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Chapter 3:
No divergence in Cassiope tetragona (L.) D. Don: persistence of 
growth response along a latitudinal temperature gradient and 
under long-term experimental warming 

Stef Weijers, Inger Greve Alsos, Pernille Bronken Eidesen, Rob Broekman, Maarten J.J.E. Loonen and Jelte Rozema

Submitted to Global Change Biology

Abstract
The dwarf shrub Cassiope tetragona is increasingly used for arctic climate reconstructions, 
the reliability of which depends on a linear climate-growth relationship. Here, we examine the 
stability of the relationship between climate and annual growth parameters by using a spatial 
scale from the high to subarctic and long-term experimental warming at a high arctic site.
We created four growth chronologies (stem length, total leaf length, number of leaves, average 
leaf length) for three sites: near C. tetragona’s cold tolerance limit (Ny-Ålesund, Svalbard), 
at its assumed climatic optimum (Endalen, Svalbard), and near its European southern limit 
(Abisko, Sweden), which together represent the entire temperature gradient of this species. 
Leaf lifespan was also determined.
Each growing season from 2004 to 2010, 17 Open Top Chambers (OTCs) were placed at 
Ny-Ålesund, increasing daily mean temperatures with 1.23 oC. At the end of 2010’s growing 
season, plants were harvested from OTC and control plots, and growth parameters were measured.
All growth parameters except average leaf length exhibited a strong linear positive response 
(R2 between 0.63 and 0.91) to mean July temperatures over the gradient. Average leaf lifespan 
was 1.4 years shorter in subarctic Sweden compared to arctic Svalbard. All growth parameters 
increased in response to experimental warming from the onset of the experiment in 2004, 
except number of leaves, which increased from 2005 onward. Leaf lifespan was not significantly 
affected by OTC-warming.
The linear mean July temperature-growth relationships as well as the long-term effect of 
experimental warming on growth, confirm that growth parameters of C. tetragona are a 
reliable arctic-wide temperature proxy.

Introduction
The spatial and temporal paucity of long high resolution proxy and instrumental climate 
records in the Arctic restricts knowledge of past climate change at these high latitudes.  
To increase understanding of the drivers of natural and regional climatic variability within 
the Arctic, a more uniform coverage of past climate across the Arctic is needed (ACIA, 2005).
Previous studies demonstrate that annual growth parameters of Cassiope tetragona 
may provide such a high resolution arctic-wide climate proxy record (Aanes et al., 2002,  
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Callaghan et al., 1989, Havström et al., 1993, Havström et al., 1995, Johnstone & Henry, 1997, 
Rayback & Henry, 2005, Rayback & Henry, 2006, Rozema et al., 2009, Weijers et al., 2010, Welker 
et al., 2005). C. tetragona is a dwarf shrub with a circumarctic distribution and a prostrate 
growth habit. Annual growth parameters can be derived from this species, as smaller leaves 
are formed at the beginning and end of each growing season, resulting in annual wave-like leaf 
patterns which are visible along its stems (Warming, 1908). Similarly, leaf scars are grouped 
closely together at each year boundary and from the measurement of leaf scar distances, 
annual number of leaves formed and stem length growth can be derived (e.g. Rayback & 
Henry, 2006). Dead leaves potentially remain attached to the stems up to 30-40 years and 
leaf scars can stay visible for periods exceeding 100 years. The relative recent discovery of 
wintermarksepta within C. tetragona stems has enabled stem length growth measurement 
further back in time (>180 years). 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). Annual growth parameters of 
C. tetragona can be transferred to temperature estimates, based on their relationship with 
growing season temperatures. This way, the instrumental arctic temperature record can be 
extended by multiple decades or even centuries (Rayback & Henry, 2006, Weijers et al., 2010). 
However, temperature-plant growth relationships are not necessarily linear over broad climatic  
gradients (Loehle, 2009). One of the major problems in dendroclimatology is that what has 
become known as the “divergence problem”: a decreased sensitivity to rising temperatures 
of tree growth indices typically after 1960 (D’Arrigo et al., 2008). Although this problem has 
been principally reported for high latitude Northern Hemisphere sites (Briffa et al., 1998), 
temporal unstable climate-growth relationships have also been reported in the Southern 
Hemisphere (e.g. Allen et al., 2001). The exact causes of this dissociation between annual 
tree growth parameters and regional temperature trends could be site-specific and may 
have an ecophysiological background, e.g. increased drought stress due to increasing 
temperatures (D’Arrigo et al., 2008, Wilmking et al., 2004). Alternatively, detection of the 
divergence problem could sometimes be erroneous (Esper & 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. The divergence problem hampers the  
assessment of the extent of past warm periods compared to the current climate in temperature 
reconstructions based on tree-ring data (Loehle, 2009).
In relation to the species studied here, Havström et al. (1993) reported no effect of 
greenhouse warming on C. tetragona growth at a low altitude subarctic site near Abisko, 
Sweden (450 m a.s.l; 68o19’N, 18o51’E) at the southern end of its latitudinal range. At the 
same site there was increased growth of C. tetragona in response to nutrient addition. At a 
high elevation site near Abisko (1150 m a.s.l.; 68o20’N, 18o41’E) and in the High Arctic near  
Ny-Ålesund, Svalbard (10 m a.s.l.; 78o56’N, 11o50’E), the growth responses were opposite: 
increased growth as a result of warming and no response to fertilization (Havström et al., 
1993). This suggests a potential “divergence problem” in C. tetragona, as growth might be 
mainly temperature limited at its northern distribution range but more limited by nutrient 

