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Chapter 6: 
General Discussion

The general aims of this thesis were the development, validation, and use of annual growth 
parameters and carbon isotope discrimination of C. tetragona as an arctic climate proxy. The 
two longest growth chronologies for this species so far, of 154 and 169 years, were created, 
based on the presence of wintermarksepta (WMS) in its stems. As growth was found to be 
mainly temperature-limited in the High Arctic, as shown by the strong mean July temperature/
GDD5–growth relationships (Chapters 2 and 4), annual growth parameters of this dwarf 
shrub, especially stem length growth, can very well be used to reconstruct past changes 
in mean July temperature and/or GDD5. Furthermore, it was shown that carbon isotope  
discrimination in annual stem length fragments and leaf cohorts responds to experimentally  
increased summer precipitation. Therefore it is likely that past precipitation changes during the 
growing season are recorded in carbon isotope ratios of true annual biomass increments of  
C. tetragona. This circumartic evergreen dwarf shrub species thus provides a largely untapped 
source of arctic-wide palaeo-climatic information.
The results of the field experiments, in which temperature, precipitation, and PAR were  
manipulated in Svalbard, confirmed that C. tetragona growth there is mainly (summer)  
temperature-limited. While growth responded positively to artificially increased temperatures, 
no effect on growth was found of doubled ambient precipitation over four consecutive growing 
seasons, and only a small effect of a 43% reduction in PAR in the first, but not in the second 
year of experimental PAR-reduction. The temperature signal in annual growth parameters is 
thus probably hardly disturbed by fluctuations in either PAR or precipitation during summer 
months. The strong climate-growth relationships in C. tetragona, its circumarctic distribution, 
its longevity, the availability of (sub)fossil fragments in tundra soil cores and from beneath  
(retreating) glaciers, makes this species a very valuable source for arctic climate reconstructions 
beyond the instrumental record and in areas lacking any meteorological data.

Annual growth measurement
Although secondary radial growth is present in C. tetragona and distinct rings are visible in 
cross-sections of its stems (Rayback et al., 2011, Schweingruber & Landolt, 2005), ring width 
studies for this species have been unsuccessful so far (F. H. Schweingruber, pers. comm., 2008). 
Annual cohorts of leaves are, however, visible along C. tetragona stems, since leaves formed 
during early and late summer are smaller than leaves formed in the middle of the growing 
season (Callaghan et al., 1989, Havström et al., 1993, Havström et al., 1995, Warming, 1908). 
Annual shoot length growth can similarly be derived from leaf scars, as the shortest distances  
between the scars demark the end of each growing season (Johnstone & Henry, 1997).  
With this method, long (+100 years) stem length growth chronologies can and have been 
constructed (Rayback & Henry, 2006, Rayback et al., 2011). However, leaf scars become  
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gradually more hard and ultimately impossible to distinguish with increasing age. Longer 
chronologies (> 180 years) can be created by an alternative method based on the presence 
of so-called wintermarksepta (WMS) in C. tetragona stems. WMS are dark bands present in 
the pith of this species, which consist of cells with lignified cell walls. Thus, the parenchyma 
cells in the pith are locked in annual compartments between two WMS. The colour of WMS is 
initially green, but turns to brown in older parts. The distances between WMS are a measure 
for annual stem length growth, as WMS coincide with lows in leaf scar distances. The pith 
and WMS therein become visible after removing a longitudinal layer from the stems with 
e.g. a scalpel. Distances between WMS can easily be measured with a stereo microscope 
under 10–30 times magnification. Sometimes a single WMS (mainly in relatively long years) 
consists of two dark bands instead of one, but usually the older band is more fragmented, 
less clear and can thus be distinguished from a ‘real’ WMS. The length between a ‘false’ and 
‘real’ WMS can be mistaken for short years, which can be of similar length. Cross-dating 
of several stem length chronologies of a single plant sample can facilitate the detection of 
such mistakes. C. tetragona is a strongly branched species and parts of the plants, especially 
older ones, may have died or not been harvested, which may result in incomplete plant 
chronologies (see Chapter 2). Annual stem length measurements are best carried out on 
multiple stems per plant, to create as complete stem length chronologies as possible.  
The WMS method also allows for exact age determination, as the shoot-root transition can be 
recognized through the absence of pith in the roots. The harvest of whole plants is however 
complicated by the fact that C. tetragona specimens are usually entangled in prostrate tundra 
vegetation mats. Also, older plant parts may be stuck in permafrost soils and under rocks. 
The best time for harvesting is therefore the end of the growing season, when the tundra 
soils are, at least superficially, unfrozen.

