum sensu lato
(s.L.) are also found.

Abisko. At the end of August 2009, 12 plant samples were col-
lected approx. 2 km south-southeast of Abisko (Table 1) for
the construction of growth chronologies. The site is character-
ized by a rich dwarf shrub community.

Climate data. Information on the climate data sources used for
each site and period, and weather stations are summarized in
Table 2. Thirty year average (1979-2008) monthly precipita-
tion sums and mean monthly temperatures for each site are
plotted in Fig. 1.

Temperatures were monitored simultaneously in OTCs and
control plots near Ny-Alesund during three consecutive
growing seasons with loggers (Tinytag Transit H temperature
loggers; Gemini Data Loggers, Chichester, UK). Temperatures
were measured in the centre of the plots every 15 min (2008)
or hourly (2009 and 2010). The temperature loggers were
placed at vegetation height, about 5 cm above soil level, under-
neath plastic shelters to avoid overestimation of temperatures
due to direct solar radiation and damage by precipitation. At
the start of the growing season in 2008, six loggers were
placed in control plots and seven in OTC plots. In 2009,
loggers were placed in two control plots and in one OTC,
whereas in 2010, loggers were placed in four control plots and
in four OTCs.

Measurement of annual growth parameters

Measurement of total leaf length, number of leaves and
average leaf length is time consuming and was performed on
a single branch per harvested plant sample only. The leaves
were removed from the top to the base of the stems (to keep
track of their exact order) and their lengths were subsequently
measured under x 30 magnification with a 0-1 mm precision
(Fig. 2). Thereafter, the distances between leaf scars on one
side of the stems were measured (x30 magnification,
0-1 mm precision, Fig. 2). Finally a thin layer of the stem
was laterally removed with a scalpel to reveal the pith and
the WMS therein. Subsequently, WMS distances (annual
shoot length) were measured ( x 10 magnification, 0-1 mm pre-
cision). For further details on this method, see Rozema et al.
(2009) and Weijers et al. (2010).

Average leaf lengths were then calculated per pair, using
either one or both of the leaves of each pair, as some pairs
were incomplete (especially those on the older part of the
shoots). The first leaf pair formed during a growing season
is usually longer than the last of the previous season.
Similarly, the shortest distance between leaf scars generally
demarks the growing season end (Fig. 2). In this study, the an-
nually summed leaf scar distances of each stem were plotted
against the accompanying WMS distances, as a reference for
the appointment of the exact year boundaries. Thereafter, the
year boundaries for the average leaf lengths per pair were
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TaBLE 1. Environmental characteristics of the four research sites, climatic data from 1979—-2008

Altitude (m asl)
Latitude N
Longitude E
Arctic sub-zone
Mean June
temperature (°C)
Mean July
temperature (°C)
Mean August
temperature (°C)
Mean summer
temperature (°C)
Mean annual
precipitation sum
(mm)

Species
composition

Number of
plants analysed

High Arctic Sub-Arctic
Ny—Alesund OTCs Ny—/u\lesund chronology Endalen Abisko
25 35 100 500
78°54' 78°54' 78°11 68°20/
11°58 12°10/ 15°44’ 18°51
Border B and C Border B and C C E
2-08 2-08 276 876
5-14 5-14 6-43 11.72
419 4-19 5:37 10-17
381 3.81 4-85 10-22
408 408 190 337

Dominated by C. tetragona (about 10—15 %
cover), Salix polaris (5—10 %) and the moss
Sanionia uncinata (10-20 %). Saxifraga
oppositifolia, Dryas octopetala and Oxyria
digina are present, but less abundant
(Rozema et al., 2006)

36 (2 x 18)

Mixed patches of C. tetragona, Dryas
octopetala and Salix polaris, patches in which
either C. tetragona or S. Polaris is dominant
and individuals of Saxifraga oppositifolia
among others growing outside these patches

21

C. tetragona (30 % cover), Salix
polaris and Dryas octopetala.
Patches of Empetrum nigrum s.I. and
Betula nana are also present
(Weijers et al., 2010)

32

Relatively rich dwarf shrub vegetation with
patches of C. tetragona, Empetrum nigrum
s.1., Vaccinium uliginosum, Rhododendron
lapponicum and Salix hastata (Havstrom
et al., 1993)

12

The division of the Arctic into sub-zones is after Elvebakk (1999) and Walker et al. (2005).
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TaBLE 2. Sources of the monthly climate parameters for each site and related weather station information

