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a b s t r a c t

The main aim of this project was to explore whether the pine trees in Glen Affric (GAF), one of the more
extensive pine woodlands in the northern Scottish Highlands, are, on average, reaching a senescent stage
which could ultimately be detrimental to the sustainability of the pine woodland in this region under
present management conditions. This aim was realized by (1) comparing the mean stand age of the
GAF trees to other pine woodlands around Scotland, (2) exploring whether there was a significant pre-
death trend in ring-width series from naturally dead trees and (3) assessing whether a notable change in
response of tree growth to climate was noted as a function of age which could indicate that trees were
entering a state of senescence.

The average age of the GAF pine trees is 236 (±36) years compared to 225 (±55) years for Scotland
as a whole and comparing the GAF data to older pine trees around Scotland suggests that the current
mature trees should remain healthy for at least the next century. We also note no significant pre-death
trend in ring-width time-series measured from recently dead standing trees. Intriguingly, however, there
is a consistent weakening in the response of the pine trees to temperatures through the 20th century.
Despite younger trees showing, on average, a stronger response to temperatures, they show the greatest
temporal instability in response. This response change is likely not related to tree senescence and ongoing
research is exploring this phenomenon in more detail.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Scots pine (Pinus sylvestris L.) is the only commercial conifer
species to occur naturally in Great Britain and the only extensive
pine woodlands to be found are located in the Scottish Highlands
(Steven and Carlisle, 1959), where the coverage of pine was much
more extensive in the past. The original Caledonian forest in Scot-
land included several tree species, particularly oak, birch, alder, as
well as pine. The southern regions of Scotland were comprised of
mixed deciduous woodlands, while pine was found mostly in the
Highlands and northern regions (Steven and Carlisle, 1959). From
8800 to 4400 years BP, pine became widespread throughout much
of mainland Scotland, and became the dominant tree type in the
north. The expansion of pine reached its peak at around 5000 years

∗ Corresponding author. Tel.: +44 01334 463914; fax: +44 01334 463949.
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BP although in some areas a decline of the species had already
started which accelerated over the millennia due to climate change
and human impact (Bennett, 1995).

Today, only remnant patches of the original Caledonian pine for-
est remain and most of these are in a semi-natural state (Smout et
al., 2005). These remaining woodland patches are protected by gov-
ernment policy and non-intervention management (i.e. only deer
protection and some fire prevention are allowed) with the intention
that they should be self-sustaining in perpetuity (Edwards et al.,
2008). However, it is not clear if the present forests are indeed self-
sustaining as there is little evidence of regeneration and many of the
woodlands have an age structure dominated by trees of 200–300
years in age (on average) which may be close to their natural age of
death. In Scotland, pine trees have been reported to live, typically,
to a maximum age of approximately 300 years (Steven and Carlisle,
1959; Nixon and Cameron, 1994; Mason et al., 2004) although some
individuals are known to exceed 400 years. The death of the old
cohorts, of course, would not be a problem if a sufficient number
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Fig. 1. Location map of Scottish and Scandinavian pine sites used in this study. Also shown is the 5◦ × 5◦ temperature grid box used for correlation response function analyses
(Brohan et al., 2006).

of younger trees are already in place to replace the trees that are
approaching death (Mason et al., 2004). This, however, is not the
case for some pine woodlands which are relatively even-aged and
reflect regeneration after earlier clear cutting events in the 18th and
19th centuries (Smout et al., 2005). Therefore, as many of the pine
trees in Scotland could theoretically be approaching their natural
age of death, tree senescence and its contribution to final mortality
is an important issue for research.

The response of trees to environmental conditions may also vary
over time since trees undergo physiological changes as they age. As
well as the influence of climate, ring-width patterns, when related
to age and size, are also commonly affected by competition between
the trees and any disturbances a woodland may experience (Cook,
1990). Peñuelas (2005) also noted that slow-growing trees tend to
live longer as a result of durability and strength due to minimizing
‘maintenance and repair costs’.

