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Abstract

Biogeographical and ecological theory suggests that species distributions should be driven to higher altitudes and lat-

itudes as global temperatures rise. Such changes occur as growth improves at the poleward edge of a species distribu-

tion and declines at the range edge in the opposite or equatorial direction, mirrored by changes in the establishment

of new individuals. A substantial body of evidence demonstrates that such processes are underway for a wide variety

of species. Case studies from populations at the equatorial range edge of a variety of woody species have led us to

understand that widespread growth decline and distributional shifts are underway. However, in apparent contrast,

other studies report high productivity and reproduction in some range edge populations. We sought to assess tempo-

ral trends in the growth of the widespread European beech tree (Fagus sylvatica) across its latitudinal range. We

explored the stability of populations to major drought events and the implications for predicted widespread growth

decline at its equatorial range edge. In contrast to expectations, we found greatest sensitivity and low resistance

to drought in the core of the species range, whilst dry range edge populations showed particularly high resistance to

drought and little evidence of drought-linked growth decline. We hypothesize that this high range edge resistance

to drought is driven primarily by local environmental factors that allow relict populations to persist despite

regionally unfavourable climate. The persistence of such populations demonstrates that range-edge decline is not

ubiquitous and is likely to be driven by declining population density at the landscape scale rather than sudden and

widespread range retraction.
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Introduction

Environmental changes are altering the performance

and distribution of species across the globe (Walther

et al., 2002; Parmesan, 2006). Contemporary plant range

changes have been readily identified in woody species,

with upward and poleward range expansion and an

increase in population density resulting from enhanced

growth and reproduction as the climate warms (Sturm

et al., 2001; Harsch et al., 2009). Increased temperatures

are expected to be accompanied by altered hydrology,

and increasing frequency and severity of extreme

events (Schar et al., 2004; IPCC, 2007; Harris et al.,

2010). Lower water availability is expected to reduce

productivity and increase mortality, particularly at

range edges that lie in the equatorial direction (Bigler

et al., 2007; Sarris et al., 2007; Allen et al., 2010; Carnicer

et al., 2011; Linares et al., 2011; Sanchez-Salguero et al.,

2012). Indeed, recent evidence from populations at the

equatorial range edge of forest-forming tree species has

shown mortality and growth decline linked to rising

temperatures and drought stress over the last half-cen-

tury (Allen & Breshears, 1998; Jump et al., 2006; Van

Mantgem & Stephenson, 2007; Beckage et al., 2008; Pio-

vesan et al., 2008). Given the importance of climate in

determining the distribution of plant species globally,

distributions are expected to shift poleward and

upward as the climate warms, with increased produc-

tivity, reproduction and landscape-scale population

density at the leading margin of a species distribution

contrasting with declining performance at the opposite

edge (Hickler et al., 2012; Rabasa et al., 2013).

However, estimates of forest productivity gained

from remote sensing have indicated a widespread

increase in productivity (Pan et al., 2011). In Europe,

forest productivity has increased in northern and cen-

tral regions, with more spatially variable increases in

parts of southern Europe (Spiecker, 1999; Boisvenue &

Running, 2006). At the species level, responses vary

(Huntley, 1991; Barbeta et al., 2013; Rabasa et al., 2013;

Herrero & Zamora, 2014): range retractions are less fre-

quently reported than range expansions, whilst nega-

tive impacts of increased temperature and water stress
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are not limited to species’ equatorial margins (Broad-

meadow et al., 2005; Allen et al., 2010; Kuhn et al.,

2015). Furthermore, relict populations of species associ-

ated with past climates persist locally, despite climates

that are regionally unfavourable for the species (Hampe

& Jump, 2011).

The general movement of species ranges is a useful

biogeographical model to understand climate change

responses at the global scale, but is an oversimplifica-

tion when the probability of population persistence and

loss is considered regionally (Jump et al., 2009; Rabasa

et al., 2013; Galvan et al., 2014). The disparity between

prediction and observed response is partly due to the

emphasis on trends of increasing temperatures driving

the predicted movement of species ranges. However,

extreme events play a major role in demographic

responses at the population level, driving pulsed reduc-

tions of forest growth and elevated mortality (Ciais

et al., 2005; Adams et al., 2009; Barbeta et al., 2013;

Cavin et al., 2013; Herrero & Zamora, 2014; Allen et al.,

2015; Meir et al., 2015). In contrast, topographic com-

plexity and other local environmental factors can

increase individual population resistance to regionally

elevated temperatures (Hampe & Jump, 2011; Adams

et al., 2014; Tegel et al., 2014), a particularly important

factor at equatorial range edges where species typically

occur at higher altitudes than elsewhere in their distri-

bution. However, we know little about how drought

resistance and resilience vary across a species’ range,

despite indications from experimental work that such

factors underpinning population stability can vary

between populations (Alberto et al., 2013; Bansal et al.,

2015).