Altitude
(m asl)

Source

Station (code) Location (N, E)

Period

Data type (°C or mm)

Site

Ny-Alesund (99900)

Ny-Alesund

eKlima database (DNMI, 2011)

42

78°55', 11°52

January 1969—July

1974

Mean temperature and precipitation

sums

Ny-Alesund (99910)

eKlima database (DNMI, 2011)

8

55, 11°55

78

August 1974-2011

Mean temperature and precipitation

sums

Weijers et al. — No divergence in Cassiope tetragona

eKlima database (DNMI, 2011)

NORDKLIM

37

Longyearbyen (99860) 78°13, 15721

19581975

Precipitation sums

Endalen

8

78°14', 15°28

Homogenized Svalbard Airport record

(Nordli and Kohler, 2003)
Svalbard Airport (99840)

1912—-July 1975

Mean temperature

eKlima database (DNMI, 2011)

8

78°14', 15°28

August 1975-2011

Mean temperature and precipitation

sums

Abisko Scientific Research

Station

Abisko (18880) 68°21', 18°49 388

1913-2009

Mean temperature and precipitation

sums

Abisko

derived from those of the leaf scar distances. The average leaf
lengths per pair between each boundary were then summed
and multiplied by two, to calculate the total leaf length per
year. Only years with at least one leaf of each pair present
were taken into account. The number of leaves per year was
derived from the number of leaf scars per year. Annual total
leaf lengths divided by the number of leaves results in the
annual average leaf length.

Chronology construction

Shoot length. Cassiope tetragona is a strongly branched
species, and parts of the shrubs, especially older ones, may
be missing, resulting in incomplete shrub chronologies (see
Weijers et al., 2010). Therefore, annual shoot length measure-
ment was carried out on multiple stems per shrub, to create as
complete shoot length chronologies as possible for each shrub.
Individual branch chronologies were initially plotted and visu-
ally cross-dated with branch chronologies of the same plant.
Subsequently, a number of complete shrub chronologies
were created for each site by averaging the individual branch
chronologies of one shrub into a single chronology. These
shrub chronologies were then averaged per site to create a
master chronology for each site. The remaining individual
branch chronologies of incomplete individuals could then be
visually cross-dated against these master chronologies.
Visual cross-dating was possible, because branches display
similar growth patterns to branches of the same individual
and others from the same site (see Weijers et al., 2010).
After cross-dating, individual branch chronologies were aver-
aged per shrub, before the construction of site chronologies,
to prevent over-representation of single shrubs.

To separate reliable parts of the shoot length chronologies
from parts with too low a sample size, the sub-sample signal
strength (SSS; see Wigley er al., 1984) was calculated. The
SSS is a parameter based on sample size and the average cor-
relation between individual chronologies (rbar) and is a
measure for the amount of signal captured by a sub-set of
samples from the master chronology. We used the individual
shrub chronologies to calculate rbar in ARSTAN (Cook,
1985). Parts of the site chronologies with SSS values below
the generally accepted threshold of 0-85 (Wigley et al.,
1984) were disregarded. Autocorrelation within the effective
(SSS >0-85) standardized and raw site chronologies was cal-
culated in PASW Statistics 17-0. Furthermore, mean sensitivity
values, a measure for the year to year variability within growth
chronologies (Fritts, 1976), were calculated.

Leaf parameters. As leaves only remain attached to the stems of
C. tetragona for a limited time (up to 45 years), leaf parameter
chronologies are much shorter than the shoot length chronolo-
gies. Site chronologies for each parameter were created by
averaging each parameter per year per site.

Standardization. The shoot length chronologies are character-
ized by high autocorrelation, probably caused by juvenile
growth trends (Rayback and Henry, 2006) and the leaf life
span of several years of C. fetragona leaves (Weijers et al.,
2010). Juvenile growth trends result from relatively slow
growth during the first years of C. tetragona branches.
Standardization of growth chronologies is necessary to
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Fi1G. 2. A branch of Cassiope tetragona. The separate annual leaf cohorts are indicated. Inset: average leaf length and leaf scar distance per leaf pair from old to
young, with each wave representing 1 year of growth.

remove such age-related autocorrelation. Shoot length chron-
ologies were standardized by dividing the individual branch
series with a horizontal line through their mean. This conser-
vative method successfully removes autocorrelation attribut-
able to previous growth, while leaving the temperature signal

intact (Weijers et al., 2010). For this study and for Weijers
et al. (2010), many other standardization methods were
tested. However, all of those led to a partial loss of the tem-
perature signal. To show the effect of such less conservative
methods, the individual branch series from Endalen were
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detrended with a 32 year cubic spline, a commonly used
method in dendrochronology.