| Chapter 3:
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availability at its southern range margin, resulting in a non-linear relationship between 
temperature and Cassiope growth. By comparing mean July temperatures at nine different 
sites to the related average annual growth (measured as number of leaves) from control plots 
from the same study and six other sites across the Arctic, Havström et al. (1995) found a 
strong positive linear temperature-growth relationship (R2=0.98). This, contrastingly, suggests 
that temperature is still a limiting factor for growth at the southern distribution limit of  
C. tetragona. Increased C. tetragona growth in response to short-term experimental warming 
with Open Top Chambers has also been demonstrated in the high arctic archipelago Svalbard 
(Rozema et al., 2009). Molau (1997), conversely, did not find a warming treatment effect 
on vegetative growth of C. tetragona at a site in the high mountains (1000 m a.s.l.) west of 
Abisko, Sweden. There, growth was measured non-destructively in the field, which makes it 
harder to detect differences in growth (Rozema et al., unpublished data). Similarly, Hudson 
and Henry (2010) did not report any changes in the abundance of C. tetragona after 15 years 
of experimental warming in high arctic Canada. Short-term responses of arctic vegetation 
to artificial warming might be greater than the longer-term response (Hollister et al., 2005). 
Overall, increased growth of C. tetragona as a result of experimentally enhanced temperatures 
is not unequivocal.
If growth is indeed no longer temperature-limited in the subarctic, linear growth-temperature 
transfer functions might lead to less reliable temperature estimates, especially at the higher 
temperature margin of the geographical range of C. tetragona. Therefore, it is important 
to test the climate-growth association over wide temperature ranges and in long-term 
experimental settings, to assess whether this association is both temporally and spatially 
stable. Here, we test the climate-growth association in C. tetragona at three different sites along  
a high to subarctic climatic gradient by the development of growth chronologies as well as 
linear regression analyses between these chronologies and monthly climate parameters. 
We constructed four annually resolved growth chronologies (stem length, total leaf length, 
number of leaves, and average leaf length) for each site. All chronologies at the sites are new, 
except for the stem length chronology from Endalen (Weijers et al., 2010). We test whether 
the climate-growth relationship in C. tetragona is fully linear over this broad temperature 
range. Furthermore, we analyze the response of C. tetragona to seven years (2004-2010) of 
artificial warming by Open Top Chambers at a high arctic site.

Materials and methods

Sampling and measurement
Ny-Ålesund; chronology
On August 21, 2010, 21 plant samples were collected from several apparently old  
C. tetragona stands (with the presence of long (>50 cm) shoots) about 5.5 km southeast 
of Ny-Ålesund for the construction of growth chronologies (Figure 3.1 and Table 3.1).  
The area is at the border between the middle arctic tundra zone (zone C), characterized by   

No divergence in Cassiope tetragona (L.) D. Don: persistence of growth response along a 
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Figure 3.1 Location map showing the three sites at which plant samples were collected for the construction of C. 

tetragona growth chronologies: Ny-Ålesund, Svalbard (78o54’N, 12o10’E); Endalen, Svalbard (78o11’N, 15o44’E) and 

Abisko, Sweden (68o20’N, 18o51’E). 
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 High Arctic   Subarctic 
 Ny-Ålesund OTC’s  Ny-Ålesund 