It has been postulated that multi-aged forest stands pro-
duce trees that respond to climate fluctuations in different ways,
depending on their age or size, and older trees (>200 years) can
show a greater response to climate than younger trees. This was
shown for Scots pine at the central Scandinavian Mountain tree
line (Linderholm and Linderholm, 2004), as well as for European
larch (Larix decidua) and Swiss stone pine (Pinus cembra; Carrer
and Urbinati, 2004), all of which showed age as a partially control-
ling factor to tree response and productivity. Conversely, Szeicz and
MacDonald (1995) found that younger white spruce trees (Picea
glauca) in northwestern Canada have a stronger response to cli-
mate than older trees. However, Wilson et al. (2004) showed no
differential response between young and old trees, so long as sam-

ple replication in the differing age classes was high, when studying
moisture sensitive Norway spruce (Picea abies) trees at low ele-
vations in the Bavarian Forest region of Germany. Similar results,
contrasting with the findings of Carrer and Urbinati (2004), were
also noted by Esper et al. (2008) who studied Swiss stone pine in
the central Alpine region.

The issue of whether age or size is the more dominant influence
for senescence is difficult to determine because the two factors can-
not be entirely separated from one another (Carrer and Urbinati,
2004). Pennisi (2005) and Martínez-Vilalta et al. (2007) contend
that the size of the tree, and not just the age, plays the most impor-
tant role. They speculate that this could be due in part to the decline
in the efficiency of water-conducting cells as the tree grows taller.
This is known as the hydraulic limitation hypothesis and basically
suggests that it becomes more difficult for the tree to pull water
up to the top of the canopy, as it grows, due to friction. This lack of
water at the top of the canopy causes a loss in photosynthetic abil-
ity and a resultant decline in growth (Magnani et al., 2000; Pennisi,
2005; Mencuccini et al., 2005). It is possible that stable isotopic
analysis of the tree-ring series may provide a means for testing
these hypotheses as both carbon assimilation and plant water-use
may preserve an isotopic signal in the resulting tree ring which
relates to canopy/hydraulic processes (McCarroll and Loader, 2004,
2005).

Recent research has been conducted in Scotland on woodland
stand structure to assess the effects of management and climate
on differing age groups and size distributions of pine woodlands.
Edwards and Mason (2006) found that Glen Affric (Fig. 1), a wood-
land located within the northern Highlands, has recently suffered
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Table 1
Locations and summary statistics for all pine sites utilized in this study. The mean stand age values utilise pith-offset estimates.

Country Site name Site codes Latitude Longitude Elevation (m) Chronology period Mean stand
age (years)

Standard deviation
of ages

Number of
trees

Scotland Glen Affric GAF 57.15◦N 4.56◦W 250–350 1709–2002 236 35.5 95
Glen Affric (dead) GAFD 57.15◦N 4.56◦W 250–350 1704–1996 203 47.8 19
Ballochbuie BALL 56.58◦N 3.19◦W 300–500 1589–2003 283 54.9 38
Mar Lodge (west) MARW 57.01◦N 3.34◦W 420–530 1629–1992 241 52.3 45
Mar Lodge (east) MARE 57.01◦N 3.30◦W 400–550 1680–1992 251 35.4 20
Glenmore MOR 57.08◦N 3.40◦W 410–450 1740–2006 219 45.9 17
Rothiemurchus ROT 57.09◦N 3.47◦W 300 1841–2006 148 31.2 17
Glen Feshie FES 57.05◦N 3.52◦W 480–540 1811–2006 157 22.5 24
Southern Glens SGL 57.09◦N 5.05◦W 240–370 1459–2001 355 89.9 25
Loch Hourn HRN 57.07◦N 5.28◦W 90–240 1802–2007 191 21.8 10
Coulin COU 57.32◦N 5.21◦W 250 1671–2007 239 48.7 28
Loch Maree LMAR 57.31◦N 5.20◦W 100 1735–2006 188 49.7 13

Sweden Furuberget FUR 63.10◦N 13.30◦E 650 1406–1927 132 32.5 10

Norway Forfjorddalen FOR 68.47◦N 15.43◦E 50–170 1412–1995 257 110.5 14
Dividalen DIV 68.38◦N 19.52◦E 260–400 1474–1972 337 131.8 8

an abundance of natural tree mortality (34 stems ha−1). They sug-
gested that the amount of dead standing trees found among the
older living trees indicates that the natural mortality may be due
to competition between trees of the same population as they age
and grow larger. However, like most other Scottish pinewoods, Glen
Affric has, in the past, been managed for timber and subjected to
intensive grazing by feral and domestic animals (Beaumont et al.,
1995), and therefore non-climatic factors (e.g. felling) may have
also influenced the growth rates within this region. Few studies
have been conducted on senescence rates in Scots pine woodlands
and this study will assess stand ages and tree response changes
throughout Scotland to examine whether tree age could be a factor
in the current pine die-off observed in Glen Affric.