Age-related growth trends, detrending and divergence
Undoubtedly age-related growth trends are present in stem length chronologies derived 
from individual branches of C. tetragona. To illustrate this fact, two stem length chronologies 
from a single shrub are depicted in Figure 6.1. The growth trends visible in these two  
chronologies can be regarded as exemplary, although similar trends are not present in all  
individual chronologies. The first trend visible, present in both chronologies, is a juvenile 
growth trend consisting of relatively slow growth in the first years of the lifespan of the 
branches. This trend was already recognized by Rayback and Henry (2006) and seems generally 
to continue as a gradual increase up to a certain maximum in growth. Thereafter the second 
trend becomes visible (in this case in E2702): growth gradually decreases and finally stops. In 
this shrub ‘E27’ growth of the branches E2701 and E2702 was almost equal between app. 1975 
and 1985. Afterwards, E2701 seems to have become the more dominant branch, displaying 
an increase in growth rate. Typically, year-to-year variation in growth appears to be rather 
similar in both branches disregarding the general trends. This suggests a common (climate) 
signal. Most branches do however not fulfil the complete ‘branch lifespan’ from a gradual  
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Figure 6.1 Two individual stem length chronologies from shrub ‘E27’, harvested in Endalen, Svalbard in August 2008.

increase into gradual decline. Generally, of both trends only the first is present in most  
individual branch chronologies. This might be among the underlying causes of the positive 
trend present in all average annual stem length chronologies presented in this thesis, 
which comes forward as positive autocorrelation in these chronologies (Chapters 2 and 3).  
Typically, the autocorrelation patterns in the site chronologies constructed for this thesis 
seem to reflect site specific leaf lifespan (Chapters 2, 3 and 5). Age-related growth trends 
can and have to be removed from chronologies to allow for independent correlation with 
instrumental climate data. This can be achieved by dividing the (individual branch, shrub or 
site) chronologies by an estimation of the age-related growth trend, in a process commonly 
referred to as detrending (Cook et al., 1990, Cook, 1985). Detrending can however become 
problematic when local climatic trends run in the same direction as the age-related trends. 
When the latter are overestimated, trend removal can lead to a loss of the climate signal 
and result in, e.g., false detection of the ‘Divergence Problem’ (see Esper & Frank, 2009 
and Chapter 3). Methods of trend elimination in dendrochronology are largely developed 
for detrending of tree ring-width timeseries and not for dwarf shrub growth series, which 
are generally much shorter (mainly less than 100 years). More research on the relationship 
between shrub age and growth is therefore necessary to enable the development of 
shrub-specific detrending methods. Nonetheless, the detrending method used in this thesis, 
standardization of individual C. tetragona branch series by dividing them by a horizontal 
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line through their mean, has been shown to keep the climate signal intact while sufficiently  
removing autocorrelation attributable to age-related growth trends (Chapters 2 and 3). Still, 
this method is naturally not perfect, as it remains difficult (or even impossible) to determine 
which part of a trend (autocorrelation) is truly attributable to climate and which part is purely 
age-related.
Perhaps a more accurate distinction between age- and climate-related trends can be 
accomplished through the execution of long-term (OTC-) warming experiments. Annual 
growth under artificially warmed conditions is likely to be amplified over time as a result of 
age-related (previous) growth. In other words the difference in growth between control and 
manipulated plants becomes larger over time, as seemed to be the case in the Ny-Ålesund 
OTC-experiment (Chapter 3; Figure 3.6). If average annual growth in control plots is 
subsequently deducted from that in manipulated plots, growth due to experimental warming 
and age-related growth, since the start of the experiment, remains. Then, the increasing 
trend in growth difference potentially might provide a reliable estimate for the age-related 
growth trend, when the temperature difference between OTC and control plots is more or less 
equal between the years. If it is known then how the artificially increased temperatures are  
related to temperatures of a nearby weather station (where temperatures are not measured 
at vegetation height, but commonly at 2 m above soil surface), determination of the growth 
response to weather station temperatures can be calculated. It is obviously uncertain at this 
point whether age-related growth trends can indeed be subtracted through this proposed 
experimental method and, if so, whether such trends would be site-specific or applicable in 
wider areas.