Chronology 
Endalen Abisko 

Altitude (m a.s.l.) 25 35 100 500 

Latitude 78o54’N 78o54’N 78o11’N 68o20’N 

Longitude 11o58’E 12o10’E 15o44’E 18o51’E 

Arctic subzone  Border B and C Border B and C C E 

Mean June temperature (oC) (1979-2008) 2.08 2.08 2.76 8.76 

Mean July temperature (oC) (1979-2008) 5.14 5.14 6.43 11.72 

Mean August temperature (oC) (1979-2008) 4.19 4.19 5.37 10.17 

Mean summer temperature (oC) (JJA; 1979-2008) 3.81 3.81 4.85 10.22 

Mean annual precipitation sum (mm) (1979-2008) 408 408 190 337 
Species composition 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) 

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 

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

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

Number of plants analyzed 36 (2 x 18) 21 32 12 

     

Table 3.1 Environmental characteristics for each of the four research sites. Climatic data for Ny-Ålesund are from the 

local weather station, for Endalen the Svalbard Airport record was used and for Abisko the climate record from the 

Abisko Scientific Research Station. The division of the Arctic in subzones is after Elvebakk (1999) and Walker et al. (2005).

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 large rocky plateau. The vegetation cover is less dense than the 
relatively lush vegetation in Endalen further south in Svalbard.

Ny-Ålesund; experimental warming
Our research site near Ny-Ålesund is situated about 2 km southeast of the settlement (Table 
3.1), located 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. On the other half, temperature 
was increased by placing hexagonal Open Top Chambers (OTCs) with a diameter of 2.2 m and 
height of 50 cm (Marion et al., 1997). The OTCs were installed at the onset of each growing 
season (mid June) and removed at the end of the growing season (late August) in the years 
2004 to 2010. This way, increased snow accumulation in the OTCs during winter months (Aerts 
et al., 2004, Marion et al., 1997) and related undesired side-effects, e.g. delayed snowmelt, 
were prevented. From each plot, three approximately 10 cm long C. tetragona shoots were 
randomly harvested on August 19, 2010. During the fall of 2010, individual leaf lengths, leaf 
scar distances, and wintermarksepta (WMS) distances of 18 control shoots and 18 OTC shoots 
were measured in our laboratory in Amsterdam.

Endalen
In June and August, 2008, and late August, 2009, 40 plant samples were collected from the 

|No divergence in Cassiope tetragona (L.) D. Don: persistence of growth response along a 
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southeast facing slope of the valley Endalen situated about 4 km southeast of Longyearbyen  
(Figure 3.1 and Table 3.1). The site is in the middle arctic tundra zone (zone C). This is among 
the warmest sites in Svalbard, where scattered occurrences of some low arctic taxa as  
Betula nana and Empetrum nigrum s. lat. are found as well.

Abisko
At the end of August 2009, 12 plant samples were collected approximately 2 km south-southeast 
of Abisko (Figure 3.1 and Table 3.1) for the construction of growth chronologies. The site is 
characterized by a rich dwarf shrub community.

Climate data
Climate data from two Ny-Ålesund weather stations (78o55’N, 11o52’E, 42 m a.s.l.; January 
1969- July 1974 and 78o55’N, 11o55’E, 8 m a.s.l.; August 1974-present) were obtained from 
the eKlima database of the Norwegian Meteorological Institute (DNMI, 2011).
For Endalen, monthly mean temperatures and monthly precipitation sums from the Svalbard 
Airport weather station were used (78o14’N, 15o28’E; 8 m a.s.l.; August 1975-present), also 
obtained from the eKlima database (DNMI, 2011). Monthly temperature data prior to 1975 
were acquired from the homogenized Svalbard Airport record (1912-present), a composite 
of several series measured at different sites near Isfjorden (Nordli & Kohler, 2003), as  
published by NORDKLIM. Monthly precipitation sums prior to 1975 were used from the 
Longyearbyen record (78o13’N, 15o21’E; 1958-1975), again derived from the eKlima database.
Climate data from Abisko (68°21’N, 18°49’E, 388 m a.s.l.; 1913-2009) were provided by the 
Abisko Scientific Research Station.
Temperatures were monitored simultaneously in OTC and control plots near Ny-Ålesund 
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 
at quarter-hourly (2008) or hourly (2009 and 2010) intervals. The temperature loggers were 
placed at vegetation height, about 5 cm above soil level, underneath 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
The measurement of total leaf length, number of leaves, and average leaf length is a time 
consuming process and was performed for a single branch per harvested plant sample only. 
Leaves of C. tetragona grow in opposite pairs, which alternate in 90o angles, forming four 
rows of leaves along its stems (hence tetragona). Individual leaves were carefully removed 
from the top to the base of the stems (to keep track of their exact order) and their lengths 
were subsequently measured under 30-times magnification with a 0.1 mm precision (Figure 
3.2). Hereafter the distances between leaf scars on one side of the stems were measured.

| Chapter 3:
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Figure 3.2 Photo: Cassiope tetragona branch. Accolades indicate separate annual leaf cohorts, visible along the 

stems as smaller leaves are formed at the start and end of each growing season. The first brown leaf of this branch 

is found in the third year and the last green leaf in the fourth, resulting in an estimated leaf lifespan of 3.5 years. 