2. Data and methods

2.1. Living tree ring-width data

The ring-width (RW) data used in this study are from 11 loca-
tions in the Scottish Highlands (Fig. 1; Table 1). These sites represent
a northwest/southeast transect from Loch Maree and Coulin in the
northwestern Highlands to Ballochbuie in the southeastern High-
lands, including the main study region of Glen Affric, as well as
additional sites within the Cairngorms National Park and south-
ern Highlands and the oldest identified pine stand in the Southern
Glens.

Seventy-two samples were crossdated and measured from tree
core samples taken by Forest Research (UK Forestry Commission)
from Glen Affric, the primary study area, in 1996. These data were
further supplemented by 13 trees from a previous dendroclimatic
study in Scotland conducted by Hughes et al. (1984) and Hughes
(1987), as well as a more recent sampling of ten trees by the Univer-
sity of Swansea in 2003. The final Glen Affric living RW composite
chronology (hereafter denoted by GAF) is derived from 95 trees.

A composite ring-width record was derived for the Ballochbuie
pine woodland (hereafter BALL) to the southeast of Mar Lodge
(Fig. 1), using data from trees sampled in the 1970s (11 trees;
Hughes et al., 1984) and 2004 (27 trees; Mills, 2006).

In 1993 two hundred single tree core samples were taken by
Forest Research from four sites within Mar Lodge Estate (south-
west Cairngorms): Glen Derry, Glen Luibeg, Dubh Ghleann and
Glen Quoich. For each site, ten of the oldest cores were dated
and measured by the primary author. Due to their close proxim-
ity and similarity in site elevation and ecology, the Glen Derry and
Glen Luibeg measurements were combined, deriving a western Mar
Lodge composite (hereafter MARW), as were Dubh Ghleann and

Glen Quoich in the east (hereafter MARE). These data were also
supplemented using RW data from the Hughes et al. (1984) study’s
earlier sampling of Glen Derry and Inverey, which were incorpo-
rated into the MARW data-set. The final number of sampled trees
in the MARW and MARE data-sets were 45 and 20, respectively.

New sites were sampled in 2007 from Glenmore (hereafter MOR,
17 trees), Rothiemurchus (hereafter ROT, 17 trees), and Glen Feshie
(hereafter FES, 24 trees), located at the northwestern edge of the
Cairngorm Mountains. As the elevation, aspect and site ecologies of
these sites are quite different, these three sites were not composited
together.

To complete the Scottish southeast to northwest transect
(Fig. 1), 25 trees were also included from the Southern Glens
(hereafter SGL), where the oldest known pine stand exists from
Scotland (Mills, 2005; Woodley, in preparation). The addition of
these samples provides an important comparative data-set due to
the longevity of the trees. To the west of the SGL site, we also include
ten trees from Loch Hourn (hereafter HRN).

Finally, from the Northwest Highlands we used RW data from
Coulin (hereafter COU), combining 11 trees analysed by Hughes et
al. (1984) as well 17 trees sampled in 2006/2007, and Loch Maree
(hereafter LMAR), combining nine trees sampled by Hughes et al.
(1984) and four trees sampled in 2007.

2.2. Dead tree ring-width data

As well as the living tree ring-width data, disks were taken from
19 dead standing trees in 2007 in Glen Affric (hereafter GAFD;
Table 1) to provide an idea of the age and growth rates of the
pine trees at death in this region. To evaluate potential ages of pine
trees at death from regions outside of Scotland, we also used data
from naturally dead trees from Scandinavia. Ten dead trees were
collected from Furuberget, Sweden (hereafter FUR) in the central
Scandinavian Mountains. In Norway, 14 dead trees were collected
from Forfjorddalen (hereafter FOR) and eight dead trees from Divi-
dalen National Park (hereafter DIV). In all cases, dead samples were
only used if the measured rings extended to the outer edge of the
tree. In many cases bark was still present, although the possibility
of erosion of some outer rings where bark was not present can-
not be excluded. Fig. 2 presents the distribution of death dates for
each location. The date ranges for the Scandinavian sites cover both
the 19th and 20th centuries while the GAFD samples are dated
only to the 20th century, which likely reflects the relative rapid-
ity of pine tree rot in Scotland compared to Scandinavia and the
relatively recent abundance of mortality at this location. Overall,
the death dates are randomly dispersed and are likely not related
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Fig. 2. Distribution of death dates for the dead samples from GAF, FURU, DIV and FOR.

to a stand-wide pathogenic attack or response to extreme climate
events.