Chronology length
As mentioned before, a disadvantage of C. tetragona as an arctic climate proxy is perhaps 
the relative short timespan of the growth chronologies developed thus far in comparison 
with other proxies such as ice-cores. Still, the utilization of the new technique of measuring 
annual stem length growth as the distances between WMS has resulted in the two longest  
growth chronologies developed for C. tetragona up till now. These growth chronologies,  
developed from plants from populations in Ny-Ålesund and Endalen, Svalbard, are 154 and 
169 years long, respectively. The previously longest growth chronology was 118 years long 
developed from a C. tetragona population in the Canadian High Arctic (Rayback & Henry, 
2006). Only C. tetragona plants from a few places in the vast Arctic have been analyzed  
using dendrochronological, retrospective techniques. Older populations might therefore 
very well be found in the near future, resulting in longer growth chronologies and the  
possibility to reconstruct the local climate further back in time. The discovery of a plant 
from Endalen aged at least 183 years at the time of harvest proves that the construction of 
chronologies based on extant plants dating back to the early 19th century is feasible.
Rozema et al. (2009) demonstrated that reconstructions based on extant C. tetragona can 
potentially be extended with temperature estimates based on (sub)fossil plant material. 
Well-preserved C. tetragona stem fragments were reported in layers up to 15 cm depth of a 
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tundra soil core from Isdammen, Svalbard. Since these fragments were short, each representing 
only several years of growth, individual growth series could not be crossdated. Alternatively, 
average annual growth was determined for each 1 cm layer of the core. As the deepest layer 
was radiocarbon dated at 4230 ± 40 BP, each 1 cm of sediment represents 280 years when 
a continuous constant sedimentation rate is assumed. Thus, the average annual growth 
per layer then only represents the climate over a wide time frame as the high resolution 
is lost. Still, low-frequency temperature changes over long time periods can possibly be  
reconstructed using this method. As part of the research for this thesis another 15 cm deep 
tundra soil core was taken at Isdammen, Svalbard. The core was again cut into equal slices 
of 1 cm each. Part of each layer was then sieved to separate macro fossil remains from 
the organic soil and C. tetragona stem fragments were subsequently selected from the  
remaining macrofossils with tweezers under magnification using a stereo microscope. No 
C. tetragona fragments were found in the three deepest layers of this core. Dozens of stem 
fragments were, however, successfully recovered from all other layers, of which annual 
stem length could be assessed based on WMS and leaf scar distances. Both younger parts 
(leaf scars present) and older parts (no leaf scars visible, but WMS mostly well preserved) 
of Cassiope stems were obtained from each layer. A good mixture of old and young parts is 
required to overcome bias of average growth estimation due to the presence of age-related 
growth trends over the lifespan of each individual C. tetragona branch. Quality of preservation  
seemed to decrease with core depth, suggesting that the sediment might have been  
relatively undisturbed (not mixed). Organic soil and C. tetragona wood fragments from 12 
cm depth were radiocarbon dated at 1591 ± 30 years BP and 569 ± 30 years BP respectively. 
This was much younger than expected, leaving the prospect of very rough temperature  
reconstruction over a relatively short time period. Perhaps more promising, in terms of the use 
of C. tetragona growth chronologies as climate proxy while maintaining its annual resolution, 
has been the detection of intact subfossil C. tetragona plants emerging from the ice of the 
retreating Twin Glacier on Ellesmere Island in high arctic Canada (Havström et al., 1995). 
Growth chronologies were created based on these approximately 411 year old shrub fragments 
and subsequently Little Ice Age temperatures were successfully reconstructed. Humlum  
et al. (2005) reported the discovery of relict, undisturbed, approximately 1500 years 
old, tundra vegetation beneath the Longyearbreen glacier near Longyearbyen, Svalbard.  
This well-preserved soil-layer had become accessible in winter through a meandering 
meltwater-tunnel, which had reached the glacier bed. Although this specific finding did not 
contain any C. tetragona plant fragments, it does illustrate that the construction of growth 
chronologies based on (sub)fossil C. tetragona plant material, such as reported by Havström 
et al. (1995), might become more frequently available in the future. If so, such floating  
chronologies might be linked with chronologies spanning the last two centuries, resulting in 
continuous chronologies which span multiple centuries.