There is, therefore, a need to assess population stabil-

ity throughout species ranges in order to identify regio-

nal patterns of drought resistance and postdrought

recovery. Such a range-wide approach allows us to

move beyond the aggregation of individual case studies

with risks of publication bias, towards the identification

of regional patterns of risk based on random population

sampling. Here, we focus on the western European

distribution of European beech, Fagus sylvatica L., one

of Europe’s most common late successional forest-form-

ing tree species. Fagus sylvatica is drought sensitive

(Fotelli et al., 2001; Leuschner et al., 2001; Granier et al.,

2007) and is expected to be particularly sensitive to

deteriorating water balance as temperatures rise. Recent

research in this species has identified predominantly

decreasing trends of growth and productivity across

Europe (Dittmar et al., 2003; Jump et al., 2006; Piovesan

et al., 2008; Bontemps et al., 2009, 2010; Charru et al.,

2010; Scharnweber et al., 2011; but see Tegel et al., 2014

for a counterexample). Most attribute the observed

growth patterns primarily to environmental change,

with increasing drought stress leading to reductions in

radial growth or increases in climate sensitivity (Peuke

et al., 2002; Gessler et al., 2004; Meier & Leuschner,

2008; Jump et al., 2010). Modelling studies have forecast

changes in the distribution of F. sylvatica more widely

across its range, alongside reductions in primary pro-

ductivity (Rennenberg et al., 2004; Broadmeadow et al.,

2005; Gessler et al., 2007; Meier et al., 2011).

To identify regional patterns of drought stability and

examine the assumptions underpinning predicted

range shifts in this species, we asked: (i) Does the

importance of high summer temperature and low pre-

cipitation in limiting growth of this species increase

approaching its equatorial range edge? (ii) Is growth

response to climate more consistent at the range edges?

(iii) To what extent does absolute aridity of a site affect

population drought response, compared to aridity that

is extreme relative to mean site conditions? (iv) Which

are the regions of the species’ distribution that are most

resistant and resilient to drought?

Materials and methods

Sampling network

Forty six sites were sampled without prior knowledge of

stand characteristics other than that F. sylvatica was the

dominant or codominant species in the stand. Sites were

distributed from 58.5° to 40.8°N, and from 5.8° to 11.8°E
(Table S1). For each site, a mean of 29 and minimum of 16

canopy dominant or codominant trees were selected for cor-

ing. Two cores were taken per tree using a 4.3-mm-diameter

increment borer and prepared using standard dendroecologi-

cal methods. Diameter at breast height (dbh) was recorded at

1.3 m above ground level. Ring widths were measured using

COORECORDER v7.5 (Larsson, 2003a), with the assistance of a

stereomicroscope. Using the programme CDENDRO v7.5

(Larsson, 2003b), samples were cross-dated visually by the

comparison of growth curves and statistically validated using

the interseries comparisons of correlations of chronology

segments. For the final cross-dated chronologies, a mean ring

width value was calculated for each year for each tree. In

total, 2550 cores from 1316 trees were included in the final 46

tree ring chronologies.

Chronologies were detrended using a cubic smoothing

spline with a frequency cut-off of 50% and rigidity of 2/3 of

the total series curve length to remove long-term trends

related to ageing and disturbances (Cook & Kairiukstis, 1990).

In order to remove autocorrelation, and as an additional filter

to remove the effects of disturbance, the ring width indices

were modelled as autoregressive (AR) processes (Cook, 1987).

The ring width series were then prewhitened by deducting

the modelled autocorrelation structure from the ring width

indices. Finally, the detrended and prewhitened ring width

indices from each population were then combined into mean

chronologies for each site, using Tukey’s biweight robust

mean (Mosteller & Tukey, 1977). All stages of chronology
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building (and further analyses) were performed using R and

the package dplR (Bunn, 2010; R Development Core Team,

2012). The resulting ring width indices were used in all ring

width based analyses below.

Summary statistics

Summary statistics of mean sensitivity (MS) (Douglas, 1920),

mean interseries correlation (Cook & Kairiukstis, 1990) and

expressed population signal (Wigley et al., 1984) were calcu-

lated to enable the evaluation of the validity of the tree ring

chronologies (Table S2).

Climate data

Daily climate variables were obtained for all sites from the

high-resolution E-OBS gridded data set: daily mean tempera-

ture, maximum temperature, minimum temperature and pre-

cipitation (Haylock et al., 2008). This data set has grid spacing

at 0.25° 9 0.25° resolution (approximately 17.25 km2) and

covers the period from 1950 to 2014. To adjust temperatures

for altitude, a linear lapse rate adjustment of 6.0 °C per km

was applied. This method has been shown to be accurate,

compared to a neutral stability algorithm (Dodson & Marks,

1997), although it cannot fully account for potential local

effects on lapse rate in spatially complex mountain environ-

ments (Rolland, 2003; Minder et al., 2010). The spread of cli-

mate stations used in the E-OBS network is uneven, which can

lead to interpolated values being oversmoothed (Hofstra et al.,

2010). This problem manifests itself most acutely at the south-

ern edge of the study region. Whilst in this region, the E-OBS

grid reproduces most climatological features well, it has limi-

tations with regard to extreme indicators (Herrera et al. 2012).

E-OBS remains the best gridded data set for European studies

currently available (Herrera et al. 2012); however, it is better

suited to regional analyses such as those presented here,

whilst individual population-level analyses should be inter-

preted cautiously.

Bioclimatic variables were calculated using the raw E-OBS

daily data. The variables calculated were as follows: annual

mean temperature; total annual precipitation; mean maximum

temperature of the warmest month; mean minimum tempera-

ture of the coldest month; summer precipitation, defined as

May to August; continentality index (the difference in mean

temperatures of the warmest and coldest months); potential

evapotranspiration (PET) calculated using the Thornthwaite

method (Thornthwaite, 1948); PET calculated for the summer

months (May to August), again using the Thornthwaite

method and hereafter referred to as summer PET; aridity

index, precipitation divided by PET (UNEP, 1992) calculated

for the summer months (May to August), hereafter referred to

as summer aridity index (SAI).