2.3. Sample and data processing

Standard dendrochronological techniques were utilized for
sample preparation, measurement and dating (Stokes and Smiley,
1968). To allow for more realistic estimates of tree ages, the num-
ber of missing rings (the so-called ‘pith-offset’) between the first
ring measured and the ‘missed’ pith at the centre of the tree were
estimated by using the curvature of the innermost measured rings
(Villalba and Veblen, 1997) and comparing them to concentric cir-
cles with different radii, ranging from 0.5 to 5 mm, on acetate
sheets.

The dead samples from Glen Affric, Furuberget, Dividalen and
Forfjorddalen were used to identify whether there was a signif-
icant common ‘trend’ in growth rates as the trees neared death.
Aligning the series relative to the year of death, before averaging,
results in a mean curve of growth rates leading up to death and
may provide information on anomalous changes in growth prior to
death. Accepting the possibility that any pre-death growth trend
may be negative in nature, the raw data needed to be detrended
so that the biological age trend did not mask any potential pre-
death trends. However, detrending can cause biases in the resultant
index series (Melvin and Briffa, 2008) leading to artificial positive
or negative trends. To address this possibility, different detrending
methodologies were employed to assess how such methodologi-
cal choices affect the results. The detrending methods used were a
fixed 200-year spline (Cook and Peters, 1981) and a modified nega-
tive exponential function (Cook and Briffa, 1990). Experimentation
was also made with and without power transformation (Cook and
Peters, 1997) of the data prior to using these two detrending proce-
dures. We also employed the use of regional curve standardisation
(RCS) which theoretically can capture variability at time-scales
longer than the mean length of the samples (Briffa et al., 1996;
Esper et al., 2003).

2.4. Growth/climate analysis

To ascertain whether there is a significant response change
with increasing tree age, correlation response function analysis was
undertaken for each of the 11 living Scottish site chronologies. The
raw RW data for each composite data-set were detrended using a
200-year spline (Cook and Peters, 1981), after appropriate power

transformation (Cook and Peters, 1997), to reduce potential end-
effect inflation of resultant indices. These chronologies were then
empirically compared against monthly variables of gridded (Fig. 1)
mean land temperatures (Brohan et al., 2006) in order to determine
if there was a quantifiable response of the trees to climate. Analyses
were undertaken over the period where common replication was at
least five series. This restricted the outer date for analysis to 1978 as
the LMAR chronology, originally sampled by Hughes et al. (1984), is
only replicated by four trees after this date. The full period for anal-
ysis was AD1850–1978. This period was split into two equal parts
(AD1850–1914 and AD1915–1978) to assess the temporal stability
of the climate response identified. The 11 chronologies were also
averaged together to assess the relationship of the Scotland-wide
pine signal to climate.

To explore further the response of the pine trees to climate as a
function of age, all the living pine RW data for Scotland were split
into two age groups. Unfortunately, due to the sampling strategy of
coring only older trees, and the fact that there is very little regen-
eration in many of the pine woodlands, only seven juvenile trees
(<100 years) have been sampled. The two age groups are there-
fore termed “Mature” and “Old.” The Mature group was defined as
all trees <200 years old while the Old group included all trees >250
years in age. Trees aged 200–249 years old were excluded to ensure
a significant split between the two age classes. The mean age of the
Mature group is 161.5 years, while the mean age of the Old group
is 291.1 years. The final age group composite series were made up
of 106 and 163 series, and had a minimum replication of 20 series
from 1823 and 1657 for the Mature and Old groups, respectively.
A similar age group split was also undertaken using only the GAF
data. As with the individual chronologies, the raw RW data for each
age group composite data-set were detrended using a 200-year
spline (Cook and Peters, 1981), after appropriate power transfor-
mation (Cook and Peters, 1997), and a mean chronology derived.
Separate growth/climate analyses, as undertaken for the individual
sites, were undertaken using these age-grouped chronologies.