Explanatory capacity of transfer functions
In this thesis both mean July temperatures and growing season intensity measured as GDD5 
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were successfully reconstructed with linear stem length growth–climate transfer functions. 
The explanatory capacity of the transfer functions used was 41% for the reconstruction of 
Svalbard Airport mean July temperatures, based on a single site chronology and 61% for 
the reconstruction of GDD5 based on two site chronologies. The use of both the Ny-Ålesund 
and Endalen C. tetragona chronologies for the reconstruction of Svalbard Airport mean 
July temperatures results in an improved transfer function model with an explanatory 
capacity of 48%. Both the use of multiple site chronologies and the selection of a climatic  
parameter that better describes the growing season than rather coarse monthly units thus 
lead to significant improvement of transfer function models and resulting reconstructions.  
The selection of 5 oC as threshold for the calculation of GDD might seem as rather arbitrary, 
especially since it has been shown that C. tetragona is capable to photosynthesize even in 
snow covered conditions (Starr & Oberbauer, 2003). However, the explanatory capacity 
of GDD4 (summed warmth above 4oC) of standardized growth in Ny-Ålesund turned out 
to be lower than that of GDD5 (R

2=0.42 vs. R2=0.47, p<0.0001 in both cases). Potentially,  
C. tetragona shrubs first invest in e.g. sexual reproduction before the actual vegetative growth 
is started. Early summer temperatures above 4 oC are, then, not utilized for stem length growth, 
which might offer an explanation for the observed weaker GDD4-growth relationship. Also, 
even though temperatures might be well above zero in early June, the vegetation might still 
be snow covered at that time of the season and photosynthetic rate under snow might be 
insufficient for growth.
Pentad analyses could present an alternative method for GDD5 to explain observed  
C. tetragona growth. In pentad analyses chronologies are regressed against average 
temperatures over periods of 5 days to pinpoint a specific time-frame of maximal growth 
response to temperature. Blok et al. (2011), e.g., applied this method and found Salix pulchra 
shrubs at a site in north-eastern Siberia to be most sensitive to early summer temperatures 
over the period directly following snowmelt running from June 17th through July 19th. Such 
approaches are relatively new in dendroclimatology and could result in more reliable 
temperature reconstructions as these methods are more reasoned from the plants’ point of 
view than from that of common climatic variables.

