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Introduction

Tree growth is commonly reported to be influenced by the climate 
of previous years in a range of ecosystems and species, including 
studies employing dendrochronology (e.g., Wettstein et al. 2011), 
eddy covariance and biometry (e.g., Campioli et al. 2011), and 
remote sensing (e.g., Verbyla 2008). Strong correlations between 
radial growth and climate of the previous year have been reported 
in boreal, temperate and tropical forests and in a wide range of tree 

taxa (e.g., Boninsegna et al. 2009, Babst et al. 2013). In Fagus 
sylvatica L., a widespread deciduous tree of European forests, den-
drochronological studies report statistically significant correlations 
with previous summer climate more commonly than any other 
 climate signal (A.J. Hacket-Pain and L. Cavin, unpublished data). 
However, the mechanism underpinning this lagged response of 
growth to previous summer climate is still poorly understood, 
 specifically in F. sylvatica but also in other tree species.
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Tree growth is frequently linked to weather conditions prior to the growing season but our understanding of  these lagged climate 
signatures is still poorly developed. We investigated the influence of masting behaviour on the relationship between growth and 
climate in European Beech (Fagus sylvatica L.) using a rare long-term dataset of  seed production and a new regional tree ring 
chronology. Fagus sylvatica is a masting species with synchronous variations in seed production which are strongly linked to the 
temperature in the previous two summers. We noted that the weather conditions associated with years of  heavy seed production 
(mast years) were the same as commonly reported correlations between growth and climate for this species. We tested the 
hypothesis that a trade-off  between growth and reproduction in mast years could be responsible for the observed lagged cor-
relations between growth and previous summers' temperatures. We developed statistical models of growth based on monthly 
climate variables, and show that summer drought (negative correlation), temperature of  the previous summer (negative) and 
temperature of the summer 2 years previous (positive) are significant predictors of growth. Replacing previous summers' tem-
perature in the model with annual seed production resulted in a model with the same predictive power, explaining the same 
variance in growth. Masting is a common behaviour in many tree species and these findings therefore have important implications 
for the interpretation of general climate–growth relationships. Lagged correlations can be the result of processes occurring in 
the year of  growth (that are determined by conditions in previous years), obviating or reducing the need for ‘carry-over’ pro-
cesses such as carbohydrate depletion to be invoked to explain this climate signature in tree rings. Masting occurs in many tree 
species and these findings therefore have important implications for the interpretation of general climate–growth relationships.



Annual tree growth depends on photosynthesis during the 
year of growth to provide the carbon required to build tissues, 
but stored carbon reserves are also believed to be of impor-
tance, particularly during the early part of the growing season 
when the sink strength from canopy development and wood for-
mation are high (Campioli et al. 2011). For example,  Skomarkova 
et al. (2006) found that 10–20% of total ring width in  
F. sylvatica was formed using remobilized carbon from previous
growing seasons. This use of stored carbohydrates is used to
explain autocorrelation in tree ring chronologies, and also the
influence of previous years' weather conditions on ring width.
For example, climate conditions generally unfavourable to car-
bon reserve accumulation such as high temperatures or drought
could reduce the carbon available for remobilization the follow-
ing year. If growth is subsequently lower in the following year,
this will create a correlation between ring width and previous
summer climate—a so-called ‘carry-over’ effect (Figure 1a).

However, it remains unclear to what extent carbon reserves 
actually are influenced by variation in climate, including unfa-
vourable conditions such as drought. In F. sylvatica for example, 
Hoch et al. (2003) found that carbon reserves were not signifi-
cantly depleted during unfavourable years. If carbon reserves act 
as a passive carbon pool (i.e., they simply reflect the balance of 

carbon sources and sinks), then these observations indicate that 
individual years of unfavourable climate are unlikely to deplete 
reserves sufficiently to cause a growth reduction in subsequent 
years (Sala et al. 2012b).

A carry-over effect could also be caused by climate-induced 
plant organ mortality in unfavourable years, leading to reduced 
growth in subsequent years. For example, drought conditions 
have been demonstrated to increase fine root, leaf and twig 
mortality in F. sylvatica and many other species (e.g., Peterken 
and Mountford 1996, Rust and Roloff  2004, Mainiero and 
Kazda 2006). Leaf or twig mortality may also have an impact on 
growth in subsequent years due to the cost of replacement, or 
due to reduced whole-plant photosynthesis (GPP) in the follow-
ing year if leaf area is lowered. A similar mechanism stems from 
the observation of Power (1994) that climate conditions 
 influence the formation of F. sylvatica leaf buds from which the 
following year's leaf area will grow, which suggests that unfa-
vourable conditions during bud formation may reduce the 
 number of leaf buds and subsequently whole-plant leaf area.