2.5. Growth rates and cumulative tree diameter

Finally, to assess whether the GAF trees are, on average, in a rea-
sonable state of “healthiness” with respect to growth rates and age,
we transformed the RW data into measures of mean tree diame-
ter as a function of age. The GAF data were first excluded from the
Mature and Old groups described above. For each data-set (GAF,
Mature and Old), the raw RW data were aligned by cambial age
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Fig. 3. Mean tree ages of individual site chronologies. The horizontal line denotes the overall Scottish mean age of 225 years. The longer whiskers represent one standard
deviation, while the shorter whiskers represent one standard error. Upper values show maximum and minimum trees ages for each site, while lower values denote number
of trees sampled per site.

and mean growth curves derived by averaging the non-detrended
data together. These data were summed from year to year to derive
a cumulative plot of RW (in mm) as a function of tree age. These RW
cumulative values were then transformed to mean tree diameter
estimates as a function of tree age.

3. Results and discussion

3.1. Mean stand ages

One of the aims of this study is to estimate, if possible, the age
at which senescence begins in Scots pine in the Scottish Highlands.
This required both the accurate ageing of the living trees as well as
identifying the age of those trees that have recently died. These age
estimates are detailed in Table 1 and Fig. 3. It should be noted that
for the GAF, MARW and MARE sites, only the oldest samples were
chosen for measurement, therefore biasing the sampled woodland
age structure upwards for these sites. It is not known whether this
was the case with the various Hughes sites (Hughes et al., 1984;
Hughes, 1987) where the original sampling strategy is not detailed.
However, the traditional approach for dendroclimatological sam-
pling is to sample the oldest trees in a stand so it is likely that the
strategy utilized by Hughes et al. (1984) would have maximized
the mean stand age at the time of sampling. Another more poten-
tially significant bias with the use of the Hughes et al. (1984) data,
as well as the MARW and MARE data, is the fact that these sites
were sampled in 1978 and 1993, respectively, and do not extend
to the present. Since these trees may still be living, the age esti-
mates derived for these stands may be slight underestimations of
the present tree stand ages. To partly overcome this, we updated as
many sites as possible for this study and these potential age biases
are now well within the error ranges of the age estimates and have
minimal effect on the final results.

Overall, the mean ages of the individual sites range from 148
(±31) years at ROT to 355 (±90) years at SGL, with an overall mean
stand age across Scotland of 225 (±55) years (Fig. 3). ROT and FES
are the youngest sites while SGL is clearly the oldest pine stand.
Exceptionally old trees >350 years, however, are also found in BALL
and MARW.

The main study site, GAF, has a mean stand age of 236 (±36)
years. The mean age at death of the 19 dead trees sampled from the

Glen Affric region is 203 (±48) years. Although slightly lower than
the mean age of the living trees, there is no significant difference,
at the 95% confidence limit, between these mean values using a t-
test. Fig. 4 plots the frequency of tree establishment for both the
living and dead trees in Glen Affric. The median value of the first
year of growth (measured at ca. 1.5 m approximately chest height)
is 1748 and 1741, respectively, between the living and the dead
trees, suggesting that the dead trees essentially represent the same
population as the living trees but simply died earlier than the bulk
of the trees in the region. This observation agrees with the results of
Edwards and Mason (2006) suggesting that the natural mortality in
Glen Affric may simply be due to competition between trees of the
same population, although random deaths cannot also be excluded.

As one of the aims of this study was to address whether these
recently dead trees may represent the beginning of a phase of mor-
tality in the older growth trees in the Glen Affric region, we also
compare the age of the Glen Affric trees at death with other nat-
urally dead pine trees from Scandinavia. For these sites, the mean
age at death was 132 (±33) years at FUR, 257 (±111) years at FOR
and 337 (±132) years at DIV (Table 1 and Fig. 3), with the oldest
tree (500 years old) located in FOR. In light of the overall greater
mean tree ages noted for the living sites BALL and SGL and the dead
samples from FOR and DIV, it therefore seems unlikely that the GAF

Fig. 4. Tree establishment histogram of the living and dead trees sampled from Glen
Affric.



Author's personal copy

326 T. Fish et al. / Forest Ecology and Management 260 (2010) 321–330

trees are close to their “natural” end of life, when only taking tree
age into account, and the GAFD data appear to only represent indi-
viduals that have died ‘early’ within the local population due to
inter-tree competition (Oliver and Larson, 1996).