Growth under future climate change
Although the main focus of this thesis is the use of C. tetragona as an arctic climate proxy, 
the demonstrated relationships between climate and growth can also be used to estimate 
the impact of future climate change on the growth of this species. Førland et al. (2004) 
presented projections based on a climate model for several climatic indices, including GDD5, 
for the Nordic Arctic. The presented scenario for Svalbard Airport GDD5 projects a further 
rise of the 30 year average GDD5 over the period 2021-2050 with 53 oC in comparison with 
the reference period 1961-1990. This would mean a rise to an average of 121 oC, which is 
substantial regarding for example the average between 1981 and 2010 of 97 oC. Although 
this would imply improved growing conditions for C. tetragona, the non-linear relationship 
over a high to subarctic gradient between GDD5 (0 to 800 oC) and average annual stem length 
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increase (Chapter 4, Figure 4.3a) suggests that C. tetragona might not be able to fully utilize 
this increase in GDD5, as the strength of the GDD5-growth relation decreases with increasing 
GDD5. Other dwarf shrubs, such as e.g. Crowberry (Empetrum nigrum ssp. hermaphroditum), 
occuring in similar ecological niches, might benefit more from warmer growing season 
conditions and increase their competitiveness towards C. tetragona.  Crowberry is 
currently not abundant in Svalbard (Rønning, 1996) and its occurrences are restricted to 
sites experiencing relatively warm microclimates, predominantly on southeast facing slopes 
(Elvebakk & Spjelkavik, 1995). Annual shoot length growth of Empetrum markedly increased 
in response to experimental OTC-warming in Endalen, Svalbard (Buizer et al, submitted). 
This increase exceeded the increase in annual shoot length growth of C. tetragona in the 
same experiment. Berry formation and ripening of Empetrum also increased under artificial 
warming. In Svalbard, occurrences of Empetrum might therefore increase partly at the  
expense of C. tetragona, as a result of future climate change. In a warmer world, decreased 
competitiveness in comparison to other species could theoretically result in a limited 
northward range shift of the biogeographical distribution of C. tetragona. It is, however, highly 
unlikely that C. tetragona will become extinct in Svalbard in the next century under climate 
warming as currently projected, as it is still present in much warmer (subarctic) areas such as 
near Abisko. Also, the high diversity in microclimates provided by the mountainous landscape 
of the Svalbard archipelago would probably provide enough refugia, even if temperature 
increases exceed current predictions for this century. In fact, evidence is lacking from the fossil 
record for extinction of any plant species solely in response to past rapid climate warming 
comparable to that projected for the near future (Willis et al., 2010). Also, the fossil record 
for C. tetragona specifically shows that it has been able to rapidly and efficiently (re-)colonize 
deglaciated areas in the past (Eidesen et al., 2007).

Snow cover
The lack of response to experimentally increased summer precipitation is perhaps 
not surprising, as in the arctic semi-desert soil water availability remains relatively high 
throughout large parts of the growing season, as a result of snowmelt and poor drainage of 
the permafrost soils (Smith, 1956). The fact that no relationships were found between monthly 
winter and spring precipitation sums and C. tetragona growth is perhaps more surprising. 
Communities dominated by C. tetragona were found to be associated with deeper snow 
regimes in Alaska (Evans et al., 1989) and the species is mainly found on slopes with some 
snow cover in winter in Svalbard (Rønning, 1996). Protection against severe arctic frost by a 
snow layer could be essential for the survival of C. tetragona populations. Warming events 
during winter and subsequent snowmelt have proven to be potentially harmful for subarctic 
vegetation (Bokhorst et al., 2009). During this study the last leaf pairs formed in 2006, from 
plants harvested for both the chronology construction and the OTC-experiment analysis in 
Ny-Ålesund, were repeatedly found to be damaged. As maximum daily temperatures there 
exceeded freezing point on three consecutive days in January of 2007, this damage might 
indeed have been caused by temporary exposure to frost as a result of snowmelt during 
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winter. All this could imply a positive influence of winter and spring snowfall on C. tetragona 
growth. Johnstone and Henry (1997) and Callaghan et al. (1989) both in fact reported a 
positive association between snowfall in May and C. tetragona growth in the Canadian Arctic 
and Svalbard, respectively. Snow can on the other hand also negatively impact C. tetragona 
growth, as was demonstrated by Mallik et al. (2011). In their study snow depth over the  
tundra vegetation was artificially increased by placing snow fences in Adventdalen, Svalbard. 
Snow depth in May was fivefold deeper in fenced plots compared to control plots (130 vs. 27 
cm). This deeper snow layer resulted in delayed snowmelt and a shortened growing season
with reduced C. tetragona stem growth as a consequence. Similarly, a negative relationship  
between radial growth of Salix arctica, another dwarf shrub species, and snow depth was 
reported in north eastern Greenland (Schmidt et al., 2010, Schmidt et al., 2006). Snow depth 
might thus have both a negative and positive impact on C. tetragona growth, which could 
offer an explanation for the lack of relationships found between monthly winter and spring 
precipitation sums and C. tetragona growth in this thesis. Another explanation could be that 
accurate snow and rainfall measurement is problematic in cold environments (Goodison et 
al., 1998). Also, local snow depth variation is more a result of topography and dominant 
wind patterns (Löffler, 2005) than of snowfall alone. In Svalbard, average monthly snow 
depth data are nevertheless available for the short period between 1976 and 1993 from the  
local Svalbard Airport weather station. The positive Pearson correlation coefficients between 
average snow depth from September of the previous year through May of the current year 
and the raw and standardized stem length chronologies from Endalen are however, again, 
not significant (r=0.46, p=0.07 and r=0.41, p=0.11 respectively). The above illustrates that 
snow has likely at least some influence on C. tetragona growth through protection against 
frost, determination of growing season length, or both.