Multivariate analysis

To identify geographical structure in both climate and growth

response for F. sylvatica, multivariate techniques were applied

to analyse climatic and growth data. Agglomerative

hierarchical clustering analysis and discriminant coordinate

analysis were used to partition sites into regional clusters

based on bioclimatic variables (annual mean temperature,

total annual precipitation, mean maximum temperature of the

warmest month, mean minimum temperature of the coldest

month, continentality index and summer potential evapotran-

spiration). Agglomerative hierarchical cluster analysis was

used with rotated principal components analysis to assess

regional clustering of sites based on ring width data. Full

details of the analysis performed can be found in

Appendix S3. Cluster means of bioclimatic variables for the

regions identified by multivariate analysis of growth and envi-

ronmental data are given in Table S4.

Climate–growth analysis

In order to establish the relationships between climate and

the growth response of F. sylvatica, climate–growth analysis

was performed using annual ring width index chronologies

and climate data. Monthly climate data were used, compris-

ing a 17-month period from May of the year prior to ring for-

mation, up until September of the year of ring formation.

This period includes the previous year’s growing season,

intervening winter/spring and the growing season during

the year of ring formation. This is a standard approach in tree

ring analysis since it allows an evaluation of any effects of

preconditioning by climate before the growing season (Cook

& Kairiukstis, 1990; Biondi & Waikul, 2004). Pearson’s corre-

lation coefficients were calculated for each site compared to

34 climate variables, that is each of 17 months for both tem-

perature and precipitation (Blasing et al., 1984). Significance

was tested using 1000 bootstrap replicates and with 95% con-

fidence intervals, using the R package bootRes (Zang &

Biondi, 2013). Results for each of the sites were then parti-

tioned into the five biogeographical clusters identified by

multivariate analysis. Mean correlation function values were

calculated for each cluster, in order to identify the climate

responses of each group.

Drought indices

The E-OBS data were used to identify drought by calculating

the multiscalar standardized precipitation evapotranspiration

index (SPEI) (Vicente-Serrano et al., 2010). SPEI is a drought

index with flexible temporal integration from one up to

24 months and has been demonstrated to be effective in the

study of tree responses to climate (Pasho et al., 2011; Cavin

et al., 2013). The index is calculated using PET and precipita-

tion and so includes the effects of both temperature and water

balance. SPEI was calculated for all sites using a 12-month

timescale (therefore encompassing both current and previous

year water availability), with PET derived from the Thornth-

waite equation (Thornthwaite, 1948), log-logistic distributed

indices and parameters fitted using unbiased probability

weighted moments. This measure of drought is relative to

conditions at the site for which it is calculated, with a value of

0 representing mean drought conditions, positive values rep-

resenting higher than average water availability, negative
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values representing lower than average water availability and

a standard deviation of 1. For a measure of drought that

enables the comparison of drought severity between sites,

annual SAI (i.e. precipitation divided by potential evapotran-

spiration) was calculated for each site over the period 1950–
2010.

Pointer years

Identification of pointer years (years where an abrupt growth

increase or decrease is recorded in a tree ring chronology rela-

tive to mean growth) can be used to facilitate study of the

environmental conditions that influenced the growth of a pop-

ulation in that year (Schweingruber et al., 1990; Lebourgeois

et al., 2005; Neuwirth et al., 2007). To identify pointer years,

annual ring width values for each individual tree within each

site chronology were transformed into Cropper values,

through division by their 11-year moving average values

(Cropper, 1979). Cropper values were then normalized to a

mean of 0 and standard deviation of 1. To evaluate the nor-

malized values, threshold values described by Neuwirth et al.

(2007) were followed: ‘extreme’ > 1.645, ‘strong’ > 1.28 and

‘weak’ > 1, as derived from the probability density function of

the standardized normal distribution. The weak threshold

value was used, to maximize the number of years for further

analysis. Where ≥50% of all trees within a chronology exceed

the defined threshold, the year was considered a pointer year.

In order to identify which pointer years coincided with

drought periods, each pointer year identified above within the

time period 1951–2004 was compared to SPEI values during

the growing period of May–August for that year. Where SPEI

fell below �1 in any of those 4 months, the pointer year was

classed as a drought-linked pointer year. This approach does

not account for the fact that during any of these event years,

multiple interacting factors will have influenced growth.

Quantifying growth stability

Age affects tree ring width, with ring width declining over

time (Fritts, 1976). To circumvent this problem, basal area

increment (BAI) can be used as a metric of tree growth for

which increasing or stable trends are found in mature trees

(Phipps & Whiton, 1988; Leblanc, 1990; Leblanc et al., 1992).

Decline in BAI is commonly interpreted as representing

declining tree growth (Pedersen, 1998; Jump et al., 2006). Here,

BAI was calculated by using raw, nondetrended ring widths

and circumferences to calculate the area of wood added to a

cross-section of the tree at breast height (1.3 m) annually:

BAI ¼ pðR2
n � R2

n�1Þ
where R is the radius of the tree, and n is the tree ring year.

Each individual site chronology was truncated to the time per-

iod for which number of replicates was greater than or equal

to five trees.

The effect of disturbance, such as drought, on tree growth

can be evaluated using stability indices described by Lloret

et al. (2011). These indices quantify the resistance, recovery,

resilience and relative resilience of trees in response to

environmental factors and are used here to describe the

impact of drought events for the drought-induced pointer

years. The indices evaluate tree growth (BAI) during a distur-

bance relative to growth in the 5 years before and after the

disturbance, here the drought-induced pointer year.