An alternative explanation for lagged correlations between 
radial growth and previous summer climate is based on a rela-
tionship between climate, seed production and radial growth as 
proposed by Piovesan and Schirone (2000) (Figure 1b). Fagus 

Figure 1. The two alternative models for explaining lagged correlations between ring width and previous summer climate. In the ‘carry over’ effect 
model (a), the correlation is created by unfavourable conditions reducing growth the following year due to reduced growth potential. This may be a 
consequence of either reduced GPP or the allocation of carbon from growth to repair damaged plant organs or replenish depleted reserves. In the 
masting model (b), warm summers cue a masting event the following year, which in turn reduces ring width due to the growth–reproduction trade-off. 
This creates the correlation with previous summer temperature.



sylvatica is a masting species (Hilton and Packham 2003), along 
with many other tree genera including Quercus, Pinus and Picea 
(e.g., Sork et al. 1993, Mencuccini et al. 1995, Koenig and 
Knops 2005). Piovesan and Schirone (2000) proposed that 
during years of heavy seed production (‘mast years’), radial 
growth is reduced due to a diversion of resources away from 
growth and towards reproduction, due to a so-called ‘growth–
reproduction trade-off’. Masting events in many species, includ-
ing F. sylvatica, appear to be triggered by weather-related cues, 
particularly previous summer temperature (e.g., Piovesan and 
Adams 2001, Schauber et al. 2002). Consequently, weather-
related phenomena can produce growth reductions, but these 
are due to the relationship between climate and masting rather 
than a direct effect on productivity, creating the correlations 
between growth and temperature of the previous summer 
( Figure 1b) (Di Filippo et al. 2007). Drobyshev et al. (2010) 
investigated this phenomenon in F. sylvatica using tree ring chro-
nologies and masting data from southern Sweden. They found 
that masting events were indeed associated with warm previous 
summer temperatures, that radial growth was negatively corre-
lated with warm previous summer temperatures, and that radial 
growth was lower in mast years than non-mast years. However, 
they did not integrate weather, radial growth and masting into a 
single analysis, and consequently the potential of this explana-
tion has still not been fully tested in the literature.

In this study, we test the hypothesis that correlations between 
F. sylvatica growth and previous summers' weather are the result
of weather-cued masting events, which are strongly associated
with a characteristic sequence of a cool summer followed by a
warm summer, and lead to a strong growth–reproduction trade-
off (and consequently a narrow tree ring). To investigate the
relationships between seed production, growth and weather
conditions, we used a rare long-term record of seed production
and reconstructed tree growth using dendrochronological tech-
niques. We tested whether growth was reduced in mast years,
and whether this could create the lagged correlations between
growth and previous summers' weather conditions. We believe
that this is the first published analysis that has rigorously tested
the hypothesis that masting behaviour can explain lagged cor-
relations between growth and previous years' climate in tree
species with strong masting behaviour. Although we only inves-
tigated this mechanism for F. sylvatica, we also discuss how the
results may explain observed growth–climate relationships in
other tree species, where climate-cued masting behaviour is
commonly observed and where correlations between growth
and previous years' climate are also frequently reported.

Materials and methods

Study region

The study was conducted in southern England in order to take 
advantage of an existing long-term regional masting record (see 

∼10 °C. Annual precipitation is highest in the west (>1000 mm)
and declines to the east (<600 mm in some regions), although
there is much less variation in summer precipitation, which is
200–250 mm across most of the study area.

Study species

Fagus sylvatica L. is a shade-tolerant species, typically forming 
monospecific stands (Peters 1997). The species is one of the 
most widely distributed tree species in Europe, with a distribu-
tion stretching from the mountains of southern Europe to south-
ern Sweden. Fagus sylvatica exhibits strong synchronous 
regional patterns of seed production across wide regions (Hilton 
and Packham 2003, Packham et al. 2012).

Tree ring data collection and processing

Tree growth at each of the eight sites was estimated using tree 
rings. Cores were extracted from a total of 186 trees, with two 
cores taken per tree at all sites, except NET where only one core 
was removed. Table 2 provides details on the number of trees 
and cores sampled at each individual site. Cores were extracted 
at 1.3 m above ground level, and perpendicular to any slope in 
order to avoid tension wood, as is standard practice in dendro-
chronology (Grissino-Mayer 2003). Sample preparation fol-
lowed standard dendrochronological methods (Speer 2010) 
with samples air dried, and then mounted and sanded with 
 progressively finer paper until the ring boundaries were clearly 
visible. Cores were then scanned at either 1600 or 2400 dpi 

below). To produce a regional record of tree growth comparable 
to the regional masting record, tree ring chronologies were cre-
ated for eight sites across southern England (Figure 2). Table 1 
gives details of these sites, including the age of the stands and 
the local geologies. Southern England has a temperate maritime 
climate, with a mean annual temperature (1961–2010) of 

Figure 2. Map of the study region. Black dots represent the sample sites 
(for full site names and details see Table 1), while the shaded region is 
the area represented by the UK Met Office southern England climate time 
series. It also represents the approximate region represented by the 
southern England beech masting record of Hilton and Packham (2003). 
The numbers refer to the locations of the meteorological stations used 
for the analysis of growth–climate relationships for individual sites.



