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Abstract: Existing literature investigates the effect of the number of cored trees per plot (N) on chronology statistics. The
present study sought to highlight (i) the effect of N on the reliability of both chronology and climate–growth relationships
and (ii) its variability across five European tree species with differentiated ecophysiological patterns. Fifty-eight pure, even-
aged forests were sampled across France. For each plot, dendroecological investigations were carried out using chronologies
built from 28 to three trees. Chronology reliability was studied using the mean intertree correlation (rbt) and the expressed
population signal (EPS), whereas the climate–growth relationships were evaluated through the bootstrapped correlation coef-
ficients (BCC). The accuracy of the dendroecological investigations decreased with decreasing N: EPS and BCC approached
zero, implying that the signal common to all trees weakened. Thus, most of the significant correlations became nonsignifi-
cant when the sample size decreased from 28 to three trees per plot. Differences were found between species. For a given
sample size, the shade-intolerant species Quercus petraea and Pinus sylvestris displayed lower intertree differences in
growth-index series (higher rbt) and higher EPS than the shade-tolerant species Abies alba, Fagus sylvatica, and Picea
abies. These latter species also displayed a greater sensitivity to sample size decrease, with a stronger BCC weakening and
a higher proportion of changes in correlation significance. The EPS threshold of 0.85 was reached for around six to 10 trees
for shade-intolerant species versus 20–30 for the shade-tolerant ones and generally corresponded to a mean correlation preci-
sion of around 0.06. We finally propose a general method to estimate this precision.

Résumé : La littérature examine l’effet du nombre d’arbres carottés par placette (N) sur les statistiques de la chronologie.
La présente étude a cherché à mettre en évidence (i) l’effet de N sur la qualité de la chronologie et de l’estimation des rela-
tions cerne–climat, et (ii) sa variabilité sur cinq essences européennes à autécologies contrastées. Cinquant-huit forêts pures
et régulières ont été échantillonnées à travers la France. A chaque placette, les études dendroécologiques ont été menées
avec des chronologies construites à partir de 28 à trois arbres. La qualité de la chronologie a été étudiée au travers de la cor-
rélation inter-arbre moyenne (rbt) et de l’ « expressed population signal » (EPS), alors que les relations cerne–climat ont été
évaluées par le calcul des coefficients de corrélation « bootstrapped ». La justesse des analyses dendroécologiques a diminué
avec la baisse de N : l’EPS et les BCC se sont rapprochés de zéro, impliquant que le signal commun à tous les arbres s’était
affaibli. Par conséquent, la plupart des corrélations significatives sont devenues non-significatives quand la taille de l’échan-
tillon a diminué de 28 à trois arbres par placette. Des différences ont été observées entre les espèces. Pour une taille d’é-
chantillon donnée, les espèces héliophiles Quercus petraea et Pinus sylvestris ont montré de plus faibles différences inter-
arbres dans les séries d’indices de croissance (rbt plus élevés) et de plus forts EPS que les espèces tolérantes à l’ombre
Abies alba, Fagus sylvatica et Picea abies. Ces dernières espèces ont été plus sensibles à la baisse de la taille de l’échantil-
lon, avec une plus forte diminution des BCC et une plus forte proportion de changement de significativité. Le seuil d’EPS
de 0,85 a été atteint pour environ six à 10 arbres carottés pour les espèces héliophiles, contre 20 à 30 pour les espèces tolé-
rantes à l’ombrage. Nos résultats ont également mis en évidence que, quelque soit l’espèce, le seuil d’EPS de 0,85 corres-
pondait à une précision moyenne des BCC d’environ 0,06. Nous proposons enfin une méthode générale pour estimer cette
précision.