Inserted graph: average leaf length (mm) and leaf scar distance (mm) per leaf pair number (old to young) of a C. 

tetragona branch, with each wave representing one year of growth.

(30 times magnification, 0.1 mm precision, Figure 3.2). Finally a thin layer of the stem was 
laterally removed with a scalpel to reveal the pith and the wintermarksepta (WMS) therein. 
Subsequently, WMS-distances (annual stem length) were measured (10 times magnification, 
0.1 mm precision). 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 
growing season. Similarly, the shortest distance between leaf scars generally demarks the 
growing season end (Figure 3.3). In this study, the annually 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 could easily be derived from those of the leaf scar distance measurements. 
The average leaf lengths per pair between each boundary were then summed and multiplied 
by two, which resulted in the total leaf length per year. Only years of which at least one 
leaf of each pair was present were taken into account. The number of leaves per year was 
simply 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.

|No divergence in Cassiope tetragona (L.) D. Don: persistence of growth response along a 
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Figure 3.3 Thirty year average (1979-2008) monthly precipitation sums (mm, bars; values on left y-axis) and mean 

monthly temperatures (oC, line; values on right y-axis) for Ny-Ålesund (top graph), Svalbard Airport (middle graph) 

and Abisko (bottom graph).

Chronology construction

Stem length
C. tetragona is a strongly branched species and parts of the plants, especially older ones, 
may be missing, which may result in incomplete plant chronologies (see Weijers et al., 2010). 
Therefore, annual stem length increase measurements were carried out on multiple stems 
from each individual plant sample, in order to create as complete stem length chronologies 
as possible. Individual branch chronologies were initially plotted and visually crossdated with 
branch chronologies of the same plant. Subsequently, a number of complete plant chronologies 
were created for each site by averaging the individual branch chronologies of one plant into a 
single plant chronology for that plant. These plant 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 crossdated against these master chronologies. 
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Visual crossdating was possible, because branches display similar growth patterns with 
branches of the same plant and with branches from different plants from the same site 
(see Weijers et al., 2010). When crossdating was completed, individual branch chronologies 
were first averaged into plant chronologies to prevent overrepresentation of single plants. 
Then these plant chronologies were averaged into a chronology for each site. The Endalen 
stem length chronology is the longest C. tetragona growth chronology known to us, and was 
extensively analyzed and discussed in Weijers et al. (2010).
To separate reliable parts of the stem length chronologies from parts with too low a sample 
size, the Subsample Signal Strength (SSS; see Wigley et al., 1984) was calculated for each 
site chronology. The SSS is a parameter based on sample size and the average correlation 
between individual chronologies (rbar). We used the individual plant chronologies, rather 
than the individual branch chronologies, to calculate rbar in ARSTAN (Cook, 1985). Parts of 
the site chronologies with SSS-values below the generally accepted threshold of 0.85 were 
disregarded. 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 40 
years), leaf parameter chronologies are much shorter than the stem length chronologies. 
Site chronologies for each parameter were created simply by averaging each parameter per 
year per site.

Standardization
The stem length chronologies are characterized by high autocorrelation, likely caused by 
juvenile growth trends (Rayback & Henry, 2006) and the leaf lifespan of several years of  
C. tetragona leaves (Weijers et al., 2010). Juvenile growth trends are the result of relatively 
slow growth in the first years of individual C. tetragona branches. Standardization of growth 
chronologies is necessary to remove such age-related autocorrelation. We have standardized 
the three stem length chronologies by dividing the individual branch series with a horizontal 
line through their mean. This conservative method successfully removes autocorrelation  
attributable to previous growth, while leaving the temperature signal intact
(Weijers et al., 2010). To test the effects of a less conservative standardization method, we 
additionally detrended the individual branch series from Endalen with a 32-year cubic spline, 
a commonly used method in dendrochronology. After standardization, the individual branch 
chronologies were again first averaged per plant, and then per site to form standardized site 
chronologies. Standardization was carried out in ARSTAN, E.R. Cook and P.J. Krusic, Tree-Ring 
Laboratory, Palisades, New York, USA (Cook, 1985).

Leaf lifespan
Leaves 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 lifespan 

|No divergence in Cassiope tetragona (L.) D. Don: persistence of growth response along a 
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was defined as the average between the number of years before present in which the first 
brown leaf appears and the number of years before present in which the last (partly) green 
leaf appears (Figure 3.2).