(the latter where very narrow rings were present in the core), 
and ring widths were measured using the software CooRecorder 
v7.3 (Larsson 2010b). Cross-dating involved the statistical 
comparison of patterns of ring widths between individual cores 
in order to ensure that all rings are assigned to the correct year 
of growth. Initial cross-dating was conducted in CDendro v7.3 
(Larsson 2010a), and then checked for each individual site 
using the standard dendrochronolgical software COFECHA 
(Grissino-Mayer 2001). The results of the cross-dating for each 
site are given in Table 2. In total, 276 cores from 186 trees were 
cross-dated, with a total of 32,109 measured rings.

Raw ring width chronologies typically contain low-frequency 
(i.e., decadal and longer) signals associated with changes in tree 
age and size, canopy position and long-term changes in the abi-
otic environment (Fritts 1976). In order to investigate the rela-
tionship between annual growth and climate, this low- frequency 
variance was removed by detrending using the R package ‘dplR’ 
(Bunn et al. 2012), individually fitting each core's raw ring width 
series with a 32-year cubic spline with a 50% frequency cut off. 
Dimensionless ring width indices were created for each core by 
dividing the observed ring width by the spline. These individual 
detrended ring width indices were then averaged across sites for 
each year in order to produce a mean ring width index (RWI) 
representative of southern England (SENG, the same region 

 represented by the masting record). Comparison with other tree 
ring studies involving F. sylvatica in this region suggests that the 
SENG chronology can be considered representative for the 
whole of southern England (Wilson et al. 2008, Cavin et al. 
2013).

Annual seed production data

Data on masting for F. sylvatica across southern England were 
taken from a mean annual masting record for the region pub-
lished by Hilton and Packham (2003), with additional previously 
unpublished data up to 2010. The record is a compilation of 
records from various sources and locations, and is shown in 
Figure 3. The record spans from 1921 to 2010, but unfortu-
nately data are not available for 1951 and 1952 as no records 
exist from these years. The masting record is based on a semi-
quantitative five-point scale, from 1 (very poor masting) to 5 
(very good masting), with categories 4 and 5 being considered 
mast years, and represents a regional record of masting across 
southern England (Hilton and Packham 2003).

Climate data

Both RWI and masting time-series were analyzed with respect to 
weather conditions. Climate data were taken from the UK Met 
Office regional climate time-series for southern England (UK Met 

Table 2. Chronology statistics for the individual sites and for the combined southern England chronology (SENG). Statistics are calculated for the period 
of study only (1921–2010). Period refers to the period of a truncated chronology where the number of cores is >5. All the chronology stats are cal-
culated for this period. MS, mean sensitivity (a measure of the relative change between adjacent ring widths); AC, first order autocorrelation; EPS, 
expressed population signal; rbar, the average correlation between the tree ring series (tot, all cores; wt, between cores from the same trees; bt, 
between different trees). Note that two cores were extracted from all sampled trees (except at NET), but the number of cores refers only to those suc-
cessfully measured and cross-dated and included in the mean chronologies.

Site No. of trees 
(cores)

Period Mean ring width 
(SD) (mm)

MS AC EPS rbar.tot rbar.wt rbar.bt

FAH 20 (36) 1860–2010 1.981 (0.969) 0.298 0.303 0.933 0.382 0.547 0.377
LAR 22 (32) 1958–2009 4.161 (1.049) 0.167 0.329 0.960 0.507 0.651 0.503
BWS 22 (37) 1846–2010 1.078 (0.518) 0.209 0.397 0.929 0.347 0.487 0.343
FOC 21 (35) 1862–2010 1.219 (0.547) 0.170 0.656 0.927 0.346 0.447 0.343
SHW 22 (37) 1913–2009 2.975 (0.932) 0.203 0.326 0.938 0.372 0.469 0.369
AFO 19 (35) 1914–2009 2.491 (0.805) 0.166 0.697 0.902 0.285 0.507 0.279
OAH 24 (42) 1852–2011 2.207 (0.602) 0.185 0.399 0.896 0.244 0.389 0.241
NET 39 (39) 1801–2012 1.284 (0.454) 0.196 0.635 0.881 0.233 – 0.233
SENG 186 (276) 1921–2010 1.534 (0.525) 0.168 0.238 0.981 0.206 0.487 0.205

Table 1. The location and description of the eight sampled sites. The site codes are used in Figure 3 and to refer to individual sites in the text.

Site code Latitude 
(°N)

Longitude 
(°E)

Elevation 
(m)

Mean DBH 
(cm)

Canopy species Local Met station 
(distance, km)

FAH 52.70 1.50 9 68.01 F. sylvatica, Quercus spp. Lowestoft (27)
LAR 52.51 0.69 27 48.27 F. sylvatica, Acer pseudoplatanus Cambridge (50)
BWS 52.17 0.17 50 39.97 F. sylvatica Cambridge (4)
FOC 52.04 −0.06 115 37.95 F. sylvatica Cambridge (21)
SHW 51.22 0.02 90 75.62 F. sylvatica, Quercus spp. Heathrow (42)
AFO 51.07 0.07 110 58.03 F. sylvatica Eastbourne (36)
OAH 51.68 −0.91 250 50.00 F. sylvatica, Quercus spp. Oxford (26)
NET 51.57 −0.98 172 48.19 F. sylvatica Oxford (28)