Introduction

In temperate and northern ecosystems, tree-ring width has
been widely used to investigate the environmental influence
on tree growth because it easily provides quantitative and an-
nual retrospective information (Fritts 1976). During the last

two decades, there has been a revival of interest in this proxy
with the need to clearly assess the climate–growth relation-
ship instability in the context of climatic change (Briffa et al.
2009; D’Arrigo et al. 2008; Moberg and Jones 2005). Incor-
rect estimation may reduce the validity of projected forest
carbon uptake, growth, and vitality (Lindner et al. 2010).
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Thus, providing methodological advice to improve the as-
sessment of tree-growth response to climate appears to be a
crucial aspect in the field of dendroecological studies.
The variation of ring-width results from interannual

changes in environmental conditions and tree physiological
processes. Cook (1985) proposed a theoretical linear model
classifying the numerous signals influencing ring width into
five groups: the age-related growth trend (namely A in Cook
(1985)), climatic variations (C), disturbances within a forest
community (D1), disturbances originating from outside the
community (D2), and residual variations related to other sig-
nals (E). In even-aged, pure forests, A, C, and D2 are as-
sumed to be broad-scale signals (i.e., of the same magnitude
for all trees), whereas signal D1 is expected to vary among
trees due to small-scale heterogeneities in the environmental
conditions. At the plot scale (generally less than 1 ha), these
local variations are mainly related to stand characteristics
such as canopy stratification (Mäkinen and Vanninen 1999;
Martín-Benito et al. 2008; Mérian and Lebourgeois 2011)
and proximity to the closest stems (Martín-Benito et al.
2010; Misson et al. 2003). As a consequence, it is generally
recommended to sample many trees per plot to minimize the
strength of the tree-specific signals (D1 and E) and thus em-
phasize the broad-scale climatic signal (C) when building the
growth chronology.
As the chronology accuracy increases with the sample size

(Briffa and Jones 1990; Mäkinen and Vanninen 1999), one of
the main goals of the sampling strategy is to find the best
compromise between limiting the amount of fieldwork and
building a reliable chronology, with the level of reliability de-
pending on the purpose of the study and the error margin
that researchers are willing to accept. Previous works in this
direction have provided useful statistics that are routinely
used to quantify the robustness of the chronology such as
the mean intertree correlation (rbt) and the expressed popula-
tion signal (EPS) (Cook 1985; Cook and Kairiukstis 1990;
Wigley et al. 1984).
The quality of the climatic signal (C) contained in the

rings of trees is expected to increase when coring trees likely
to yield good climatic records (Douglass 1939; Cook 1985;
Fritts 1976). The most common strategy consists of sampling
forest stands growing under limiting climatic conditions, as it
permits an accurate chronology to be built from a reduced
sample size (Cook and Kairiukstis 1990; Douglass 1939;
Fritts 1976; Schulman 1937). For that matter, under temper-
ate climate, a total of 20–30 trees per plot is usually recom-
mended, but this number can be reduced to five to 10 in
regions and plots where tree growth depends very much on
one limiting factor (Cook and Kairiukstis 1990; Fritts 1976).
However, the strength of the climatic signal recorded in the
tree rings (C) may also vary among species in relation to dif-
ferences in their ecophysiological pattern. Species displaying
great ability to cope with various local environmental condi-
tions could be assumed to show greater intertree heterogene-
ity in ring-width series. In a recent plot-scale multispecies
analysis, Mérian and Lebourgeois (2011) pointed out that
this intertree heterogeneity was related to the ability of tree
species to cope with differentiated light levels. Shade-tolerant
species are able to grow and survive in low to high levels of

shade, whereas shade-intolerant species grow under low lev-
els of competition for light (Wright et al. 1998). As a conse-
quence, it has been hypothesized that the sample size
required to reach a given level of chronology reliability could
be lower when studying shade-intolerant species due to a
greater homogeneity of canopy structure (Niinemets 2010;
Wright et al. 1998). Such specific differences may have
strong implications on the sampling strategy, which would
have to be adapted to the ecophysiological pattern of the ob-
jective species.
This study sought to quantify how the decrease of sample