Climate-growth analysis
We calculated Pearson correlation coefficients between the raw/standardized stem length 
chronologies and local monthly climate data from January of the previous year through October 
of the current year for the three sites, to pinpoint the most dominant factor(s) determining C. 
tetragona growth at each site. Subsequently, Pearson correlation coefficients were calculated 
between the most dominant monthly climate parameter and the accompanying growth 
parameter across all sites. In addition, monthly climate data and previous growth, correlated 
significantly to the chronologies were used in a forward stepwise multiple regression as 
predictors to create growth-climate models for the three raw stem length chronologies. 
Predictors were entered in the models in order of the strength of their correlation with 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 OTC vs. control
The average differences between air temperature at vegetation height in controls and OTCs 
were tested for significance with a paired samples t-test analysis for three different time 
intervals: 24h (0:00-24:00), 12h (6:00-18:00) and 4h (10:00-14:00).
Differences between growth in control and OTC plots were assessed by one-way ANOVA’s for 
each individual year, with treatment as between-subject factor. To test the effect of warming 
on growth parameters over all the consecutive years of OTC placement, one-way ANOVA’s 
with repeated measurements were carried out, with treatment again as the between-subject 
factor and time (the different years) as within-subject factor. This was separately done 
for the years prior to OTC-warming and for the years with OTC-warming. Average annual  
absolute differences in growth over the period of experimental warming were calculated and 
tested with paired samples t-tests. All these calculations 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-Ålesund climate record shows lower mean June, July and August 
temperatures than in Endalen in the period 1979-2008 (Figure 3.3 and Table 3.1). The subarctic 
site Abisko is substantially warmer than the two sites in Svalbard (1979-2008, Table 3.1). 
All sites are relatively dry. Ny-Ålesund receives the highest amount of annual precipitation, 
although Abisko is more humid during summer months (Figure 3.3 and Table 3.1). Endalen 
is the driest site.
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 Ny-Ålesund 

 

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) 31 23.5 10.53 

Average time span plant chronologies 104.38 114.25 32.75 

Mean 0.993 (3.529 mm) 1.00 (5.05 mm) 0.988 (9.267 mm) 

Standard Deviation 0.443 (1.562 mm) 0.342 (1.767 mm) 0.386 (3.593 mm) 

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) 

    

Table 3.2 Statistical chronology characteristics of the standardized (horizontal line through the mean) and raw stem 

length chronologies for each site. Values for the raw chronologies are placed between brackets when different from 

those of the standardized chronologies. SSS is the Subsample Signal Strength (Wigley et al., 1984); rbar the mean 

interseries correlation coefficient. Significance levels: ** = p<0.0001 * = p =0.001.

Chronology development
The stem length chronologies were 154, 169 and 49 years long for Ny-Ålesund, Endalen and 
Abisko respectively (Table 3.2). These chronologies are characterized by intermediate mean 
sensitivity (0.284–0.360) and intermediate mean interseries correlation coefficients (rbar).
Plants harvested in Abisko were on average shorter than those from Svalbard. As average 
annual stem length growth is higher in Abisko, these plants were also younger. This has  resulted 
in a relatively short stem length chronology for this location. First-order autocorrelation in 
the stem length chronologies remained significant after standardization.

Climate-growth analysis
The stem length chronologies all showed the strongest correlations with mean monthly 
temperatures during the current growing season, with mean June, July and August 
temperatures correlating with both the raw and standardized growth at all sites (Figure 
3.4. Overall, July mean temperature appeared 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; 
std: r=0.676, p<0.0001) and Abisko (raw: r=0.585, p<0.001; std: r=0.533, p=0.002) and the 
second strongest after mean August temperatures at Ny-Ålesund (raw: r=0.530, p=0.0004; 
std: r=0.537, p=0.0003).
The significant correlations between stem length growth and monthly climatic parameters 
outside the growing season were weaker overall than those during the growing season. Only 
a few monthly precipitation sums correlated significantly with growth.
The models resulting from the forward stepwise multiple regression analyses explaining raw 
stem length growth with monthly climate data and previous growth as predictors are listed in 
Table 3.3. Results from the Pearson correlation analyses were confirmed with mean August 
temperatures as the strongest climatic predictor at Ny-Ålesund and mean July temperatures
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Figure 3.4 Significant Pearson correlation coefficients between monthly climate data (mean temperatures and 

precipitation sums) from previous January (pJ) through current October (O) and the raw (grey bars) and standardized 

(black bars) stem length growth chronologies. The coefficients were calculated using monthly climate data for the 

period 1969-2010 (Ny-Ålesund), 1958-2008 (Endalen), 1978-2009 (Abisko-Raw) and 1980-2009 (Abisko-Std). Only 

significant coefficients are shown (p < 0.05, two-sided).