Resistance describes the severity of the impact of the distur-

bance in the year it occurred:

Resistance ¼ Drought=Predrought

Recovery measures the ability to recover from disturbance rel-

ative to its severity. High values reflect a large increase in

growth postdisturbance relative to growth during the distur-

bance:

Recovery ¼ Postdrought=Drought

Resilience is the ability to regain predisturbance levels of

growth, assuming stable climate between the 5-year periods

either side of the disturbance. Low values correspond to low

resilience:

Resilience ¼ Postdrought=Predrought

Relative resilience is the resilience weighted by severity of the

disturbance in the event year, high levels of damage in the dis-

turbance event act to increase this index:

Relative Resilience ¼ ðPostdrought�DroughtÞ=Predrought
The stability indices above were calculated for each

drought-induced pointer year. Pointer years that occurred

within 5 years of each other were omitted. Where drought-

induced pointer years occurred for a site in successive years,

the mean BAI of the 2 years was used to give a single drought

BAI for use in calculating resilience indices. As the intention

here is to use stability indices to compare the effect of drought

stress across multiple locations, we normalized BAI by divid-

ing the BAI of each year by precipitation in that year.

Given the large geographical range covered by this

research, spatial and temporal heterogeneity in both the occur-

rence and severity of drought episodes makes the comparison

of individual drought years across sites difficult. Therefore,

the stability index values for all drought-induced pointer

years at all sites were pooled into a single data set. The result-

ing data set was analysed using generalized additive mod-

elling (GAM). GAM was conducted using the mgcv package

in R (Wood, 2011). The values for the smoothing parameters

were estimated using generalized cross-validation, which is a

modified version of ordinary cross-validation and has been

shown to have computational advantages (Zuur et al., 2009).

Values of effective degrees of freedom (edf) indicate the

degree of linearity of the smoother: higher values of edf repre-

sent stronger nonlinear smoothing splines. Results were

smoothed using a regression spline with shrinkage. Explana-

tory variables used were as follows: chronology age in the

year of disturbance; latitude; elevation; site aridity, that is

mean SAI 1950–2012; relative drought intensity, that is the

minimum SPEI in May–August of the drought year; absolute

drought intensity, that is SAI of the drought year; relative

drought intensity of the previous summer; absolute drought

intensity of the previous summer. Explanatory variables were

checked for colinearity using paired plots, correlation
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coefficients and VIF. The model was refined using a stepwise

deletion of nonsignificant terms.

Modelling temporal trends in growth

Basal area increment chronologies were further truncated to

the 1966 to 2009 time period common to all 46 sites. To exam-

ine growth trends rather than compare absolute growth

between sites, BAI for each year was divided by the mean site

BAI, to give a dimensionless BAI index. The BAI data were

then aggregated into regional data sets, based on the regions

determined through the multivariate analysis described

above. GAM was then performed on the regional BAI index

data, with the sole predictor variable of year of growth, in

order to examine temporal trends in BAI. Therefore, the model

is of the form:

BAIi ¼ aþ fðYeariÞ þ ei where ei �Nð0; r2Þ
where a is the intercept, f is a smoothing spline, and e repre-
sents the residuals. Smoothing parameters were estimated

using generalized cross-validation, and the results were

smoothed using a regression spline with shrinkage. This

approach aimed to identify and describe any nonlinear tempo-

ral trends in radial growth across the five biogeographical

regions identified here, and so the GAM described above was

applied to the five regions separately.

Results

Multivariate analysis

Detailed description of the results of the multivariate

analysis can be found in Appendix S3. The final clusters

derived from joint analysis of bioclimatic and ring

width data were as follows: north-west (no. of

sites = 10), range core temperate (n = 19), range core

continental (n = 7), wet south (n = 3) and dry south

(n = 7) (Fig. 1).

Ring width indices

The ring width indices for the north-west display high

variability between sites (�r = 0.101), with most years

having sites recording both high (index values > 1) and

low (index values < 1) growth (Fig. 2). Negative

growth indices occurred for all sites in this cluster in

1976, which was an exceptional drought year over

much of western Europe. The minimum values of ring

widths during periods of low growth were not extreme,

with all index values for all sites being >0.5. The core

temperate region has the highest within-region homo-

geneity in growth (�r = 0.575), with frequent synchro-

nized growth reductions throughout the period shown.

Near-universal negative ring width indices were

recorded across this cluster for the years 1976, 1989–
1990, 1995 and 2004. Index values for individual sites

were frequently below 0.5 during these synchronized

growth suppressions. The core continental region

shows similar, although weaker, characteristics

(�r = 0.489). Ring index values were higher, although

strong region-wide growth suppressions were evident.

Finally, the dry south region had high variability in

growth between sites in individual years (�r = 0.266).

Region-wide growth suppressions were recorded in

1979, 1999 and 2004, although these were smaller than

those experienced in the core temperate and core conti-

nental regions.

Climate–growth analysis

As with the high variability found between sites for

ring width indices, correlation functions for the north-

west region failed to display any coherent regional sig-

nal in growth response to climate, with high between-

site variability (Fig. 3a, b). No features of climate

appear to strongly influence year-to-year variation in

growth within this cluster. The core temperate region

has a strong regional signal, with a negative association

between growth and temperature in the summer prior

to ring formation. A weaker effect of temperature in the

year of growth exists (Fig. 3c). Summer precipitation,

both in the year of growth and previous year, positively

influences growth (Fig. 3d). For the core continental

region, summer temperature is negatively correlated

with growth, both in the year of growth and previous

year, whilst high summer precipitation in the current

growing season boosts growth (Fig. 3e, f).