size influenced (i) the chronology reliability and (ii) the as-
sessment of climate–growth relationships for five major
European forest tree species characterized by different eco-
physiological patterns and growing under temperate condi-
tions. The five studied species were silver fir (Abies alba
Mill.), European beech (Fagus sylvatica L.), Norway spruce
(Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.),
and Sessile oak (Quercus petraea (Matt.) Liebl.). Abies alba
and F. sylvatica are shade-tolerant species with high sensitiv-
ity to summer drought, precipitation, and atmospheric humid-
ity (Becker 1970; Pinto and Gégout 2005). In contrast,
Q. petraea and P. sylvestris are more xerophytic, shade-
intolerant species (Misson et al. 2004). Lastly, P. abies
presents an intermediate shade tolerance and response to
summer drought (Lebourgeois et al. 2010; Pinto and Gégout
2005). Previous dendrochronological studies pointed out
higher expressed population signal for the shade-intolerant
species Q. petraea and P. sylvestris (Lebourgeois et al.
2005, 2010; Mérian et al. 2011; Mérian and Lebourgeois
2011). The starting hypotheses were that (i) decreasing sam-
ple size led to a less accurate estimation of both the cli-
matic signal contained in the chronology and the climate–
growth correlations and (ii) ecophysiological traits induced
significant differences between species, with a lesser effect
of the sample size variation for the shade-intolerant species
Q. petraea and P. sylvestris.

Materials and methods

Study area and climatic data
The 58 plots were sampled between 42°51′52″N and

49°42′39″N and 3°32′34″W and 7°43′46″E in the French
Permanent Plot Network for the Monitoring of Forest Eco-
systems (RENECOFOR) (Fig. 1). The forests were com-
posed of pure, even-aged, healthy stands. The sample
covered a wide range of bioclimatic conditions: oceanic cli-
mate in the west (n = 16 plots), semicontinental climate in
the northeast (n = 19), temperate Mediterranean climate in
the south (n = 3), and mountainous climate (n = 21). The
variability of climatic conditions and soil properties as pre-
viously detailed in Mérian and Lebourgeois (2011) (Supple-
mental Table S1)1 are summarized in Table 1. For each
stand, climatic data obtained from the nearest meteorologi-
cal stations of the French National Climatic Network (Météo-
France) were considered as representative as possible of the
stand weather conditions (Fig. 1). The mean distance be-
tween sampled plots and meteorological stations was
23.5 km (standard deviation (SD), 13 km). The difference

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/10.1139/x11-149.
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Table 1. Summarized plots characteristics per species.

Temperature (°C) Precipitation (mm) Hydric balance (mm)

Species
Altitude
(m) pH

SWC
(mm) Height (m)

Density
(no.·ha–1) Age

Diameter
(cm) Year January July Year July Year July

Quercus petraea
(n = 17)

209 (86) 4.4 (0.2) 137 (42) 26.6 (2.2) 561 (175) 85 (22) 39 (6.9) 10.2 (0.7) 2.4 (1.3) 18.4 (0.8) 803 (113) 55 (8) 114 (112) –69 (10)
55/330 4.0/4.8 75/200 22.9/30.4 296/892 53/126 22/70 9.0/11.3 0.3/5.0 17.3/20.3 608/1047 46/70 –37/325 –87/-51

Fagus sylvatica
(n = 17)

526 (436) 4.9 (0.8) 97 (40) 26.8 (3.4) 408 (185) 91 (29) 40 (7.2) 9.4 (1.8) 2.2 (2.2) 17.2 (1.4) 1085 (346) 65 (11) 419 (353) –57 (10)
50/1400 4.2/6.7 45/200 19.4/30.2 203/811 51/157 23/67 4.5/12.8 –2.0/6.6 12.8/19.8 696/2068 43/85 47/1520 –82/-43

Abies alba
(n = 10)

1008 (284) 4.8 (0.6) 85 (24) 26.8 (2.1) 460 (77) 97 (30) 50 (8.2) 7.8 (1.4) 0.2 (1.8) 16.3 (1.2) 1268 (197) 80 (17) 673 (194) –41 (20)
400/1360 4.2/5.8 53/120 22.4/29.3 364/578 53/166 29/73 5.8/10.3 –1.4/4.0 14.2/18.1 865/1524 55/108 331/896 –70/-10

Picea abies
(n = 5)