After standardization, the individual branch chronologies
were again first averaged per shrub, and then per site to form
standardized site chronologies. Standardization was carried
out in program ARSTAN, version 41d_XP, created by E.R.
Cook and P.J. Krusic, Tree-Ring Laboratory, Palisades,
New York, USA (Cook, 1985).

Leaf life span

Leaf senescence is slow and gradual in C. tetragona. Leaves
can remain (partly) green for several years before they turn
red, brown and then finally grey. In this study, the leaf life
span was defined as the average between the number of
years before the present in which the first brown leaf appears
and the number of years before the present in which the last
(partly) green leaf appears (Fig. 2).

Climate—growth analysis

Pearson correlation coefficients were calculated between the
raw/standardized shoot length chronologies and local monthly
climate data from January of the previous year through to
October of the current year for the three sites, to pinpoint
the most dominant factor(s) determining C. fetragona growth
at each site. Subsequently, Pearson correlation coefficients
were calculated between the most dominant monthly climate
parameter across all sites and raw growth. In addition,
monthly climate data and previous growth parameters that cor-
related significantly with the chronologies were used in a
forward stepwise multiple regression as predictors to create
growth—climate models for the three raw shoot length chron-
ologies. Predictors were entered in the models in order of
the strength of their correlation with the current year’s
growth (from strong to weak). Only predictors contributing
significantly (P < 0-05) to the models in the presence of
other predictors were retained.

Statistical comparison of OTCs vs. controls

Temperature differences between controls and OTCs were
tested for significance with a paired samples -test over three
different time intervals: 24 h (0000-2400 h), 12h (0600—
1800 h) and 4 h (1000—1400 h). Differences between growth
in controls and OTCs were assessed with one-way analyses
of variance (ANOVAs) for each individual year, with treatment
as between-subject factor. Furthermore, growth differences
over five consecutive years without and 7 years with OTC
warming were assessed with one-way ANOVAs with repeated
measurements, with treatment as between-subject factor and
time as within-subject factor. Average annual absolute differ-
ences in growth over the period of experimental warming
were calculated and tested with paired samples 7-tests. All
tests were executed in PASW Statistics 17-0.

RESULTS
Climate difference

Although geographically relatively close to Endalen, represented
by the Svalbard Airport weather station, the Ny- Alesund climate
record shows lower 30 year average June, July and August tem-
peratures than in Endalen (Fig. 1, Table 1). Sub-arctic Abisko is
substantially warmer than both sites in Svalbard (1979-2008;
Table 1). All sites are relatively dry. Ny- -Alesund receives the
most precipitation annually, although Abisko is more humid
during summer (Fig. 1, Table 1). Endalen is the driest site.

Chronology development

We constructed four annually resolved growth chronologies
(shoot length, total leaf length, number of leaves and average
leaf length) for each site. All chronologies are new, except
the Endalen shoot length chronology, which was previously
used for July temperature reconstruction (Weijers et al., 2010).

The shoot length chronologies were 154, 169 and 49 years
long for Ny- -Alesund, Endalen and Abisko, respectively
(Table 3). The chronologies are characterized by intermediate

TaBLE 3. Statistical characteristics of the standardized (horizontal line through the mean) and raw shoot length chronologies
for each site

Ny—Alesund Endalen Abisko
Chronology length 1857-2010 1840-2008 1961-2009
Number of years 154 169 49
Sample size (plants/branches) 21/111 32/213 12/74
Average segment length (branches) (years) 31 235 10-53
Average time span plant chronologies (years) 104-38 114-25 32.75
Mean (mm mm ™' or mm) 0-993 (3-529) 1-00 (5-05) 0-988 (9-267)
Standard deviation (mm mm ™" or mm) 0-443 (1-562) 0-342 (1-767) 0-386 (3:593)
Mean sensitivity 0-360 0-284 0-353
First-order autocorrelation 0-353%%* (0-669**) 0-321%% (0-662%**) 0-591%* (0-730%%*)
rbar 0-321 (0-397) 0-276 (0-261) 0-248 (0-315)
Effective chronology length, where SSS >0-85 1895-2010 (1881-2010) 1876-2008 1980-2009 (1978-2009)