Office 2013), which represents the same region as the masting 
and tree ring datasets (Figure 2). Monthly mean daily 24 h max-
imum temperature (MAX) and monthly precipitation (PREC) 
were used as independent variables. Additionally, drought was 
quantified using the Standardized Precipitation–Evapotranspira-
tion Index (SPEI; Vicente-Serrano et al. 2010) using a 3-month 
window such that the drought index for July additionally incorpo-
rated data for May and June (all months were equally weighted). 
SPEI is a standardized index of the difference between monthly 
precipitation and potential evapotranspiration. For all indepen-
dent variables, monthly values from the year of masting, and the 
two previous years, were examined, with months in the previous 
calendar year notated in the following analysis using −t, with t 
being the number of years. For example, PRECAPR-1 represents 
the monthly precipitation of April 1 year prior to the growth 
measurement used as the dependent variable.

Analysis

In order to investigate the link between masting and lagged corre-
lations between growth and previous summer weather conditions, 
masting and growth first needed to be shown to share the same 
climate signals. Previous analysis of part of the seed production 
dataset used here had demonstrated that mast years were associ-
ated with positive summer temperature anomalies and negative 
anomalies in the summer 2 years prior to masting ( Matthews 
1955, Piovesan and Adams 2001). In this study individual correla-
tions between climate and masting category were calculated for all 
the monthly temperature, precipitation and drought indices 
described above using ordered logistic regression.

Multiple linear regression models were used to investigate rela-
tionships between RWI and monthly climate variables. A subset of 

the data (1953–2010) was used for model fitting, with an inde-
pendent subset of the data (1921–50) used for validation. 
Although the relationships between growth and climate are 
expected to be non-linear, a linear approach was employed to 
maintain a model as simple as possible. The model takes the form:

RWI = + +α β β1 1 2 2( ) ( ),X X

where α is a constant and βn is the coefficient associated with 
the independent variable Xn.

Parameters in the regression models were estimated using 
ordinary least squares with independent variables selected using 
backward selection. Adjusted R2 and Akaike Information Crite-
rion (AIC) were used to compare models. The optimal model 
was then checked to ensure that all independent variables were 
significant at the 95% confidence level using an F-test.

The first model developed included as independent variables 
only the monthly weather of the year of growth and the two 
previous years, and is referred to as Growth Model 1 (GM1).

Then, to test the hypothesis that an interaction between cli-
mate, masting and growth was responsible for the relationship 
between growth and previous summer climate, seed production 
was added as an independent variable (as a five-category fac-
tor), and the new optimal model (Growth Model 2, GM2) 
selected using the same procedure.

If a trade-off between growth and seed production is respon-
sible for the lagged climate signals in the tree ring chronologies 
(Figure 1b), then, because seed production increases with tree 
age (as a proportion of whole-plant NPP) (Genet et al. 2010), 
the relative effect of masting is likely to increase with age. To test 
this, Pearson product–moment correlation coefficients were 

Figure 3. The southern England (SENG) ring width index chronology and masting record. The solid black line is the mean SENG RWI chronology, and 
the grey region represents the 99% confidence interval, estimated using bootstrapped resampling (1000 resamples). Note that only the period 
1921–2010 was used for analysis. The dashed line is the sample depth (i.e., the number of cores contributing to the chronology in a given year). The 
bars represent the masting record for southern England for F. sylvatica L. Annual seed production was recorded on a five-point scale from 5 (very good 
masting) to 1 (very poor masting). Categories 4 and 5 (black) are considered mast years (i.e., years of high seed production), while categories 1–3 
(grey) are considered non-mast years (i.e., low or no seed production). Data taken from Hilton and Packham (2003).



 calculated between previous summer temperature and RWI for 
each of the eight individual sample sites for the most recent 
50-year period common to all sites (1960–2009), and using
local meteorological data (see Table 1 and Figure 2). The coef-
ficients were then plotted against mean stand age (estimated as
the mean age of the sampled trees). Additionally, moving
 correlation analysis (MCA) using a 30 year window was used to
investigate if the relationship between previous summer climate
and RWI changed as the trees at each site increased in age.

Results

Seed production

During the 88-year regional masting record, 21 mast events 
(category 4 or 5) were recorded, with no consecutive mast 
years (Figure 3). Masting category showed the strongest cor-
relations with MAXJUL-1 and MAXJUL-2. These relationships are 
shown in Figure 4, and demonstrate that masting has a positive 
correlation with MAXJUL-1 (i.e., high summer temperatures 
increase the probability of masting in the following year), while 
masting is negatively correlated with MAXJUL-2.

Radial growth chronology

Standard dendrochronological statistics indicated the suitability 
of the developed tree ring chronologies for dendrochronological 
analysis (Figure 3 and Table 2). Correlations between the indi-
vidual tree ring series was generally high at each site (although 
lower at AFO, OAH and NET), and in all cases within-tree correla-
tions were higher than between trees, as expected. Expressed 

population signal (EPS), which is used to estimate the degree to 
which the sampled trees are representative of the hypothetical 
chronology including all trees in the population, was above the 
widely used threshold of 0.85 in all individual chronologies. The 
chronologies (including SENG) showed high autocorrelation, 
and so autoregressive models were fitted and the residuals used 
for all analyses.