1148 (381) 4.9 (0.5) 70 (39) 28.1 (5.2) 499 (174) 101 (48) 48 (6.8) 7.0 (1.2) –1.3 (1.1) 15.4 (1.4) 1493 (393) 108 (21) 897 (421) –12 (23)
660/1700 4.3/5.4 25/125 22.0/34.8 369/798 57/179 37/67 4.9/7.7 –3.2/-0.6 13.1/16.4 1070/1980 82/130 460/1466 –41/18

Pinus sylvestris
(n = 9)

521 (537) 4.3 (0.4) 86 (43) 22.9 (3.2) 649 (194) 64 (12) 37 (5.1) 9.4 (1.3) 1.5 (1.8) 17.8 (1) 868 (161) 60 (15) 211 (188) –63 (21)
38/1670 3.7/5.0 43/160 17.0/26.9 337/997 52/92 28/54 7.6/11.6 –0.7/5.1 16.0/19.0 687/1170 39/92 2/544 –89/-27

Note: Values are expressed as mean (standard deviation), minimum/maximum; pH, pH of the organomineral horizon; SWC, soil water capacity (in mm) calculated according to textural properties, depth, and
coarse element percentages. Height, density, age, and diameter are from 1994. Climatic means are from 1961 to 1990. Characteristics are detailed per plot in Supplemental Table S1.1
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which at least 75% of the cross-dated trees presented at least
10% narrower or wider rings than the previous one (Becker
1989; Lebourgeois et al. 2000; Mérian and Lebourgeois
2011). Absolute dating was checked by the application
INTERDAT (Becker 1989; M. Becker and J.L. Dupouey, un-
published), which identifies locations within each ring series
that may have erroneous cross-dating.
Using the R freeware (R Development Core Team 2010)

and the dplR package (Bunn 2008), tree-ring chronologies
were computed and standardized on the maximum period
common to all chronologies (1948–1994; 47 years) to em-
phasize the interannual climatic signal in each individual ser-
ies. A double-detrending process was thus applied based on
an initial negative exponential or linear regression followed
by a fitting of a 31-year cubic smoothing spline with 50%
frequency response cutoff (Blasing and Duvick 1983; Cook
and Peters 1981).

Tree resampling and chronology building
To investigate the effect of the number of cored trees per

plot (N), 17 sample sizes were defined, ranging from 28 to
three trees (Fig. 2, step 1). For each plot and N modality, the
tree resampling consisted of a random extraction with re-
placement of N trees among 28 (Efron 1979). The detrended
series of the extracted trees were averaged by year using a
biweighted robust mean to develop a chronology that repre-
sented the common high-frequency variation of the individ-
ual series (Cook 1985; Fritts 1976). The resampling

procedure was replicated 100 times per sample size modality
to obtain a great number of estimates. This method was
based on the concept of “chronology saturation” developed
in Boucher et al. (2009), which aims to quantify the stability
of the objective signal contained in the chronology along
with the sample size decrease.

Quantification of the sample size effect

Chronology statistics
For each chronology, rbt and EPS were calculated to quan-

tify, respectively, the strength of the signal common to all
trees (Briffa and Jones 1990) and the degree to which the
chronology expressed the population chronology (Wigley et
al. 1984) (Fig. 2, step 2.1). The EPS was defined as

½3� EPS ¼ rbt

rbtþ 1�rbt
N

where N is the number of cored trees per plot, and rbt is the
mean intertree correlation. EPS estimates the proximity be-
tween the theorical population chronology and the chronol-
ogy obtained by averaging the N sampled individual
chronologies by reducing the uncommon variability of the N
chronologies from (1 – rbt) to (1 – rbt)/N (Briffa and Jones
1990). Thus, EPS ranges from 0 to 1 and yields 1 when the
chronology mirrors the population signal.
For each plot and sample size, average rbt and EPS were

calculated from the 100 estimates, namely rtbN and EPSN

Fig. 2. Flowchart of the methodological process (pop, population; SD, standard deviation).
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(Fig. 2, step 3.1). To provide EPS values for sample sizes
greater than 28, EPSN was modeled per plot as a function N
using the following power function:

½4� EPSN ¼ ða� Nb þ 1Þc

The EPS values were then predicted for each plot up to 80
trees (Fig. 2, step 3.1), because greater sample sizes were not
found in the literature. Because of the progressive EPS in-
crease with sample size, any threshold must be a subjective
choice. However, the value of 0.85 suggested in Wigley et
al. (1984) has been and is still widely used by the dendroe-
cologists to assume the chronology reliability. Thus, the min-
imum sample size that rated an EPS value of 0.85 (i) on
average over the 100 estimates (N0.85) and (ii) for 95% of the
estimates (N95) was determined for each plot (Table 2).