Peñuelas (2005) noted that slow-growing trees tend to live
longer as a result of durability and strength due to minimizing
‘maintenance and repair costs.’ As seen in Fig. 5, which plots mean
tree diameter as a function of tree age for GAF and the Mature/Old
age groups (excluding the GAF data), our data appear to agree well
with this observation with the older trees generally expressing
slower growth rates. What is crucial to note however, with respect
to the GAF data, is that the mean tree diameter data for this location
appear to track very closely the trend noted for the Old age group.
This observation would imply that so long as pine tree growth rates
continue at a similar rate, then the Glen Affric trees should remain,
on average, in a generally healthy state for many more years.

3.2. Death-aligned time-series

To make an attempt to identify a possible senescence signal
within the ring-width series, it was essential to look at only the
dead material. The GAFD, FUR, DIV and FOR data all represent pine
trees that have died naturally and provide a unique data-set to
test whether any significant pre-death trends may occur. Fig. 6
shows the 200-year spline and negative exponential detrended
versions (with and without a power transform (Cook and Peters,
1997)) as well as the RCS chronologies of the death-aligned data-
sets for these sites. The wider range in error bars in the recent

Fig. 5. Time-series of mean tree diameter (in centimetres) as a function of tree age
for GAF, and the Mature and Old groups. Diameter estimates are only shown for tree
ages represented by at least 5 trees.

period clearly highlights the end-effect sensitivity of detrending
(Cook and Peters, 1997; Melvin and Briffa, 2008) and emphasizes
the difficulty of extracting a possible pre-death trend signal from
the decreasing biological age trend. Overall, there appears to be
no significant indication of a decrease in growth rates for any of
the sites using the different detrending methods. There is, how-

Fig. 6. (A) Death-aligned mean time-series for GAFD for the 120 years leading up to death. Five different detrending options were used. NE = negative exponential function,
NEPT = negative exponential function with power transform, 200spl = detrending using a 200 year spline, 200splPT = detrending using a 200 year spline with power transform
and RCS = regional curve standardisation. The black line represents the mean of the five detrending options. The bootstrapped error bars (Efron, 1987) are the widest range
of uncertainty (95% C.L.) from all five versions; (B) as A but for FURU; (C) as A but for DIV; (D) as A but for FOR.
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Fig. 7. Correlation response function analysis for each site, plus a composite series for Scotland derived by averaging all the individual site chronologies together. Analysis
undertaken over the full (1850–1978) and split periods (1850–1914 and 1915–1978). Only correlations significant at the 95% C.L. are shown.

ever, an intriguing dip in growth for the GAFD data about 60 years
before death. As the death dates of these trees were scattered
mostly through the 20th century (Fig. 2), it is unlikely that this
dip is related to a specific event and probably reflects the noisy
nature of this analysis and that many more samples are needed
for this type of analysis to be meaningful. DIV also appears to
show a decreasing trend prior to death (accentuated in the NE

version), but this is not significant when the error bars (95% confi-
dence limit) are taken into account. However, these data represent
some of the oldest trees at death and these results, although non-
significant, may imply a decrease in growth rates as the trees
acquire extreme ages. The outer few decades of the oldest tree at
the SGL site could not be measured as they were extremely nar-
row.
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Table 2
Number of series and relative percentage weighting of each site chronology in the Mature and Old age group Scotland composite series.

Mature No. of series % Weight per site OLD No. of series % Weight per site

GAF 18 17.0 GAF 47 28.8
BALL 2 1.9 BALL 37 22.7
MARW 13 12.3 MARW 33 20.2
MARE 1 0.9 MARE 8 4.9
MOR 4 3.8 MOR 2 1.2
ROT 17 16.0 ROT 0 –
FES 22 20.8 FES 0 –
SGL 0 – SGL 17 10.4
HRN 7 6.6 HRN 0 –
COU 10 9.4 COU 17 10.4
LMAR 12 11.3 LMAR 2 1.2

3.3. Growth/climate analysis

Fig. 7 presents the correlation response function analysis results
for each individual Scottish pine RW chronology as well as for a
Scotland-wide composite series. As would be expected with conifer
trees growing in a high-elevation environment, mostly close to
the upper tree-line, there is a general positive response to mean
summer temperatures. What is perhaps not expected is that on
average the trees correlate significantly with both winter and sum-
mer temperatures although for all sites, except GAF, MOR, FES
and COU, correlations are higher against June-August tempera-
tures than January–March. Grace and Norton (1990) also found
significant correlations between ring-width indices and mean tem-
peratures of the winter months in their study on Scots pine near the
upper tree limits in the Cairngorm Mountains. They speculated that
this could be due in part to a slight increase in winter photosyn-
thesis because of warmer spells occurring during the winter, thus
allowing more access to groundwater.