Minimal sample size, where SSS >0-85 7 (6)

10 (11) 7(6)

Values for the raw chronologies are placed in parentheses when different from those of the standardized chronologies. The values for Endalen are after
Weijers et al. (2010). SSS is the sub-sample signal strength (Wigley et al., 1984) and rbar is the mean interseries correlation coefficient. Significance levels:

*#*P < 0-0001; *P = 0-001.
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(Endalen; 0-284) to high (Ny—Alesund and Abisko; 0-360 and
0-353, respectively) mean sensitivity values (Grissino-Mayer,
2001) and intermediate (0-248—-0-397) mean interseries correl-
ation coefficients (rbar).

The Abisko shrubs were shorter and younger than those
from Svalbard, resulting in a relatively short shoot length
chronology. First-order autocorrelation in the shoot length
chronologies remained significant after standardization.

Statistics of the leaf parameter chronologies and their correl-
ation with the local shoot length chronologies are summarized
in Table 4. The largest average total leaf length and number of
leaves were found in Abisko, and the smallest in Ny-Alesund.
Average leaf lengths were, in contrast, the longest in
Ny-Alesund. The total leaf length and number of leaves
were positively correlated with shoot length at all sites.
Average leaf length was only positively correlated with shoot
length at Ny-Alesund.

Climate—growth analysis

Shoot length was most strongly correlated with current
growing season temperatures. June, July and August tempera-
ture correlated positively with raw and standardized growth at
all sites (Fig. 3). Overall, July temperature appears to be the
most important factor determining growth, as it showed the
strongest correlation with growth at Endalen (raw, r = 0-685,
P < 0-0001; standardized, r=0-676, P <0-0001) and
Abisko (raw, r = 0-585, P < 0-001; standardized, r = 0-533,
P = 0-002), and the second strongest after August temperature

at Ny—Alesund (raw, r = 0-530, P = 0-0004; standardized, r =
0-537, P = 0-0003).

The significant correlations between shoot length growth
and monthly climatic parameters outside the growing season
were generally weaker than those during the season. Only a
few monthly precipitation sums correlated significantly with
growth.

The models resulting from the forward stepwise multiple re-
gression analyses explaining raw shoot length growth with
monthly climate data and previous growth as predictors are
listed in Table 5. Results from the Pearson correlation analyses
were confirmed with mean August temperature as the strongest
climatic predictor at Ny-Alesund and mean July temperature as
the strongest climatic predictor at Endalen and Abisko.
Previous growth of 5 and 6 years, of 1, 2 and 5 years, and
of 1 year prior to current growth, contributed to current
shoot length growth at Ny-Alesund, Endalen and Abisko,
respectively.

The correlations between July temperature and shoot length,
total leaf length and number of leaves were linear over the
climate gradient (P < 0-0001 in all cases; Fig. 4). There was
no significant relationship between July temperature and
average leaf length (P = 0.920).

Temperature difference in OTCs vs. controls

Air temperatures were on average 1-5, 1-2 and 1-0°C higher
(2008, 2009 and 2010, respectively) in OTCs compared with
controls measured over a 24 h time interval (P < 0-0001;
Table 6). Temperature differences were larger during the

TaBLE 4 Summarized statistics of the leaf parameter chronologies for each site

Ny—A]esund Endalen Abisko
Total leaf length
Chronology length 1967-2010 1971-2008 1996-2009
Effective chronology length 1986-2010 1983-2008 2002-2009
Sample size (no. of branches) 19 20 12
Minimal samples size 8 8 9
Average length (years) 24-6 20-5 9-8
Mean (mm) 37-0 42-8 814
Standard deviation (mm) 14-4 152 29.0
1/R* (vs. shoot length) 0-93/0-86** 0-68/0-46%* 0-91/0-83*
Number of leaves
Chronology length 1957-2010 1968-2008 1992-2009
Effective chronology length 1981-2010 1980-2008 1999-2009
Sample size (no. of branches) 19 20 12
Minimal samples size 10 8 9
Average length (years) 314 252 125
Mean (n) 931 11-6 22-6
Standard deviation (n) 2-52 2:6 55
1/R? (vs. shoot length) 0-93/0-87+* 0-83/0-68%* 0-91/0-83**
Average leaf length
Chronology length 1967-2010 1971-2008 1996-2009
Effective chronology length 1986-2010 1983-2008 2002-2009
Sample size (no. of branches) 19 20 12
Minimal samples size 8 8 9
Average length (years) 24-6 20-5 9-8
Mean (mm) 3.73 3.57 348
Standard deviation (mm) 0-70 0-64 0-55
t/R? (vs. shoot length) 0-80/0-64% 0-37/0-14N8 —0-37/0-14N8