North-West    
Range Core − Temperate
Range Core − Continental
Wet South
Dry South

—5 0 5 10

45
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55
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Fig. 1 Biogeographical clusters of Fagus sylvatica identified by

multivariate analysis and locations of the individual study sites.
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Whilst the core continental region has a largely

coherent signal, variability in site correlation coeffi-

cients is high for winter precipitation, with significant

positive correlations with winter precipitation in

greater than one-third of sites. The correlation functions

for both the core temperate and core continental groups

indicate sensitivity to summer drought conditions. The

wet south region has low variation in correlations

between the sites; however, the sample size is low

(n = 3). Common F. sylvatica climate–growth relation-

ships are visible, that is negative effects of summer tem-

perature and positive effects of summer precipitation

(Fig. 3g, h). However, the strength of these relation-

ships is weak: wet south sites show no indications of

being strongly affected by drought. Finally, for the dry

south sites, climate–growth correlations generally have
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(b) Core Temperate rbar = 0.575
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(e) Dry South rbar = 0.266

Fig. 2 Detrended and prewhitened ring width chronologies for the 46 sites sampled for Fagus sylvatica. Sites are partitioned into regio-

nal clusters, and a mean region chronology plotted in bold. Rbar is the mean series intercorrelation for each region.
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high variability between sites. Negative correlations for

summer temperature (year of growth and previous

year) are visible, but weak (Fig. 3i), whereas a strong

region-wide signal of positive relationship between

summer precipitation and growth exists (Fig. 3j).

Drought indices

The spatial extent of the 1976 drought was limited to

the three most northerly regions, with no regional-scale

drought in 1976 for the two southernmost regions
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Fig. 3 Climate–growth analysis, showing correlation coefficients for annual radial growth and climate factors in the year of ring forma-

tion, and previous year. Climate data used are for the period 1950–2009, and monthly factors plotted on the x-axis are May to December

of the year prior to ring formation (lower case m – d), and January to September in the year of ring formation (upper case J – S). The 46

sites sampled are plotted in five biogeographical clusters. Months where significant correlations occurred for >1/3 of sites in each

region are marked *.
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(Fig. 4). Drought in 1989–1990 affected all but the most

northerly group, yet this only translated into anoma-

lous low growth in the range core groups (Fig. 2). Nei-

ther 1989–1990, nor the range-wide drought in 2003

resulted in anomalous low growth for the wet south

and dry south groups. The drought of 2003 resulted in

widespread drought-induced pointer years in 2004 for

the north-west (30% of sites), core temperate (47%) and

core continental (57%) groups (Fig. 5).

Using SAI to examine absolute drought conditions

and compare water availability between sites (Fig. 6),

sites in the dry south group experience the driest condi-

tions, with near constant aridity at levels equivalent to

that only experienced for all other groups during

drought events. The core temperate region experienced

the second highest aridity, particularly for the sites in

south-east UK (sites 12, 14–24). For the north-west

group, aridity was the lowest of all clusters; however,

regional droughts in 1976, 1983 and 1995 did result in

aridity for a limited number of sites at a level compara-

ble to the more arid groups.

Growth stability

Of a total of 121 drought-induced pointer years, 90

were selected for further analysis: 23 were removed

due to occurring within a 5-year window of each other,

and eight occurred in consecutive years and thus were

combined into single events (Fig. 5). The GAM models

explained a moderate degree of variation in the stability

indices: R2(adj) ranged from 25% for resilience to 55%

for resistance (Table 1).

For resistance, age, latitude and previous year SAI

were the significant explanatory variables. Both young

and old forests experienced smaller reductions of

growth in pointer years and hence higher resistance

(Fig. 7a), whilst mature forests (~150 years old) experi-

enced larger reductions. However, confidence intervals

indicate that effects could be small in magnitude for

young and mature forests. Two key features of the rela-

tionship between latitude and resistance are high resis-

tance for southern range edge populations (<43°), and
low resistance for sites in the range of 51–53° latitude,

corresponding to the south-east of the UK. For previous

year SAI and resistance, high previous year aridity (i.e.

low SAI values) results in low resistance, whilst lower

aridity results in higher resistance (Fig. 7a). For recov-

ery (Fig. 7b), age was a significant factor, with higher

recovery for trees between 140 and 180 years old. For-

ests at low latitudes (<43°) had low recovery. However,

the P-value for latitude was 0.049 and, given the uncer-

tainty of P values in the range 0.02–0.05 for smoothing

functions using estimated degrees of freedom (Zuur

et al., 2009), the effect of latitude must therefore be

interpreted with caution. Absolute aridity (SAI) in the

year previous to the pointer year had a positive rela-

tionship with recovery: more arid conditions resulted

in higher recovery values, whilst less arid conditions

resulted in lower recovery. For resilience (Fig. 7c),

young forests (<60 years) had higher values, and for-

ests between around 100–130 years old had lower val-

ues. Latitudes covering the core continental region had

higher resilience, whilst those relating to the core tem-

perate region had lower resilience, although the caveat

regarding the P-value for the latitude effect must be

noted, as above. Finally, for relative resilience (Fig. 7d),

the curve for age shows that forests around 150–
180 years old were best able to recover performance,

weighted by the strength of the drought impact, the

oldest trees (>230) show high resistance, yet low recov-

ery and the lowest relative resilience. Equatorial range

edge forests had the lowest relative resilience, whilst

latitudes relating to the core continental group had

higher relative resilience. The relationship with aridity

(previous year SAI) showed that higher aridity resulted

in higher relative resilience, and lower aridity resulted

in lower relative resilience.