Climate–growth relationships
Climate–growth relationships were investigated over the

period 1948–1994 using the calculation of bootstrapped cor-
relation coefficients (BCC), with chronologies as dependant
variables (Guiot 1991) and using the 24 monthly climatic re-
gressors (12 T and 12 Hb values) organized from September
of the previous growing season to August of the current year
(Fig. 2, step 2.2). The statistical significance of the BCC was
assessed with the package “bootRes” (Zang 2009) by calcu-
lating the 95% confidence level based on 1000 bootstrap re-
samples of the data (Guiot 1991). For each plot and sample
size, climate–growth relationship statistics were calculated
per climatic regressor from the 100 estimates of BCC
(Fig. 2, step 3.2): mean value (BCCN) and standard deviation
(SDN). SDN quantified the mean difference between two sets
of BCC obtained from two samples of N trees and thus was
used as an indicator of the precision of the BCC estimation.
BCCN was considered significant when at least 50% of the
estimates were significant.
The effect of decreasing N on BCCN was refined per spe-

cies by the calculation of the proportion of BCCN with
changing significance between 28 and N trees (PN). Two
cases were observed: (i) from significant to nonsignificant
values (Fig. 3, areas 1) and (ii) from nonsignificant to signif-
icant values (Fig. 3, areas 2). The sample size related bias in
the BCCN estimation was quantified with the slope SN of the
linear regression, defined as

½5� BCCN ¼ SN � BCC28

SN values lower than 1 indicate that BCC approached zero
with decreasing N (Fig. 3). The y intercept was nonsignifi-
cant regardless of the species and was thus voluntarily
omitted in eq. 5 and the analysis.

Results

Sample size effect on chronology statistics
Regardless of the species, the mean intertree correlation

(rbtN) was estimated without sample size related bias,
whereas the expressed population signal (EPSN) decreased
exponentially with decreasing N (Table 2; Fig. 4). This weak-
ening was more rapid with small sample size and low rbtN.
Strong differences were evident among the five species.
Quercus petraea and P. sylvestris showed the highest rbtN,
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with respective values of 0.54 and 0.39, versus 0.20 to 0.27
for the three other species (A. alba, F. sylvatica, and P. abies).
As a consequence of the EPS formula (eq. 3), Q. petraea and
P. sylvestris also displayed the highest EPSN, with, for exam-
ple, an EPS10 of 0.92 and 0.85, whereas A. alba, F. sylvatica,
and P. abies rated 0.77, 0.71, and 0.69 (Table 2).
To provide EPS values for sample sizes >28, EPSN was

modeled as a function of N (eq. 4). Regardless of the plots,
R2 was >0.995 (Table 2; Supplemental Table S2)1 and the
parameters a, b, and c were highly significant (p value <
10–7, data not shown), which tended to prove that a power
function was accurate in describing EPSN trends. The sample
size that yielded the EPS threshold of 0.85 on average (N0.85)
was always <28 trees for Q. petraea and P. sylvestris but
greater than this value in 1 case out of 10 for A. alba, 4/17
for F. sylvatica, and 2/5 for P. abies (Table 2). Nevertheless,
N0.85 was systematically reached before 50 trees and was set
around 6 for Q. petraea, 11 for P. sylvestris, 18 for A. alba,
and 27 for both F. sylvatica and P. abies. In the same way,
the sample size that rated an EPS of 0.85 for 95% of the es-
timates (N95) was >28 trees in 2 cases out of 10 for A. alba,
9/17 for F. sylvatica, and 4/5 for P. abies. When both N0.85
and N95 were available (i.e., when they were both <28 trees),
N95 was around 25% greater than N0.85.