NS, not significant; *P = 0-002; **P < 0-001.
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Fia. 3. Correlations between the raw (grey bars)/standardized (black bars) annual shoot length chronologies and monthly mean temperature (left graphs) and

monthly precipitation sums (right graphs) from previous January (pJ) through current October (O). The climate data for Ny-Alesund covers the period 1969—

2010 (n = 41), for Endalen the period 1958—2008 (n = 50), for Abisko (raw measurements) the period 1978—-2009 (n = 32) and for Abisko (standardized chron-
ology) the period 1980—-2009 (n = 30); significant coefficients are shown (P < 0-05, two-sided).

TABLE 5. Statistics of the growth—climate models resulting from forward stepwise multiple regression analyses with significantly
correlated monthly climate data and previous growth parameters as predictors of the current year’s raw shoot length at
the three sites

Unstandardized
coefficients Standardized coefficients
Location Model B s.e. Beta t Significance R? R*adjusted
Ny-Alesund (Constant) —-1-690 0-878 -1.926 0-063 0-65 0-62
AugustT 0-849 0-191 0-485 4-455 0-000
Growth— _5 0-329 0-124 0312 2-658 0-012
Growth,— ¢ 0-328 0-124 0-308 2-649 0-012
Endalen (Constant) -1.028 0-510 -2.018 0-047 0-70 0-68
JulyT 0-533 0-078 0-426 6-861 0-000
SepT—_; 0-160 0-052 0-183 3.050 0-003
Growth,— 0-187 0-078 0-190 2-406 0-018
Growth,— > 0-189 0-076 0-192 2:471 0-015
Growth,— 5 0-236 0-069 0-241 3.421 0-001
Abisko (Constant) -2.789 2-459 -1-134 0-266 0-62 0-60
JulyT 0-553 0-237 0-309 2-336 0-027
Growth,—_; 0-591 0-132 0-592 4.474 0-000
The values for Endalen are after Weijers et al. (2010). T, average monthly temperature (°C); t = —1, t = —2. t = — 5 and t = —6 indicate the number of

years before

current growth.
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F1G. 4. Relationships between average July temperature at all sites and four

annual growth parameters of C. tetragona: (A) shoot length (n = 166), (B)

total leaf length (n=58), (C) number of leaves (n = 68) and (D) average

leaf length (n=58). The straight lines are the best-fit linear regressions

through all data points. Data points from Ny-Alesund, Endalen and Abisko
are as indicated in the key. *P < 0-0001.

daytime, and the largest difference occurred during the 4 h
around noon (1000-1400 h).

Growth differences in OTCs vs. controls

The results of the repeated measures ANOVA over the
period 2004—-2010 suggests that OTC placement led to an im-
mediate increase in shoot length (P = 0-009), total leaf length
(P =0-010) and average leaf length (P = 0-004) (Fig. 95).
There was also a tendency for the number of leaves to increase
(P = 0-056). From 2005 onwards, significantly more leaves
were produced in OTCs (P = 0-035). No difference in
growth was found in the period before OTC instalment
(1999-2003). When the growth differences are tested separ-
ately for each year, a similar picture emerges (Fig. 5).
Again, there were no differences in growth prior to OTC
placement.

On average, C. tetragona shoots in OTCs grew 1-63 mm
longer each year compared wiht those in controls (6-81 mm
year ' in controls, 8-44 mm year ' in OTCs; paired samples
t-test, P = 0-001). Average total annual leaf length in OTCs
was 59-73 mm and in controls 50-18 mm (9-55 mm year ' dif-
ference, P = 0-002). Also, 1-11 more leaves were formed an-
nually in OTCs (14-05 vs. 12-:94, P = 0-012) and leaves were
0-36 mm longer (4-19 vs. 3-83 mm, P = 0-001).

Leaf life span

The average leaf life span at Ny-Alesund (3-71 years) did
not differ from that at Endalen (3-76 years) (Fig. 6). The leaf
life span at Abisko was significantly shorter (2:29 years on
average) than at both locations on Svalbard (one-way
ANOVA, P <0-001). The average leaf life span in OTCs
(2-75 years) seems slightly shorter than that in controls (3-06
years), but this difference is not significant (one-way
ANOVA, P = 0-10).