The response of the 11 living composite chronologies to temper-
ature is highly variable between the different sites. The sites with
weakest response are MOR, ROT, FES and HRN. The mean response
of all the 11 living composite chronologies to January–August
temperatures over the AD1850–1978 period is 0.36, with HRN
showing no significant correlation and the strongest response being
expressed by MARW (r = 0.46). Of all the living sites, HRN has the
lowest replication (10 trees) and the weak correlation response
function results are therefore likely partly a result of weak sig-
nal strength. By averaging the 11 chronologies together to derive a
Scotland-wide composite, the correlation to January-August tem-
peratures increases to 0.53, suggesting that site-specific effects
(ecological or management related), which could dominate individ-
ual sites, can be partly overcome by averaging many sites together.

The correlation values over the early and later (AD1850–1914
and AD1915–1978) periods, however, appear to show a general
weakening in the response to temperature. This response change
appears to be greatest for the JFM season where all sites show a loss
in the response to winter temperatures through the 20th century.
However, it should be noted that a decrease in response with sum-
mer (JJA) temperatures is also noted for GAF, ROT, HRN, COU and
LMAR, while MOR and FES show little or no response to summer
temperatures at all.

Is this loss in sensitivity to mean temperatures related to the
aging of the trees, or to some other unknown cause? To test this,
chronologies were derived for the Mature and Old age classes
described earlier. Table 2 summarizes the relative weighting that
each of the original individual chronologies has on the final Mature
and Old age group series. The percentage weighting shows that
there is a site bias in the Mature group to GAF, ROT and FES while the
Old group is more weighted to GAF, BALL and MARW. The fact that
the GAF data influence both sub-sets reflects the larger amounts of
samples taken from this site and also indicates that such age groups
may be derived for this location with reasonable replication.

Table 3
Correlations for the early (AD1850–1914) and late (AD1915–1978) periods between
the age group chronologies and mean temperatures for the January–August,
January–March and June–August seasons. Results shown for both the Scotland-
wide age group chronologies as well as the GAF data. ns = denotes correlations not
significant at the 95% confidence limit.

Mature Old GAF Mature GAF Old

January–August
1850–1914 0.61 0.50 0.46 0.37
1915–1978 0.34 0.40 0.31 0.22 (ns)
Difference:

early and late
0.27 0.10 0.15 0.15

January–March
1850–1914 0.50 0.33 0.43 0.32
1915–1978 0.29 0.17 (ns) 0.35 0.23 (ns)
Difference:

early and late
0.21 0.16 0.08 0.09

June–August
1850–1914 0.43 0.42 0.31 0.31
1915–1978 0.24 (ns) 0.41 0.14 (ns) 0.23 (ns)
Difference:

early and late
0.19 0.01 0.17 0.08

Table 3 summarizes the correlations between the resultant
Mature and Old group chronologies against January–August,
January–March and June–August mean temperatures. Overall, the
strongest response to mean temperatures is noted for the Mature
group trees, which is unexpected as this group is weighted to ROT
and FES which individually show weak correlations to temperature
(Fig. 7). The Mature group, however, shows the greatest weakening
in the signal between the 1850–1914 and 1915–1978 periods. No
significant weakening is noted for the Old group chronology against
the summer season. To ensure that there was no bias due to the
different weightings of the sites in both Scotland-wide age classes,
this analysis was also performed using the age class chronologies
from GAF (Table 3). As expected from the results shown in Fig. 7,
the correlations with climate for the GAF data are weaker than with
the Scottish-wide composites. However, the results are consistent
in the fact that the Mature age group chronology show a stronger
response than the old trees. This response change is consistent for
both the winter and summer seasons.

4. Conclusion

Understanding senescence, and the environmental factors influ-
encing the onset of senescence, is important in the overall
understanding of woodland dynamics. The ability to determine
when a tree is approaching death would be very useful in man-
aging a woodland site and would allow forest managers to ensure
that there are a representative number of immature trees already
in place (Bigler and Bugmann, 2004; Wunder et al., 2008).