Stable carbon isotopes
In Chapter 5 the first experimental evidence was presented of a response of stable carbon 
isotope discrimination (Δ) in C. tetragona to artificially enhanced summer precipitation. This 
finding provides an essential basis for the use of carbon isotope ratios of this species for the 
reconstruction of past precipitation (or related climatic parameters). However, it was also 
shown that the annual climate signal in carbon isotope discrimination (Δ) in annual stem length 
fragments is probably strongly blurred as a result of ring formation. The effect of precipitation 
seemed to have ‘trickled down’ to older fragments which were initially formed before the 
onset of the experiment through the addition of ring layers. Also an unexpected positive 
link between stem length and carbon isotope discrimination (Δ) was found, which was best 
explained as an indirect result of secondary radial growth and an age-related growth trend. The 
assumption, initially made in this thesis and in other studies examining the relationship between 
carbon isotope discrimination in Cassiope and climate, that the climate signal present in the 
primary growth layer laid down over the entire length of each annual stem length fragment 
will override the effect of additional ‘ring layers’ (Rayback et al., 2010, Rayback et al., 2011, 
Welker et al., 1995, Welker et al., 2005) is therefore not correct. Welker et al. (2005) also 
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reported a positive link between carbon isotope discrimination (Δ) and stem length growth 
(although not explicitly), which is contradictive with the fact that higher Δ can be indicative 
of higher rates of stomatal conductance and/or decreased assimilation rates. Although it fits 
well into the argumentation in that study, which links carbon isotope discrimination (Δ) and 
δ18O in annual C. tetragona stem length fragments to Arctic and North Atlantic Oscillation 
phase changes, the suggested link between carbon isotope discrimination (Δ) and stem length 
growth is more likely a result of secondary radial growth as shown in Chapter 5.
In future studies different sampling strategies are consequently required to obtain a clearer  
annual climate signal from carbon isotope ratios in C. tetragona stem length fragments.  
Perhaps this can be achieved by merely sampling pith tissue and primary ring layer tissue 
between two WMS, as suggested in Chapter 5.

Conclusions
•  The new method of measuring annual C. tetragona as distances between WMS has allowed 

the construction of the longest growth chronology (169 years) for this species so far.
•  Standardization of the C. tetragona stem length chronologies by the ’Horizontal line through 

the mean’ approach proved to sufficiently remove autocorrelation while keeping the climate 
signal intact.

•  A better distinction between low frequency age-related growth trends and the temperature 
signal in chronologies of C. tetragona and other (shrub) species might become possible 
through the execution of long-term OTC-warming experiments.

•  The creation of C. tetragona growth chronologies longer than 180 years based on extant 
shrubs is possible.

•  Potentially, such chronologies can be extended with those based on (sub)fossil shrubs,  
if enough material is retrieved from, e.g., beneath (retreating) glaciers.

•  The explanatory capacity of transfer function models can simply be increased by the  
addition of growth chronologies from different nearby sites and selection of appropriate 
climatic parameters.

•  C. tetragona growth might be both positively and negatively affected by snow cover depth.
•  A new sampling strategy is needed to obtain an explicit annual climate signal from carbon 

isotope ratios in C. tetragona stem length fragments.
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