Influence of climate on growth

The optimal model of RWI (GM1) included SPEIJUL, MAXJUL-1 and 
MAXJUL-2 as significant predictors of growth, and explained 
56.1% of the variance in RWI (Table 3 and Figure S1 available 
as Supplementary Data at Tree Physiology Online). The model 
validation exercise produced a normal distribution of the residu-
als, no patterns in the residuals, and a strong linear relationship 
between predicted and fitted values. It also performed well in 
predicting the validation dataset, with a strong linear relationship 
between observed and predicted values (R2 = 0.56).

Figure 4. The relationship between masting and previous summers' temperature. The width of the boxplots is proportional to the number of observa-
tions, and the whiskers extend to include all points which are no more than 1.5× the interquartile range from the edge of the box. The dark grey boxes 
refer to mast years, light grey to non-mast years. (a) Relationship between masting and MAXJUL-1 (mean-maximum temperature of July in year prior to 
year of growth). Kruskal–Wallis test (χ2 = 34.507, df = 4, P < 0.001) (b) Relationship between masting and MAXJUL-2 (mean-maximum temperature 
of July 2 years prior to year of growth) Kruskal–Wallis test (χ2 = 26.854, df = 4, P < 0.001).

Table 3. Selected independent variables for optimal Growth Model 1 
(GM1). SPEIJUL is a drought index for July of the year of growth, and 
MAXJUL-1 and MAXJUL-2 are the mean-maximum temperature of the July in 
the previous year and the year 2 years previous, respectively. R2 = 0.56, 
aR2 = 0.54, AIC = −77.22.

Variable Estimate Standard error t-value P-value

Intercept 1.060 0.276 3.842 <0.001
SPEIJUL 0.092 0.015 6.015 <0.001
MAXJUL-1 −0.036 0.009 3.513 <0.001
MAXJUL-2 0.033 0.009 −3.919 <0.001

http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv007/-/DC1


Influence of masting on growth

In years with category 4 and 5 mast events, RWI was significantly 
lower than in category 1, 2 and 3 years (non-mast years) (Wil-
coxon rank sum tests, P < 0.05, Figure 5). In category 4 years, 
RWI was 14.3% lower than in non-mast years, and 19.5% lower 
in category 5 years. The hypothesis that the lagged response of 
RWI to temperature is the result of masting was tested by fitting 
a linear model to the same data, but including masting as an 
additional possible predictor. Refitting the model did not result in 
masting being selected in place of the previous summer tem-
peratures, but forced replacement of MAXJUL-1 and MAXJUL-2 with 
masting as a factor produced a model (GM2) that explained 
51.6% of the variance in RWI (Table 4 and Figure S2 available as 
Supplementary Data at Tree  Physiology Online), compared with 
33.6% when masting was excluded (i.e., only including SPEIJUL 
as an independent variable).

For GM2, predicted RWI showed a strong linear relationship 
with the observed RWI in the validation dataset (R2 = 0.52). In 
GM2, category 4 and 5 mast events have a significant negative 
effect on radial growth. The model performed well compared 
with GM1, and the model residuals showed no relationship with 
previous summers' temperature, indicating that masting 
explained the same variance in RWI as MAXJUL-1 and MAXJUL-2.

Several other lines of evidence also supported the hypothesis 
that masting creates lagged growth responses to weather. 
 Figure 6 shows the relationships between SENG RWI and previ-
ous summers' temperatures and demonstrates that mast years 
(black points) were responsible for creating the highly significant 
relationships between growth and previous summers' 

 temperatures. In a subsample including only non-mast years, the 
relationships became weaker and insignificant in the case of 
MAXJUL-1. Two further lines of evidence are related to the hypoth-
esis that as investment in seed production increases with age, 
the strength of the relationship between masting and previous 
summer temperature should also increase with age. Figure 7 
shows that for the eight sampled sites, mean tree age and the 
strength of the correlation coefficient between RWI and MAXJUL-1 
were significantly correlated. In the youngest stand, the coeffi-
cient was close to zero, but it became more negative with stand 
age, with the oldest stands exhibiting strong negative correla-
tions (<−0.4). In the MCA, the relationship between RWI and 
MAXJUL-1 was shown to change with age within a stand, with the 
correlation changing in the five oldest stands from close to zero 
when the stand is young to strongly negative when chronology 
age exceeded ∼100 years (Figure 8). The different ages of the 
stands allowed this effect to be isolated from any potential 
change in the correlation between temperature and growth due 
to changes in climate.