Sample size effect on climate–growth relationship
statistics

Strength and significance of the correlations
The general effect of decreasing sample size consisted of a

weakening of the climate–growth correlations. Indeed, SN
(i.e., the slope of the linear regression defined in eq. 5 that
quantified the sample size related bias in the BCC estima-
tion when the sample size decreased from 28 to N trees)
was systematically <1, which implied that BCC approached
zero (Fig. 3). At the same time, the proportion of BCC
with changing significance between 28 and N trees (PN) in-
creased with decreasing N (Fig. 5b). Because of the BCC
weakening, these changes were observed strictly from sig-
nificant to nonsignificant values (Fig. 3). Both the BCC
weakening and the PN increase were more rapid with small
sample size. Focusing on PN, the augmentation was particu-
larly strong when N was <10 trees (Fig. 5b).
SN and PN trends differed among the five species. Two

groups were evidenced: Q. petraea and P. sylvestris displayed
a rather low sensitivity to the sample size decrease, with SN
values of 0.89 and 0.85 when coring three trees (Fig. 5a). In
contrast, A. alba, F. sylvatica, and P. abies showed greater
weakenings, with SN values around 0.7. This species-specific

Fig. 3. Illustration of the sample size related bias on the average bootstrapped correlation coefficients (BCC) for Abies alba. The thresholds of
correlation significance for BBC3 and BCC28 are indicated by the horizontal and vertical broken lines, respectively; the nonsignificant BCC
are located between the broken lines. The shaded areas highlight BCC for which the significance changed when the sample size (N) dimin-
ished from 28 to 3 trees: from significant to nonsignificant value in areas 1, and the inverse trend in areas 2. The magnitude of the bias is
estimated through the slope SN of the linear regression BCCN = SN·BCC28 (eq. 5, see text for details); a slope lower than 1 indicates that BCC
approached zero with decreasing N.
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pattern was also pointed out for PN, albeit the response of
F. sylvatica was closer to those of Q. petraea and P. sylvest-
ris (Fig. 5b). For a given sample size, PN for A. alba and
P. abies was generally twice that of the three other species.
For example, P3 reached around 9% for A. alba and P. abies
versus 4% for the others.

Precision of the correlations
The 100 replications of the tree resampling procedure al-

lowed calculating the standard deviation of the average BCC
value from the 100 estimations (SDN). Decreasing sample
size from 28 to three trees led to a SDN increase of around
0.05 for the five species (Fig. 6a). SDN ranged from 0.03 to
0.06 when coring 28 trees and increased exponentially up to
0.07–0.11 for three trees. Although the SDN increase was
rather similar among the five species, A. alba, F. sylvatica,
and P. abies displayed consistently higher values than Q. pet-
raea and P. sylvestris. For instance, SD3 reached 0.110 for
Abies–Fagus–Picea versus 0.073 for Q. petraea and 0.082
for P. sylvestris.
Because of the positive relationship between N and EPS,

SDN increased with decreasing EPS (Fig. 6b). For a given
EPS, all of the species displayed very similar SDN values.
The precision of the climate–growth correlations established
from chronologies rating an EPS of 0.85 on average
(SDN0.85) varied between 0.056 and 0.062. SDN95 corre-
sponded to slightly lower values, ranging from 0.049 to
0.056 (Fig. 6b).

Fig. 4. Mean trends in chronology statistics per species. N, number
of cored trees per plot; rbt, mean intertree correlation; EPS, ex-
pressed population signal; black curve, mean predicted EPSN per
species; dark grey area, standard deviation (SD) of the mean pre-
dicted EPSN; grey curve, mean observed rbtN per species; light grey
area, standard deviation of the mean observed rbtN. The horizontal
line denotes the EPS threshold of 0.85. The vertical line denotes the
maximum number of trees observed per plot (28 trees).