Standardization

The raw Endalen shoot length chronology, the same chron-
ology standardized with a horizontal line through the mean,
and detrended with a 32 year cubic spline, are plotted together
with local July temperature in Fig. 7. Detrending with a 32
year cubic spline resulted in a partial loss of the temperature
signal, as indicated by the relatively low R* of 029, and argu-
ably in an artificial divergence problem, with temperatures typ-
ically diverting upward from the shoot length indices from the
1960s onward. Other standardization methods, besides the
horizontal line through the mean, led to similar results.

DISCUSSION

By comparing the growth response of C. fetragona to tempera-
tures along a biogeographical climatic gradient, we show that
its response to July temperature is linear between 4 and 15°C,
which approximately represents the entire gradient of the
species. Also, the growth response of C. fetragona to artificial
warming is shown to be persistent over 7 years. Both findings
show that annual growth parameters of this species provide a
reliable source for past arctic temperature. Furthermore, it
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TABLE 6. Start and end date of temperature measurements in control and OTC plots in Ny-Aclesund and the average differences in
air temperature at vegetation height between OTCs and controls

Start End AT (°C) 24 h AT (°C) 12h AT (°C)4h
2008 June 9 August 21 15 2:0 23
2009 June 28 August 17 1.2 1.7 2-1
2010 June 15 August 18 1.0 13 1-4

Differences were tested with paired #-test for three different time intervals: 24 h (0000-2400 h), 12 h (0600—-1800 h) and 4 h (1000—1400 h). All

temperature differences were highly significant with P-values < 0-0001.

shows that reconstruction of mean July temperature based on
these parameters, apart from average leaf length, is not ham-
pered by divergence.

No divergence

A major problem in dendroclimatology is the ‘divergence
problem’: a decreased sensitivity to rising temperatures of
growth indices, typically after 1960 (Jacoby and D’Arrigo,
1995; Briffa et al., 1998; D’ Arrigo et al., 2008). This dissoci-
ation between growth indices and temperature may have an
ecophysiological background, e.g. increased drought stress
due to increasing temperatures (Wilmking et al., 2004;
D’ Arrigo et al., 2008). Alternatively, detection of divergence
could sometimes be erroneous (Esper and Frank, 2009) and
represent a direct result of standardization techniques (see
Cook et al., 1990) used to remove age-related growth trends
from tree-ring time series. Divergence is problematic in
climate reconstructions, as it hampers the assessment of the
magnitude of past warm periods compared with the current
climate (Loehle, 2009).

We believe that low-frequency temperature changes within
the assessed temperature gradient are in principle captured
by raw C. fetragona growth parameters (except average leaf
length), due to their persistent growth response. Standardization
should therefore be conservative in order to retain such low
frequency climate signals and prevent invalid detection of di-
vergence (Fig. 7).

We found no relationship between July temperature and
average leaf length. Locally, there were, however, positive cor-
relations between July temperature and average leaf length at
Ny-Alesund (r = 0-556, P = 0-004) and Endalen (r = 0-446,
P =0-022). Likewise, there was an immediate response of
average leaf length to OTC warming. This is in line with the
fact that average leaf length strongly correlated with
temperature-driven shoot length growth in Ny-Alesund, but
not in Abisko, Sweden (Table 4). Thus, while temperature
seems to be a limiting factor for leaf length growth at the
species’ northern range margin, it seems to be controlled by
other factors at its southern range margin.

The relationship between July temperature and shoot length
is weaker than the relationships of total leaf length and the
number of leaves to July temperature (Fig. 4). This is mainly
due to outliers at the early part of the Abisko shoot length
chronology. Here, relatively warm mean July temperatures
(between about 9 and 13°C) resulted in lower than expected
growth. This might be a result of relatively poor replication

(6—10 plants), although SSS values suggest otherwise, or of
juvenile growth trends.

The observed linear July temperature—shoot length rela-
tionship confirms an earlier reported linear relationship
(R*=10-98) between mean July temperature and the
average number of leaves formed per year by C. tetragona
at nine different sites across the Arctic, located in
Svalbard, Lapland, and the Canadian Arctic (Havstrom
et al., 1995).