  Unstandardized 
Coefficients 

 Standardized 
Coefficients 

    

Location Model B Std. Error Beta t Sig R2 R2-adj 

Ny-Ålesund (Constant) 

AugustT 

Growtht=-5 

Growtht=-6 

-1.690 

0.849 

0.329 

0.328 

0.878 

0.191 

0.124 

0.124 

 

0.485 

0.312 

0.308 

-1.926 

4.455 

2.658 

2.649 

0.063 

0.000 

0.012 

0.012 

0.65 0.62 

Endalen (Constant) 

JulyT 

SepTt=-1 

Growtht=-1 

Growtht=-2 

Growtht=-5 

-1.028 

0.533 

0.160 

0.187 

0.189 

0.236 

0.510 

0.078 

0.052 

0.078 

0.076 

0.069 

 

0.426 

0.183 

0.190 

0.192 

0.241 

-2.018 

6.861 

3.050 

2.406 

2.471 

3.421 

0.047 

0.000 

0.003 

0.018 

0.015 

0.001 

0.70 0.68 

Abisko (Constant) 

JulyT 

Growtht=-1 

-2.789 

0.553 

0.591 

2.459 

0.237 

0.132 

 

0.309 

0.592 

-1.134 

2.336 

4.474 

0.266 

0.027 

0.000 

0.62 0.60 

         

Table 3.3 Statistics of the growth-climate models resulting from the forward stepwise multiple regression analyses 

with significantly correlated monthly climate data and previous growth parameters as predictors of current year’s 

stem length growth at the three sites. T= average monthly temperature (oC); t=-1, t=-2 and t=-5 indicate the number 

of years before current growth.
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as the strongest climatic predictor at Endalen and Abisko. Previous growth of 5 and 6 years 
prior to current growth contributed to current stem growth at Ny-Ålesund. Previous growth 
of lag 1, 2, and 5 years contributed to current stem length growth at Endalen and previous 
growth of lag 1 contributed to current growth at Abisko. The correlations between mean July 
temperatures and stem length, total leaf length, and number of leaves were linear along the 
climate gradient (p<0.0001 in all cases, Figure 3.5). There was no significant relation between 
mean July temperature and average leaf length (p=0.920).
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Figure 3.5 Scatter plots displaying the relationships between average July temperatures at all sites (xaxis) and four 

annual growth parameters of Cassiope tetragona (y-axis): stem length (mm), total leaf length (mm), annual number 

of leaves (#) and average leaf length (mm). The solid lines in each graph are the best fit linear regressions through all 

data points. The associated R2-values are displayed separately for each parameter. Squares, triangles and diamonds 

represent data points from NyÅlesund, Endalen and Abisko respectively.

 Start End ∆T (oC) 24h ∆T(oC) 12h ∆T (oC) 4h 

2008 June 9th August 21st 1.5 2.0 2.3 

2009 June 28th August 17th 1.2 1.7 2.1 

2010 June 15th August 18th 1.0 1.3 1.4 

      

Table 3.4 Start and end date of temperature measurements in control and OTC plots in Ny-Ålesund and the average 

differences in air temperature at vegetation height between OTCs and controls. Differences were tested with paired 

t-test for three different time intervals: 24h (0:00-24:00), 12h (6:00-18:00) and 4h (10:00-14:00). All temperature 

differences were highly significant with p-values below 0.0001.
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Temperature difference OTCs vs. Controls
Air temperatures were on average 1.5, 1.2, and 1.0 oC higher (2008, 2009, and 2010 respectively) 
in OTCs compared to controls measured over a 24-hour time interval (p<0.0001, Table 3.4). 
Temperature differences were larger during daytime, and the largest difference occurred 
during the 4 hours around noon (10:00 – 14:00).
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Figure 3.6 Average growth in 17 control (grey line) and 17 OTC plots (black line) between 1999 and 2010 near 

Ny-Ålesund (78o54’N, 11o58’E). The black arrows designate the start of the artificial warming experiment in 2004. 

Error bars indicate the standard error of the mean for each data point. Stem length, total leaf length, number of 

leaves and average leaf length were assessed for 18 control and 18 OTC plants (n=18). Significant differences in 

growth in individual years are indicated with an asterisk (one-way ANOVA, p < 0.05).