Fig. 5. Effect of decreasing sample size on bootstrapped correlation
coefficient (BCC) statistics per species. SN, slope of the linear re-
gression BCCN = SN·BCC28 (eq. 5, see text for details); PN, propor-
tion of changes in BCC significance between 28 and N trees (in %).
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Discussion
The interannual ring-width variation depends on numerous

environmental signals and tree physiological processes (Cook
1985; Fritts 1976; Schulman 1937). The aim of this study
was to analyze the effect of decreasing the number of cored
trees per plot on the strength of the signal common to all
trees. This signal strength, estimated through the calculation
of EPS and rbt, was assumed to be linked to climatic factors
(Briffa and Jones 1990; Cook 1985; Mäkinen and Vanninen
1999) and thus was related to the sample size related varia-
tions in the climate–growth relationship assessment. How-
ever, Mäkinen and Vanninen (1999) reminded us that EPS
and rbt “are not capable of providing any information about
the real reasons for this [common] variability.”

General sample size effect on accuracy of
dendroecological investigations
As expected, decreasing sample size affected the strength

of the common signal contained in the chronology (Cook
and Kairiukstis 1990; Mäkinen and Vanninen 1999; Wigley
et al. 1984). Estimation of rbt was not biased by sample
size, which could be expected as the similarity between two
trees depended directly on the variability of the biotic and

abiotic conditions within the plot. EPS decreased with de-
creasing N, with a very rapid diminution below 10–15 trees.
Thus, the chronologies established from 28 trees per plot
gave the most accurate estimation of the common signal
(Fig. 4; Table 2) and were considered as the reference to
quantify the effect of decreasing N on climate–growth rela-
tionships. However, the analysis provided evidence that the
chronologies were not always saturated for a sample size of
28 trees, especially for the shade-tolerant species A. alba,
F. sylvatica, and P. abies, which displayed EPS28 values be-
low the threshold of 0.85 suggested in Wigley et al. (1984)
(Table 2; Supplemental Table S2).1
Systematic variations in climate–growth relationship statis-

tics were reported throughout the five species. Decreasing
sample size led to a weakening of the correlation coefficients
(Figs. 3, 5a). BCC approached zero, explaining that the
changes in significance were strictly observed from signifi-
cant to nonsignificant values (Fig. 5b; Supplemental Fig.
S1).1 The slope of the linear regression defined in eq. 5 (SN)
and the proportion of BCC with changing significance (PN)
exponentially increased with decreasing N, with a rather clear
threshold around 10 trees for PN. In relation to the EPS
trends, these results tended to confirm that the signal com-
mon to all trees was mainly attributable to climate forcing
(Briffa and Jones 1990; Fritts 1976). Such sample size related
bias might have important consequences when assessing the
role of climate on tree growth and vitality. The main implica-
tions of dendroecological investigations from small sample
sizes are (i) a general underestimation of the climate sensitiv-
ity and (ii) a risk of estimating “false” nonsignificant correla-
tions.

Species-specific modulations of the sample size effect
This analysis clearly defined two groups of species. Den-

droecological investigations were less sensitive to sample
size variations for the shade-intolerant species Q. petraea
and P. sylvestris than for the shade-tolerant species F. sylva-
tica, A. alba, and P. abies. Indeed, Q. petraea and P. sylvest-
ris displayed higher rbt and EPS than F. sylvatica, A. alba,
and P. abies, which suggested a stronger common signal for
the two first species (Fig. 4; Table 1). This lower intertree
variability certainly explained that the chronology signal was
less affected by tree removal. As a consequence, the climate–
growth relationships were also more stable among the sample
size modalities for Q. petraea and P. sylvestris than for F. syl-
vatica, A. alba, and P. abies (Fig. 5).
Such shade tolerance – shade intolerance opposition in

climate–growth relationship stability has already been ob-
served when focusing on tree size (Mérian and Lebourgeois
2011; Niinemets 2010). Size-mediated sensitivity to climate
was evidenced for shade-tolerant species (Mérian and Leb-
ourgeois 2011; Piutti and Cescatti 1997), whereas literature
gave contradictory results on shade-intolerant species (Chhin
et al. 2008; De Luis et al. 2009). In a previous study (Mérian
and Lebourgeois 2011), these greater intertree differences in
growth pattern for the shade-tolerant species F. sylvatica,
A. alba, and P. abies were related to higher canopy stratifica-
tion and variability in levels of shade. The canopy heteroge-
neity was assumed to induce microclimatic variations from
one tree to another (Leuzinger and Korner 2007; Ma et al.
2010) and decrease the signal-to-noise ratio. For instance,