Discussion

Implications of a growth–reproduction trade-off 
for growth–climate relationships

Observed correlations between tree growth and monthly climate 
from previous growing seasons have been linked to a variety of 
mechanisms, including carbohydrate dynamics (Figure 1a), but 
this study has demonstrated that in F. sylvatica, and probably 
other masting tree species, correlations with previous summers' 
temperatures can be explained largely, if not entirely, as a conse-
quence of an interaction between climate, reproductive effort and 
growth (Figure 1b). This hypothesis has been suggested previ-
ously (e.g., Di Filippo et al. 2007), but we are unaware of its 
rigorous appraisal in the literature. The results of the modelling 
of RWI presented here strongly support the hypothesis that 
lagged climate signals in tree ring chronologies from F. sylvatica 
are (at least primarily) the result of masting, which reduces 

Figure 5. Boxplot of RWI according to masting category. Mast years 
(categories 4 and 5) are coloured dark grey, non-mast years (categories 
1, 2 and 3) are light grey. The width of the boxplot is proportional to the 
number of observations, the whiskers extend to include all points which 
are no more than 1.5× the interquartile range from the edge of the box. 
The letters refer to groups that are not significantly different (non- 
parametric directional Wilcoxon rank sum test, P < 0.05).

Table 4. Selected independent variables for optimal Growth Model 2 
(GM2). MAST is a five-category measure of the intensity of annual seed 
production. MAST.1 is a category 1 mast year, representing very low 
seed production and MAST.5 a category 5 mast year, presenting the 
highest seed production. As the mast categories are added to the model 
as factors, MAST.1 is not included in the model as it is used as the refer-
ence. R2 = 0.52, aR2 = 0.47, AIC = −67.67.

Variable Estimate Standard error t-value P-value

Intercept 1.040 0.026 40.288 <0.001
SPEIJUL 0.092 0.018 5.123 <0.001
factor(MAST.2) 0.001 0.048 0.028 0.978
factor(MAST.3) −0.085 0.047 1.808 0.076
factor(MAST.4) −0.173 0.048 −3.610 <0.001
factor(MAST.5) −0.224 0.095 −2.362 0.022
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growth in the year of masting, but is cued by climate in the previ-
ous summers. If the relationship between previous summer tem-
perature and RWI were associated with ‘carry-over’ effects 
(Figure 1a), for example, resource depletion during unfavourable 
(i.e., warm) years, then the correlation between RWI and MAXJUL-1 
and MAXJUL-2 should exist in both mast and non-mast years. How-
ever, Figure 6 demonstrates that when mast years are excluded, 
the statistical relationships weaken, and become non-significant 
in the case of MAXJUL-1. This is strong evidence that the relation-
ships between RWI and previous summer's temperature are 
caused by the growth reduction associated with mast years.

Any interaction between masting and tree growth should be 
dependent on tree age as seed production increases with age, 

both in terms of absolute biomass and percentage of the total 
carbon allocated to reproduction (Genet et al. 2010). Conse-
quently, as juvenile trees invest relatively little in seed produc-
tion, they should respond less to the temperatures of the 
previous summers' from mature trees producing heavy seed 
crops. It is possible that the strength of the relationship between 
previous summers' temperatures and RWI will therefore increase 
with age. Several lines of evidence support this prediction in our 
data. The correlation between RWI and MAXJUL-1 was close to 
zero for the youngest stand, and decreased linearly with the age 
of the site (Figure 7). Additionally, MCA demonstrated that in 
the oldest five sites, the correlation coefficient varied from close 
to zero during the youngest periods of stand development to 
strongly negative during maturity, and that the strength of the 
correlation increased approximately linearly with age (Figure 8). 
This observation is consistent with other studies (e.g., Di Filippo 
et al. 2007, Drobyshev et al. 2010).

Our results have important implications for the interpretation of 
growth–climate relationships in F. sylvatica, but they also have 
wider implications, as lagged correlations between growth and 
summer climate of previous years are widely reported for many 
species (e.g., Miina 2000, Andreu et al. 2007, Babst et al. 2013). 
Wettstein et al. (2011) reported strong negative correlations 
between RWI and previous summer temperatures across a range 
of species throughout the extra-tropical northern hemisphere, 
which they suggested is ‘potentially puzzling’, but did suggest 
might be linked to trade-offs with seed production. While long 
records of seed production are not available for many geographi-
cal regions, or for all species, other evidence suggests that these 
lagged climate correlations may also be due, at least in part, to the 
interaction between climate, masting and growth. Across all the 

Figure 6. The dependence of growth–climate relationships on mast 
years. (a) The relationship between RWI and MAXJUL-1. Black points refer 
to mast years and grey points to non-mast years. The black dashed line 
shows the linear regression of RWI on MAXJUL-1 for all years (black and 
grey points), with regression statistics in black. The grey dashed line 
shows the linear regression for only the non-mast years, with regression 
statistics in grey. (b) As for (a), but for the relationship between RWI and 
MAXJUL-2.

Figure 7. Variation in the Pearson product–moment correlation coeffi-
cient between RWI and MAXJUL-1 according to stand age for the eight 
study sites. The error bars refer to the 95% confidence intervals, esti-
mated using a bootstrapping resampling procedure with 1000 resam-
ples. The period 1961–2009 was used for the analysis of all sites.



species included in the analysis of Wettstein et al. (2011), the 
spatial distribution of correlations with summer temperature in the 
year of growth showed a marked pattern from strongly positive 
correlations at the highest latitudes (temperature limited), to 
strongly negative at lower latitudes (drought limited). However, 
the correlations with previous summer temperature did not show 
the same spatial pattern, and were consistently negative for the 
majority of the chronologies, independent of latitude. The differ-
ences in spatial patterns hint at different mechanisms being 
responsible for the correlations between RWI and climate in the 
year of growth and the previous year.