Modelling temporal trends in growth

Models (GAM) fitted to the five regions were statisti-

cally significant, with R2 of between 0.11 and 0.24,

despite including year as the only predictor variable

(Table 2). The estimated degrees of freedom (Table 2)

indicate strongly nonlinear temporal trends in the core

temperate (Fig. 8g) and core continental regions

(Fig. 8h). The temporal trend for these regions is

increasing radial growth. However, strong growth sup-

pressions are present in both regions centred on 1976 &

2004. Both of these years correspond to regional-scale

drought events. Radial growth for the north-west

region is strongly linear, with a trend of increasing

growth (Fig. 8f). No periodic disturbances in the

increasing trend were recorded, although the variabil-

ity in radial growth between sites was high, particularly

from the mid-1990s onwards (Fig. 8a). For the two

equatorial range edge regions, radial growth rose to a

peak at around 1990 (Fig. 8i, j) before beginning a slight

decline. Broadly, however, BAI at the equatorial range

edge was stable over the period examined when con-

sidered at the regional scale.

Discussion

Based on an unbiased sampling of 46 F. sylvatica popu-

lations throughout the latitudinal distribution of this

species in western Europe, we identified unexpected

patterns of drought sensitivity and growth stability. In
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Fig. 4 Time series plot of the standardized precipitation evapotranspiration index (SPEI) drought index for the sampling network.

Annual values are plotted for the period 1951–2012. Sites are numbered 1 to 46 in order of descending latitude, that is site 1 is the most

northerly and site 46 the most southerly. Values represent drought relative to conditions at each site individually, allowing the compar-

ison of spatial and temporal drought occurrence, but not severity between sites.
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contrast to expectations of low stability and widespread

growth decline at the equatorial range edge of the spe-

cies, we found high resistance to drought and approxi-

mately stable growth at the equatorial range edge.

However, although resistance is high, recovery is poor

if growth impacts occur, such that equatorial range

edge populations are not resilient to drought. The

greatest resilience to drought is instead seen in the core

continental populations sampled from northern and

central France and southern Germany. Remarkably,

whilst the entire range core is highly drought sensitive,

it is the core temperate portion of this species’ range

and specifically southern UK stands that show the

poorest drought stability. The strongest signals of low

drought resistance and resilience and reductions of

growth in response to drought are witnessed in this

core temperate region. In contrast, but in agreement

with expectations, the poleward range edge of this spe-

cies shows a sustained increase in growth and little

contribution of drought impacts to overall growth

patterns.

Spatial patterns of growth stability vary with latitude
and site aridity

In addition to the assessment of regional variation in

climate–growth relationships (Fig. 3), analysis of

growth stability connected to drought-induced pointer

years using GAM allowed for an evaluation of specific

factors that influence the response of F. sylvatica to

drought. Latitudinal variation in growth stability cor-

roborates the regional variation in climate–growth rela-

tionships and drought pointer year occurrence. Fagus

sylvatica forest stands at the equatorial range edge (lati-

tude <45°) experience lower initial drought impacts in

the event year (Fig. 7a). North continental stands recov-

ered well relative to drought damage and predrought

growth levels (Fig. 7c, d). Of the regions considered in

this study, forest stands in southern UK were high-

lighted as experiencing especially elevated reductions

in growth performance in drought years (Fig. 7a, c),

consistent with the high drought sensitivity identified

from the climate–growth analysis.

The youngest chronologies were associated with low

reductions in growth during drought episodes (Fig. 7a)

and high postdrought growth levels relative to pre-

drought performance (Fig. 7c). Stands of mature trees

(>130 years chronology length) experienced only small

reductions in growth during drought (Fig. 7a) and high

recovery (Fig. 7b) and hence relative resistance. Whilst

greater drought sensitivity has been reported for older

forest stands for many species (Wang et al., 2006; Klos

et al., 2009; Linares et al., 2013), this study finds that, for

the very oldest stands (over approximately 210 years),

there is high resistance to drought, but low recovery

and relative resilience if impacts occur.

The reduction in growth in the drought year was pri-

marily influenced by aridity in the previous, rather than

the drought year. Absolute aridity (SAI) in the previous

year was identified as a major driver of drought impact,

whereas relative drought (SPEI) was nonsignificant.

The relationship of increasing recovery and relative

resilience with increasing previous year’s aridity is

most likely due to the effect of a larger drought year

growth reduction on the calculation of these indices.

Since recovery is calculated as the ratio of postdrought

growth to growth in the event year and relative resili-

ence is resilience weighted by the severity of distur-

bance in the drought year, lower growth during the

event year will elevate the value of these indices. Like-

wise, whilst stands at the equatorial range edge show

lower recovery and relative resilience, this is likely

related to low drought impacts on growth in this

region, as these indices are both decreased in the case

of low reduction in BAI for the drought year (see for-

mulae above).
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Fig. 5 Percentages of site chronologies showing drought-

induced pointer years from 1966 to 2004 for biogeographical

regions of Fagus sylvatica in western Europe.
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Greater synchronicity of climate response in the range
core

The general pattern of climate–growth relationships we

identify for F. sylvatica (Fig. 3) is in agreement with

previously published studies (Di Filippo et al., 2007;

Jump et al., 2007; Maxime & Hendrik, 2011; Scharnwe-

ber et al., 2011). Broadly, the response can be described

as drought sensitive: positive relationships between

summer precipitation and growth, and negative rela-

tionships between summer temperature and growth.

High variability in climate–growth relationships occurs

at both the poleward (Fig. 3a, b) and equatorial range

edge (Fig. 3i, j) of this species. This pattern is consistent

with a general recent relaxation of cold stress on this

species at its poleward limits with recent climatic

warming. However, it is in apparent contrast with pre-

dictions of increased drought stress at the equatorial

range edge, which should lead to highly synchronous

drought-induced growth suppression.

This apparent disparity is, however, consistent with

forests where stand-level environmental conditions are

driving growth, rather than regional-scale climate.