Experimental warming

In contrast, Havstrom et al. (1993) found no response of
C. tetragona growth to short-term (three growing seasons;
open and closed) greenhouse warming at a lowland site near
Abisko [450 m above sea level (asl)]. At the same site,
growth did respond to nutrient addition. At a high elevation
site near Abisko (1150 m asl; 68°20'N, 18°41’E) and near
Ny-Alesund, Svalbard (10 m asl; 78°56'N, 11°50’E), the
growth responses were opposite: increased growth as a result
of warming and no response to fertilization (Havstrom et al.,
1993). This suggests a ‘divergence problem’ with a potential
ecophysiological cause in C. fetragona. However, the lack of
response at the lowland Abisko site may have been influenced
by the lower ambient PAR and air humidity in the small plastic
greenhouses (100 cm diameter) used, the low number of treat-
ment replicates (six), the use of indexed growth (growth rela-
tive to the average growth prior to the start of the experiment)
and the short duration of the experiment. Sometimes growth
responses become noticeable only after several seasons of
warming (Walker et al., 2006). Molau (1997) also found no
effect of warming on C. tetragona growth at a high-elevation
site (1000 m asl) near Abisko, Sweden, and Johnstone (1995)
reported no effect of 2 year OTC warming on shoot elongation
on Ellesmere Island in arctic Canada. However, in these
studies, growth was measured non-destructively in the field,
which makes it harder to detect differences in growth (J.
Rozema et al., unpubl. data). In contrast, we found a signifi-
cant positive effect on all measured growth parameters of
OTC warming in Ny-Alesund (Fig. 5), which confirms the
findings of Rozema et al. (2009).

When the differences in growth are tested for each year sep-
arately, it is shown that the OTCs had no significant effect on
growth in 2006. This growing season was exceptionally long.
Except for some light frost in May, maximum temperatures
were above freezing from late April (7-8°C on April 27)
until the middle of September. Thus, OTC placement from
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early June to late August only increased temperatures during a
part of the growing season. This could partly explain the rela-
tively small difference in growth between control and OTC
plots that year. Also, January of 2006 was unusually warm,
with maximum temperatures exceeding 0°C on 19 d, leaving
plants vulnerable after snowmelt to subsequent severe frost
(Bokhorst er al., 2009). Indeed, C. tetragona growth was
lower than expected in 2006 at both Ny-Alesund and
Endalen (Weijers et al., 2010). Therefore, plants might have
had to invest in recovery from winter damage, resulting in rela-
tively poor growth and a smaller difference between OTC and
control plants.

Leaf life span

Leaf life span is negatively correlated to growing season
length and temperature (Kudo ef al., 2001). The considerably
higher average summer temperatures in Abisko compared
with those in Svalbard (Table 1) may therefore explain the
40 % shorter leaf life span there. The temperature difference
between Endalen and Ny-Alesund did not result in a different
leaf life span. In the same way, the similar difference in tem-
perature between OTC and control plots did not lead to a sig-
nificant decrease in leaf life span. Leaf life span seems to
affect autoregressive patterns within C. tetragona shoot
length chronologies (Weijers et al., 2010). The fifth year
prior to current growth was the strongest of the previous
growth parameters explaining current growth at Endalen
(Table 5). The influence of this year on current growth may
be best explained through the allocation of resources from sen-
escing leaves, since the average leaf life span at this location
was 3-76 years and the last green leaf was on average found
in the fifth year (Weijers e al., 2010). Current growth at
Ny-Alesund was equally influenced by growth of the fifth
and sixth year before the present (Table 5), suggesting a
longer leaf life span in its recent history.

Concluding remarks

The lack of divergence between July temperature and raw
annual C. ftetragona growth, measured as shoot length, total
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leaf length and number of leaves, as well as the species’ per-
sistent growth response to 7 years of experimental warming,
shows the capability of these parameters to capture large-scale
changes in mean July temperature. Furthermore, it confirms
their suitability to serve as an arctic-wide temperature proxy.
Annual average leaf length should be disregarded as a tem-
perature proxy due to insensitivity to temperature at the south-
ern distribution limit of C. fetragona. As raw growth showed a
linear response to mean July temperature, we believe that low-
frequency changes in July temperature are in principle cap-
tured by C. tetragona growth parameters, except for average
leaf length. Standardization of C. tetragona growth chronolo-
gies should therefore be conservative, in order to retain such
trends and prevent possible erroneous detection of dissociation
between annual growth parameters and temperature.
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