Growth differences OTCs vs. Controls
The repeated measures ANOVA test over the combined years 2004-2010 suggests that 
placement of OTCs has led to an immediate increase of stem length growth (p=0.009), total 
leaf length (p=0.010), and average leaf length (p=0.004). There was also a tendency of increase 
in the number of leaves (p=0.056). From 2005 onwards significantly more leaves were produced 
in OTC plots than in controls (p=0.035). No difference in growth was found in the period 
before OTC instalment (1999-2003). When the differences in growth are tested separately 
for each individual year, a similar picture emerges (Figure 3.6). Again, in the years prior to 
OTC placement, none of the measured growth parameters in OTC plots significantly differed 
from those in controls.
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On average C. tetragona stems in OTCs grew 1.63 mm longer each year compared to stems 
in control plots (6.81 mm year-1 in controls, 8.44 mm year-1 in OTCs; paired samples t-test, 
p=0.001). Over the period 2004-2010, average total annual leaf length in OTCs was 59.73 
mm and in controls 50.18 mm. Artificial warming thus led to an average increase of total leaf 
length of 9.55 mm year-1 (p=0.002). Also, 1.11 more leaves were formed per year in OTCs 
(14.05 vs. 12.94, p=0.012) and leaves were on average 0.36 mm longer (4.19 vs. 3.83 mm, 
p=0.001) over the period 2004-2010.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Ny Ålesund Endalen Abisko

Leaf lifespan

a a b

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Control OTC

c c

Figure 3.7 Average leaf lifespan with associated standard error of the mean (SEM) at the three different research 

sites (left) and in control and OTC plots near Ny-Ålesund (right). Different letters indicate significant differences. 

There was no difference between the average lifespan of C. tetragona leaves from Ny-Ålesund (3.71 year) and from 

Endalen (3.76 year). Leaf lifespan at Abisko was shorter (2.29 year on average) than at both locations on Svalbard 

(one-way ANOVA, p<0.0001). Leaf lifespan in OTCs (2.75 year on average) seems slightly shorter than in control plots 

(3.06 year), but the difference is not significant (one-way ANOVA, p = 0.10).

Leaf lifespan
The average lifespan of C. tetragona leaves from Ny-Ålesund (3.71 year) did not differ from 
the average at Endalen (3.76 year) (Figure 3.7). The leaf lifespan at Abisko was significantly  
shorter (2.29 year on average) than at both locations on Svalbard (one-way ANOVA, p<0.0001). 
The average leaf lifespan in the warmed OTCs near Ny-Ålesund (2.75 years) seems slightly 
shorter than in control plots (3.06 year), but this difference is not significant (one-way ANOVA, p=0.10).

Standardization
The raw stem length site chronology from Endalen and the same chronology standardized 
with a horizontal line through the mean and detrended with the commonly used 32-year 
cubic spline are plotted together with the local mean July temperatures in Figure 3.8.  
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Detrending with the 32-year cubic spline resulted in loss of the temperature signal and an 
artificial divergence problem, with temperatures typically diverting from the stem length 
indices from the 1960s onward.
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Figure 3.8 Complete stem length site chronology for Endalen, Svalbard, plotted together with local mean July 

temperatures from the homogenised Svalbard Airport series. (a) no standardization applied. (b) standardized by 

dividing each individual branch chronology with a horizontal line through its mean. (c) standardized by dividing the 

individual branch chronologies with a fitted 32-year cubic spline. * p < 0.0001.

Discussion
By comparing the growth response of C. tetragona to temperatures along a biogeographical 
climatic gradient, we show that its response to mean July temperature is linear over a 
broad gradient between 4 and 15 oC, which approximately represents the entire mean 
July temperature gradient of the species. Also, we found that the growth response of  
C. tetragona to long-term experimental warming is persistent. Both findings support the  
hypothesis that annual growth parameters of this long-lived circumarctic dwarf shrub provide 
a reliable source for past arctic temperatures. Furthermore, it shows that reconstruction of 
mean July temperatures based on annual growth of C. tetragona measured as stem length, 
total leaf length, and number of leaves is not hampered by divergence.