Instead, it is the range core populations that typically

show regional-scale suppression of growth in

synchrony with major drought events. The results

presented here reveal variation in the strength of cli-

mate–growth relationships across the latitudinal range

of the species in western Europe: sites categorized as

being from the range core display greater sensitivity of

growth to regional climate (summer temperature and

precipitation). Predictably for a region characterized by

extremely high annual precipitation (1277 mm, see

Appendix S3 Table 2), populations from the most pole-

ward area of the species distribution showed no signifi-

cant regional climate–growth relationships and high

variability in climate–growth correlations.

Low drought sensitivity of F. sylvatica growth at its

equatorial range edge could be the result of local adapta-

tion of these populations to arid conditions, comparable

to genetic clines which have been demonstrated to corre-

spond to aridity gradients for this and other species

(Rehfeldt et al., 1999; St Clair et al., 2005; Thiel et al., 2014;

Pluess et al., 2016). However, the observed pattern of low

drought sensitivity in combination with high interpopu-

lation divergence in climate–growth response is likely to

include an effect of population-scale site conditions

diverging from regional climate. In this scenario, such

populations represent climate relicts – occurring

predominantly in sites where fine-scale environmental

conditions favour their persistence. Indeed, the climate–
growth relationships described here (Fig. 3i, j) can be

interpreted as demonstrating the degree of disconnect

between regional-scale climate and the conditions experi-

enced by trees at the stand scale (Hampe & Petit, 2005;

Jump et al., 2009; Hampe & Jump, 2011). Furthermore,

stand-scale soil properties such as nutrient status and

water holding capacity not captured by SPEI and SAI are

known to significantly modify climate–growth responses

in this and other species (L�evesque et al., 2016).

Impacts of drought events across the range of Fagus
sylvatica

Immediate comparisons of the drought response of

populations within the network of sites are complicated

by the variability in both timing and location of

droughts across the latitudinal range. Nonetheless,

some key events allow regions to be contrasted. Across

our sites drawn from the western European distribu-

tion of F. sylvatica, the drought and growth suppression

of 2004 is the universal event affecting all regions.

Whilst the heat wave of 2003 has been reported to affect

the primary production of European vegetation (Ciais

et al., 2005), the study of tree rings has revealed a minor

impact in this year, attributed to the effect of spring

precipitation alongside preconditioning from previous

year conditions (Pichler & Oberhuber, 2007). This find-

ing is corroborated by this study, with reductions in

growth primarily associated with a 2004 drought iden-

tified using SPEI at 12-month resolution. This temporal

resolution incorporated both previous summer condi-

tions, alongside dry spells in 2004. However, despite

Table 1 Generalized additive model results of stability

indices and predicting factors across the western European

distribution of Fagus sylvatica

Drought

impact index Factor e.d.f. F P R2(adj)

Resistance Age 3.52 6.66 <0.001
Latitude 4.94 3.12 0.008

Previous

year SAI

5.65 6.29 <0.001

Whole model 0.554

Recovery Age 4.27 3.04 0.014

Latitude 4.31 2.33 0.049

Previous

year SAI

4.81 7.97 <0.001

Whole model 0.471

Resilience Age 2.7 4.20 0.006

Latitude 8.76 2.25 0.027

Whole model 0.252

Relative

resilience

Age 4.35 3.19 0.010

Latitude 5.22 2.86 0.014

Previous

year SAI

1.35 17.51 <0.001

Whole model 0.393

SAI, summer aridity index.
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the universal scope of the 2004 event within the net-

work, the effects of this drought were not universal:

anomalous low growth (Fig. 2) affected primarily the

mid-latitude forests and to a lesser extent northern

range edge forests. In contrast to expectations, at the

southern range edge, both for the arid and wetter

regions, regional-scale drought did not result in regio-

nal-scale growth suppressions. For the mid-latitudes,

where drought events occurred in synchrony (e.g. 1976,

1990 and 2004: Fig. 4), reductions in growth were near

universal and of a higher magnitude than for other

regions (Fig. 2b, c).
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For the poleward range edge forests, between-site

growth variability was high even in drought years.

Consequently, regional-scale variation in annual water

availability does not result in regional-scale synchro-

nization of tree growth. The one exception is the

drought event in 1976, where all poleward range edge

sites recorded low growth (Fig. 2a). For poleward range

edge sites, the general lack of drought impact on

growth is predictable given that precipitation for this

region (1277 mm per annum, see Appendix S3 Table 2)

is far in excess of the 500 mm minimum threshold con-

sidered to represent a hygric constraint (Bolte et al.,

2007) and that poleward edge populations for plant

species are more generally affected by low temperature

(Woodward, 1987).

Growth stability at the equatorial range edge

Equatorial range edge sites displayed both low magni-

tude (in the wet south region, Fig. 2d) and high

between-site variability (in the dry south region,

Fig. 2e) of growth response to regional-scale drought

episodes. Despite significant drought conditions rela-

tive to mean site hydrological conditions, and the most

extreme aridity relative to conditions throughout the

network of sites, populations at the equatorial range

edge were little affected by drought. For the southern

portion of the range, GAM analysis of BAI shows that

growth was broadly stable (Fig. 8). This stability of

growth, combined with the lower climate sensitivity for

equatorial range edge sites (Fig. 3i, j), rarer occurrence

of pointer years (Fig. 5), and lower magnitude of

growth reductions (Fig. 2), implies that equatorial

range edge populations may be more robust than previ-

ously thought.