Fig. 6. Relationships between the standard deviation of BCC among
the 100 replications (SDN) and (a) sample size (N) and (b) expressed
population signal (EPS). SDN0.85 and SDN95, standard deviations of
BCC among the 100 replications when N = N0.85 and N = N95, re-
spectively.
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the most dominant trees, which did not benefit from temper-
ature buffering of the canopy (Aussenac 2000), often dis-
played a higher sensitivity to summer water under temperate
conditions (Martín-Benito et al. 2008; Mérian and Lebour-
geois 2011; Piutti and Cescatti 1997). As a conclusion, such
interspecific differences in the sample size effect on dendroe-
cological investigations imply that (i) for a given number of
trees per plot, the accuracy of the climate sensitivity estima-
tion might strongly vary from one species to another and
(ii) the sampling effort has to be adapted to the species aut-
ecology.

Sample size related precision in the assessment of
bootstrapped correlation coefficients (BCC)
The 100 consecutive random extractions of N trees per

plot (Boucher et al. 2009; Efron 1979) allowed estimation of
the mean absolute difference between BCC established from
two samples of N trees (SDN). As expected, SDN increased
with decreasing sample size (Fig. 6a) and EPS (Fig. 6b).
This resampling method provided evidence that the EPS
threshold of 0.85 suggested in Wigley et al. (1984) corre-
sponded to a SDN of around 0.06, regardless of the species
(SDN0.85; Fig. 6b). This implied that for a given even-aged,
pure stand, two chronologies built from independent samples
and rating an EPS of 0.85 would give rather consistent pat-
terns of BCC but would not allow clear assessment of the
strength of the climate–growth correlations with potential
changes in BCC significance (Supplemental Fig. S1).1 Such
sample size related precision in the assessment of BCC
should be taken into account when performing comparisons
of climate–growth relationships (among species, climatic
contexts, periods, etc.). The dendroecologists must carefully
question the minimum number of trees to core per plot to en-
sure that sample size related imprecisions will be below the
expected differences among the compared climate–growth re-
lationships; as a consequence, the SDN threshold depends
greatly on the purpose of the study. The present analysis pro-
vides the relationships between this precision and both sam-
ple size and EPS for five major European species growing
under temperate conditions (Fig. 6). Such curves might help
in estimating the minimum sample size required for a given
level of precision.
Nevertheless, it has to be kept in mind that (i) these curves

were established on individual chronologies of 47-year length
and (ii) the sample size can also be questioned in terms of
chronology length. For a given number of trees per plot, the
precision of the climate–growth relationship estimations can
be expected to increase with chronology length. The standard
error diminishes with increasing chronology length, leading
to significant BCC, despite low values. Because of the inter-
annual correlation over a long growth-index series, the corre-
lation significance would be reached for lower BCC values
than those observed when the values in the sample are statis-
tical independent.
If the number of cored trees per plot is imposed by others

constraints (financial, temporal, etc.), then the precision of
the BCC estimation can be assessed with a bootstrap proce-
dure applied on the sampled trees (Efron 1979). The size of
each subsample has to be the same as that of the initial sam-
ple to avoid bias (Efron 1983). Replicated T times, this re-
sampling procedure yields T sets of BCC from which the

mean of the climate–growth relationship and its SD (i.e., the
precision) will be estimated. Even if the estimations of both
the BCC and SD did not change significantly beyond 30 rep-
lications (data not shown), increasing the number of estima-
tions to ensure the robustness of the findings is
recommended. As this method also provides confidence lim-
its for each BCC, statistical significance tests can be applied
to explore differences in response to climate among plots.
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