No divergence
The persistent growth response to July temperature along a latitudinal gradient and to  
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experimental warming was observed in raw growth chronologies. Therefore, we believe that 
low-frequency temperature changes within the assessed temperature gradient are in principle 
captured by C. tetragona growth parameters (with the exception of average leaf length). 
Standardization of C. tetragona growth chronologies should therefore be conservative in order 
to retain such low frequency climate signals and prevent invalid detection of divergence (Figure 3.8).
The July temperature–growth relationship was not significant for average leaf length. Locally, 
there were, however, positive correlations between mean July temperature and average leaf 
length at Ny-Ålesund (r=0.556, p=0.004) and Endalen (r=0.446, p=0.022). Likewise we found 
a significant and immediate response of average leaf length to experimental warming in 
Ny-Ålesund. Thus, while temperature seems to be a limiting factor for leaf length growth on 
Svalbard, leaf length growth at Abisko seems to be controlled by other factors (‘divergence’), 
which makes it an ill-suited parameter for use as temperature proxy.
The relationship across sites between mean July temperature and stem length growth is 
weaker than those with total leaf length and the number of leaves (Figure 3.5). This is mainly 
caused by outliers at the early part of the Abisko stem length chronology. Here, relative 
warm mean July temperatures (between about 9 and 13 oC) resulted in lower than expected 
growth. We suspect this might be due to the relative poor replication of this part of the Abisko 
stem length chronology (6-10 plants), even though SSS values for this part of the chronology 
suggest otherwise. An alternative cause could be juvenile growth trends (relative poor growth 
during first few years) present in raw C. tetragona branch chronologies (Rayback & Henry, 
2006, Weijers et al., 2010).
The observed linear stem length growth response to July temperature over a broad gradient 
confirms earlier observations of linear relations between growth and temperature from 
studies at many different sites in the Arctic (Havström et al., 1995) and from a higher  
elevated site near Abisko (1150 m a.s.l., Callaghan et al., 1989). In contrast, Havström et al. 
(1993) found no response of C. tetragona growth to short-term (three growing seasons) (open 
and closed) greenhouse-warming at another lowland site near Abisko (450 m a.s.l.), possibly 
indicating a divergence problem. However, the lack of response at the latter site may have been 
influenced by the lower ambient PAR and air humidity levels in the small plastic greenhouses 
(100 cm diameter) used, the low number of treatment replicates (six), the use of indexed 
growth (growth relative to the average growth prior to the start of the experiment), and the 
short-term of the experiment. Sometimes growth responses become noticeable only after 
several seasons of warming (Walker et al., 2006). While long-term experimental warming 
did not lead to increased abundance of C. tetragona in the Canadian High Arctic (Hudson & 
Henry, 2010), we found a significant positive effect on all measured growth parameters of 
OTC-warming in Ny-Ålesund (Figure 3.6).
When the differences in growth are tested for each year separately, it comes forward that 
in 2006 the OTC-induced increase of temperatures had no significant effect on any of the 
measured growth parameters. The 2006 growing season was exceptionally long. Except for 
some light frost in May, maximum temperatures were above freezing from late April (7.8 oC 
on April 27th) until the middle of September. Thus, OTC-placement from early June to late 
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August only increased temperatures during a part of the growing season in 2006. This could 
partly explain the relatively small difference in growth between control and OTC plots that 
year. Also, January of 2006 was unusually warm with maximum temperatures exceeding  
0 oC on 19 days, leaving plants vulnerable after snowmelt to subsequent severe frost  
(Bokhorst et al., 2009). Indeed, C. tetragona growth was lower than expected in 2006 at both 
Ny-Ålesund and Endalen (Weijers et al., 2010). Therefore, plants might have had to invest 
in recovery from winter damage, resulting in relative poor growth and a smaller difference 
between OTC and control plants.

Leaf lifespan
As payback time for the costs of leaf production is longer in colder climates with shorter  
growing seasons, leaf lifespan is negatively correlated with growing season length and 
temperature (Kudo et al., 2001). The considerably higher average summer temperatures 
in Abisko than in Svalbard (Table 3.1), may explain the 40% shorter leaf lifespan there.  
The limited temperature difference between Endalen and Ny-Ålesund did not result in a 
difference in leaf lifespan. Conformingly, the similar difference in temperature between OTC 
and control plots did not lead to a significant decrease in leaf lifespan. Leaf lifespan seems 
to effect autoregressive patterns within C. tetragona stem 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 3.3). The influence of this year on 
current growth may be best explained through the allocation of resources from senescing 
leaves, since the average leaf lifespan at this location was 3.76 years and the last green leaf 
was on average found in the fifth year (Weijers et al., 2010). Current growth at Ny-Ålesund 
was equally influenced by growth of the fifth and sixth year before present (Table 3.3),  
suggesting a longer leaf lifespan in its recent history.

Concluding remarks
The lack of divergence between mean July temperatures and annual C. tetragona growth, 
measured as stem length, total leaf length, and number of leaves as well as the species  
persistent growth response to 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 temperature proxy due to insensitivity to temperature at the southern 
distribution limit of C. tetragona.
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