These results are in contrast to individual case stud-

ies linking reduced water availability at southern range

edge populations for F. sylvatica to general reductions

in growth (Jump et al., 2006; Piovesan et al., 2008). Sta-

bilizing factors may play an important role in amelio-

rating increasing drought stress for equatorial range

edge forests, such as the quality of sites to which the

species is already restricted at the range edge, along

with greater stress tolerance of range edge populations

(Lloret et al., 2012). For many species at their equatorial

range edge, populations are already restricted to sites

at which local conditions buffer them from regional cli-

mate (Hampe & Jump, 2011). The results presented

here support this expectation and suggest that the

reported growth declines for southern range edge pop-

ulations could be due to generally elevated drought

stress in individual locations studied, rather than regio-

nal-scale drought events.

Whilst some studies have found equatorial range

edge populations for multiple species to exhibit low cli-

mate sensitivity (Herrero et al., 2013), many others have

reported strong sensitivity to precipitation and growth

reductions (Weber et al., 2007; Thabeet et al., 2009;

Mart�ın-Benito et al., 2010). The results presented here

for the equatorial range edge represent the integration

of tree ring data from 10 separate sites, and thus tran-

scend the limitations of case studies, and any potential

publication bias towards dramatic results indicating

forest decline. However, it should be noted that equato-

rial range edge populations are still performing poorly

relative to other regions of the species range based on

mean BAI data (Fig. S5) and ring width (Table S2).

Recent climate models have predicted an increase in

both the frequency and severity of drought events in

the western Mediterranean (Giorgi & Lionello, 2008).

These increasingly arid conditions are expected to

impact upon the growth and mortality of tree species

within the region (Linares et al., 2011; Granda et al.,

2013), with European beech forests, highlighted as at

risk from increases in both the frequency and severity

of drought stress (Lindner et al., 2010; Milad et al., 2011;

Zimmermann et al., 2015). Future climatic conditions

are likely to breach threshold values resulting in unex-

pected and long-lasting reductions in growth (Cavin

et al., 2013; Lloyd et al., 2013; Zimmermann et al., 2015),

which are strongly linked to subsequent tree mortality

(Berdanier & Clark, 2016). Consequently, the apparent

stability of southern F. sylvatica forests to 20th- and

early 21st-century climate change cannot be assumed to

continue indefinitely. The implications for future bio-

geographical changes are that range changes will occur

at least initially through a landscape-scale reduction in

population density rather than sudden, widespread

range retraction (Jump et al., 2009).

Increasing growth in the range core and poleward range
edge

For the range core regions, growth has increased over

the period studied (Fig. 8). These results contrast with

other dendroecological studies, which have reported

declining F. sylvatica growth for Flanders (Kint et al.,

Table 2 Generalized additive model results of temporal

growth basal area increment (BAI) trends for bioclimatic

regions of the western European distribution of Fagus sylvatica

Region Factor e.d.f. F P R2(adj)

North-west Year 1.63 64.31 <0.001 0.241

Core temperate Year 8.83 13.62 <0.001 0.125

Core continental Year 8.42 8.73 <0.001 0.196

Wet south Year 6.52 3.50 0.001 0.158

Dry south Year 5.71 5.70 <0.001 0.11
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2012), across north-eastern France (Bontemps et al.,

2010; Charru et al., 2010), and for high altitude central

European forests (Dittmar et al., 2003). Thus, fears of a

widespread decline for F. sylvatica across its entire

range core distribution in Europe are not supported by

the large-scale, multisite study presented in this paper.
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Fig. 8 Basal area increment (BAI) chronologies and generalized additive modelling (GAM) model smoothing curves for the five biocli-
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However, periodic reductions in growth have occurred,

tied to regional-scale drought events. This finding of

periodic growth reductions highlights high and increas-

ing sensitivity to climate (and specifically drought).

A continent-wide assessment of tree growth for Europe

reported similarly that the sensitivity of tree growth to

drought was higher in central Europe and the south of

the UK compared to the Mediterranean region (Babst

et al., 2013). Recent work has also highlighted the ele-

vated response to drought conditions for F. sylvatica for-

ests growing at mesic sites, compared to dry sites

(Weber et al., 2013), and to increases in drought sensitiv-

ity at wetter sites over recent years alongside increases

in the occurrence of years during which growth is sup-

pressed (Friedrichs et al., 2009; Scharnweber et al.,

2011). Therefore, the forecast increases in water stress

across many central European regions in the 21st cen-

tury are likely to have significant negative impacts on

F. sylvatica forests (Zimmermann et al., 2015).

Crucially, this study reveals that F. sylvatica popula-

tions in the mesic range core and specifically the south

of the UK are the most drought sensitive of the regions

studied. Modelling has already identified this as a

region where the primary productivity of F. sylvatica is

likely to be severely compromised under future climate

scenarios (Broadmeadow et al., 2005). In this region, cli-

mate sensitivity is highest, absolute aridity is higher

than for any region beyond the Mediterranean basin,

and drought-induced reductions in growth are the

highest throughout the regions sampled here. Previous

work has identified extreme and long-lasting drought

impacts within this region (Peterken & Mountford,

1996; Cavin et al., 2013).

Overall, the results of this study suggest that the neg-

ative impacts of drought on the growth and productiv-

ity of F. sylvatica are likely to become considerably

more widespread as the climate warms. Whilst some

populations at the equatorial range edge appear buf-

fered against rising drought stress to some degree, their

recovery is particularly poor when drought impacts

occur. Furthermore, the high sensitivity and low stabil-

ity of core populations in response to drought should

urge us towards a more nuanced view of risk and cau-

tion us against assuming that vulnerability to climate

change is primarily a property of the range edge.
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