The trade-off between growth and masting, and the climatic 
cueing of masting, has other important implications for analyses 
based on relationships between tree-rings and climate. Studies 
using statistical relationships between ring width and climate, 
such as climate reconstructions and dendroecological studies, 
rely on extreme observations (particularly the narrowest rings) 
to create strong correlations between ring width and climate. 
The interaction between climate, masting and growth suggests 
that narrow rings may not only be the result of climate, but may 
be due to masting events (Figure 6). Consequently, narrow rings 
may not always correspond to years of unfavourable climate, 
complicating the understanding of what abiotic factors are 
responsible for these years of low growth, and also complicating 
the interpretation of statistical relationships between ring width 
and climate.

Growth–climate relationships are often used to assess the 
drought sensitivity of species, but the results presented in this 
study indicate that caution should be taken when interpreting 
lagged drought signals as these may not in fact reflect direct 
influences of climate on growth, but instead the influence of 
climate-controlled masting on growth. Additionally, changes in 
the strength of lagged climate–growth relationships should be 
interpreted with care. Within even-aged stands (or wherever the 
mean cambial age varies throughout a chronology), growth– 
climate relationships may show variations due to age-dependent 
allocation between growth and reproduction. This variation in 
growth–climate relationships could easily be misinterpreted as 
representing an effect of environmental change, when in reality 
it may be an expected effect of ontogeny. These results reinforce 
the importance of considering the mean tree age throughout 
chronologies used for climate reconstructions, which some but 
not all studies report (see for example, Briffa et al. 1998, Wilson 
et al. 2013).

The influence of climate and masting on growth

The results of the modelling of RWI reveal that early summer 
drought in the year of growth is a significant factor influencing 
radial growth in the sampled F. sylvatica stands. This is a com-
mon finding in studies investigating the relationship between 
growth and climate in F. sylvatica, which is widely considered a 
drought sensitive species (Packham et al. 2012). Additionally, 

Figure 8. The variation with chronology age of the Pearson product–moment correlation coefficient between MAXJUL-1 and RWI, using a moving 30-year 
window and plotted according to the age of the chronology at the end of the window. Each of the eight sample sites are plotted separately. Moving 
correlation analysis was conducted with a 1 year time-step.



the importance of MAXJUL-1 is expected, as this is one of the 
most common significant correlations reported for tree ring 
chronologies from this species. However, the selection of 
MAXJUL-2 as a significant predictor of RWI is somewhat unex-
pected, as correlations between growth and climate are rarely 
investigated for >1 year prior to growth. However, it is in agree-
ment with Piovesan et al. (2008), who reported a significant 
positive correlation between growth and temperature of the 
summer months (June–August) 2 years prior to growth for a 
F. sylvatica ring width chronology from the Apennines, Italy.

Figure 5 shows that RWI is 14% lower in category 4 mast
years, and 20% lower in the heaviest mast years (category 5). 
This finding is in agreement with numerous studies that have 
demonstrated a negative correlation between plant reproduction 
and growth in tropical (Nakagawa et al. 2012), temperate 
(Drobyshev et al. 2010), Mediterranean (Barringer et al. 2013) 
and boreal ecosystems (Selas et al. 2002). This growth– 
reproduction trade-off may result from either direct or indirect 
trade-off mechanisms. In a direct trade-off, increased investment 
of carbohydrates in fruit production reduces investment in 
woody tissues without any reduction in whole-plant photosyn-
thesis. This direct trade-off with growth may be especially strong 
as a result of the apparent lack of stored carbohydrate use in 
masting in beech (Hoch et al. 2013), which suggests fruit pro-
duction will act as a major competing sink for newly fixed photo-
synthates. In a recent study, Muller-Haubold et al. (2013) 
 demonstrated that while total above-ground NPP of F. sylvatica 
was strongly controlled by current year weather conditions, the 
partitioning of above-ground NPP between wood, leaves and 
fruit was closely linked to weather conditions in the previous 
year, supporting this direct mechanism for the growth– 
reproduction trade-off. This trade-off-induced shortage of car-
bon for growth in individual trees may be restricted to particular 
periods of the growing season rather than across the entire year, 
due to strong seasonal variation in GPP and carbon demand 
(Mund et al. 2010).