The main aim of this project was to explore whether the pine
trees in Glen Affric were, on average, reaching a senescent stage in
their lives which could ultimately be detrimental to the sustainabil-
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ity of the pine woodland in this region under present management
conditions. This aim was realized by (1) comparing the mean
stand age and growth rates of the Glen Affric trees to other pine
woodlands around Scotland, (2) exploring whether there was a sig-
nificant pre-death trend in RW series from naturally dead trees in
the region and (3) assessing whether a notable change in response
of tree growth to climate was noted as a function of age which could
indicate that trees were entering a state of senescence.

By using RW data from 11 locations (Fig. 1) around the Highlands
of Scotland, the range in mean stand ages was from 148 (±31) years
at ROT to 355 (±90) years at SGL, with an overall mean stand age
across Scotland of 225 (±55) years (Fig. 3). GAF, with a mean stand
age of 236 (±36) years is therefore about average in the Scottish
context and it is thus conceivable that the current trees in Glen
Affric may live for many more years and the dead trees noted in the
region simply died as part of natural pine stand dynamics (Edwards
and Mason, 2006).

In the analysis of RW series from naturally dead standing trees
from Glen Affric and three sites in Scandinavia (Fig. 6), no signif-
icant “trend” in growth indices prior to death was identified. This
time-series analysis was conducted on a site-by-site basis, utiliz-
ing data from a total of 57 trees. However, it is possible that (1) the
amount of data used was too low to overcome the limitations of
detrending end effects that might suppress or inflate the index val-
ues at the very period where any possible senescence signal would
be observed and (2) the possible physical loss of outer rings from the
surface of the dead trees due to weathering may remove relevant
tree-rings for such an analysis. Such an approach may only prove
useful for samples where the bark is preserved and still attached
to the outer surface of the tree to ensure that no loss of outer rings
has occurred.

Growth/climate analysis using the living tree-ring data identi-
fied that the dominant response of pine trees to climate is with
both winter and summer mean temperatures although, unsurpris-
ingly, the weighting of this response is stronger for the growing
season. The climate response of pine trees appears to be quite vari-
able between sites with the northwest Cairngorm (MOR, ROT and
FES) and HRN sites expressing the weakest response with temper-
atures. The sites expressing the strongest climate responses are
MARW and SGL.

The growth/climate analyses also showed, however, that the
pine growth relationship with temperatures was weaker during the
latter half of the 20th century, especially for the winter season. By
dividing the RW data for the whole of Scotland into two age classes
(Mature < 200 years; Old > 250 years), the growth/climate analy-
ses indicate that, on average across the Scottish Highlands, while
Mature trees express a stronger response with temperatures, the
Old trees show a more stable response with temperatures, espe-
cially for the summer season. At this time, no definitive cause or
causes for the response change in the Scottish pine chronologies
can be indentified, but it is unlikely to be related to changes in
tree age as all sites appear to consistently express this weaken-
ing in response (Fig. 7). In recent years, similar observations have
been made at many mid- to high-latitude conifer sites through-
out the northern hemisphere, where trees have either expressed
a weakening in response with temperature, or that ring-width or
maximum density indices do not track local temperature trends
over the last 30–40 years. This phenomenon, which is the sub-
ject of considerable research effort worldwide and may reflect a
variety of factors including a non-linearity in tree response, site
disturbance or an artefact of sampling/data analysis, has become
known as the “divergence problem” (D’Arrigo et al., 2008; Wilson
et al., 2007). However, at this time, further research is needed to
explore this phenomenon in more detail with respect to the Scot-
tish pine chronologies and is the focus of ongoing research in the
region.

In conclusion, from the analyses presented herein, there appears
to be no evidence for the living trees in Glen Affric to be close to
death and they should remain, on average, in a generally healthy
state for many decades to come (Fig. 5). It is likely that for many of
the native pinewoods of Scotland, extensive clearance during the
18th and 19th centuries has adversely affected the age structure
of the remnants of native woodland that remain. To this end, the
woodland structure and senescence characteristics at Glen Affric
may be regarded as one reflecting a recovering ecosystem and
that the woodland has yet to reach its full age potential or cli-
max age structure. There is currently only limited natural pine
regeneration in the Glen Affric region. Consequently management
strategies need to be implemented now to ensure that in ∼100
years, a sufficient quantity of “natural replacement” will occur. This
will be necessary to ensure that sufficient younger pine cohorts
are established to replace the mature trees that will be naturally
approaching death as the woodland continues its post-clearance
recovery towards ecological maturity.
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