However, in addition to influencing sink strength and carbon 
allocation, masting may also reduce radial growth indirectly by 
reducing GPP, and consequently reducing the overall carbon 
availability. For example, developing fruits are strong sinks for 
nutrients (Ichie et al. 2005, Sala et al. 2012a, Han et al. 2014) 
with high seed production associated with reduced nitrogen 
concentrations in seed bearing shoots (Alla et al. 2012) and 
reduced foliar nitrogen and photosynthetic capacity (Han et al. 
2008) (although not in all studies; see Yasumura et al. 2006). 
Furthermore, masting may reduce whole-plant leaf area and 
subsequently whole-plant photosynthesis. Leaf number may be 
reduced due to lower shoot growth and higher bud mortality in 
mast years (Ishihara and Kikuzawa 2009), and because flower 
buds replace potential leaf buds (Innes 1994). In F. sylvatica, 
mast years are also associated with reduced leaf size (Innes 
1992), with a combination of smaller leaf size and fewer leaves 

resulting in lower stand leaf area index during mast years (Innes 
1994,  Ferretti et al. 1998). In addition, Olesinski et al. (2012) 
found that fine root biomass in Abies balsamea (L.) Mill. is 
reduced in mast years, which may reduce water or nutrient sup-
ply in mast years, also reducing GPP.

Relationships between tree growth, climate and seed 
production

This study has found strong relationships between regional-scale 
patterns of  tree growth, seed production and climate in 
F.  sylvatica, with climate-cued masting events creating lagged
correlations between RWI and weather conditions in the previous
summers. We interpret this phenomenon to occur as a conse-
quence of a trade-off between growth and seed production dur-
ing mast years. This conclusion has important implications for
our understanding and interpretation of  the relationships
between tree growth and climate at scales from individual trees
and forest stands to distribution-wide analysis of growth–climate
relationships, but needs to be tested in other species where long
records of seed production exist. Additionally this study used
regional records of growth and seed production, but stand- and
individual-based analysis of these relationships is also required.
However, as long records of seed production are rare, an alter-
native approach would be to  investigate the relationship between
lagged climate correlations and tree age, as life-history theory
predicts that older trees will invest a greater proportion of
 available resources into reproduction (Genet et al. 2010, Viglas
et al. 2013), resulting in a stronger reproduction–growth trade-
off and therefore a stronger influence of the cues of masting on
radial growth.

Supplementary data

Supplementary data for this article are available at Tree Physiology 
Online.

Acknowledgments

We thank the Berkshire, Buckinghamshire and Oxfordshire Wild-
life Trust, Wildlife Trust for Bedfordshire, Cambridgeshire and 
Northamptonshire, Hertfordshire and Middlesex Wildlife Trust, 
Surrey Wildlife Trust, Fairhaven Garden Trust, The Conservators 
of Ashdown Forest and the Nettlebed Estate for permission to 
conduct sampling. We are grateful to Keith Gutteridge, Mike 
Hume and Christian Preece for field assistance. We acknowledge 
John Packham for his efforts over many years in collecting and 
collating the data on seed production used here, as well as 
friends, colleagues and family who have assisted in annual beech 
mast collection. David Coomes and Josep Peñuelas provided 
constructive comments on an earlier version of this manuscript, 
and we also thank two anonymous referees for their helpful 
 comments.

http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv007/-/DC1


Conflict of interest

None declared.

Funding

A.J.H.-P. received funding from the Department of Geography, 
University of Cambridge and Clare College, Cambridge.

References

Alla AQ, Camarero JJ, Maestro-Martínez M, Montserrat-Martí G (2012) 
Acorn production is linked to secondary growth but not to declining 
carbohydrate concentrations in current-year shoots of two oak spe-
cies. Trees 26:841–850.

Andreu L, Gutierrez E, Macias M, Ribas M, Bosch O, Camarero JJ (2007) 
Climate increases regional tree-growth variability in Iberian pine for-
ests. Glob Chang Biol 13:804–815.

Babst F, Poulter B, Trouet V et al. (2013) Site- and species-specific 
responses of forest growth to climate across the European continent. 
Glob Ecol Biogeogr 22:706–717.

Barringer BC, Koenig WD, Knops JMH (2013) Interrelationships among 
life-history traits in three California oaks. Oecologia 171:129–139.

Boninsegna JA, Argollo J, Aravena JC et al. (2009) Dendroclimatological 
reconstructions in South America: a review. Palaeogeogr Palaeoclima-
tol Palaeoecol 281:210–228.

Briffa KR, Schweingruber FH, Jones PD, Osborn TJ, Harris IC, Shiyatov SG, 
Vaganov EA, Grudd H (1998) Trees tell of past climates: but are they 
speaking less clearly today? Philos Trans R Soc Lond B Biol Sci 
353:65–73.

Bunn AG, Korpela M, Biondi F, Campelo F, Merian P, Qeadan F, Zang C 
(2012) dplR: Dendrochronology Program Library in R. R package ver-
sion 1.5.6. http://CRAN.R-project.org/package=dplR.

Campioli M, Gielen B, Göckede M, Papale D, Bouriaud O, Granier A 
(2011) Temporal variability of the NPP-GPP ratio at seasonal and 
interannual time scales in a temperate beech forest. Biogeosciences 
8:2481–2492.

Cavin L, Mountford EP, Peterken GF, Jump AS (2013) Extreme drought 
alters competitive dominance within and between tree species in a 
mixed forest stand. Funct Ecol 27:1424–1435.
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