
Detecting evidence for CO2 fertilization from tree ring studies:
The potential role of sampling biases

Roel J. W. Brienen,1,2 Emanuel Gloor,1 and Pieter A. Zuidema2,3,4

Received 14 June 2011; revised 7 December 2011; accepted 26 January 2012; published 17 March 2012.

[1] Tree ring analysis allows reconstructing historical growth rates over long periods.
Several studies have reported an increasing trend in ring widths, often attributed to growth
stimulation by increasing atmospheric CO2 concentration. However, these trends may also
have been caused by sampling biases. Here we describe two biases and evaluate their
magnitude. (1) The slow-grower survivorship bias is caused by differences in tree
longevity of fast- and slow-growing trees within a population. If fast-growing trees live
shorter, they are underrepresented in the ancient portion of the tree ring data set. As a result,
reconstructed growth rates in the distant past are biased toward slower growth. (2) The
big-tree selection bias is caused by sampling only the biggest trees in a population. As a
result, slow-growing small trees are underrepresented in recent times as they did not reach
the minimum sample diameter. We constructed stochastic models to simulate growth
trajectories based on a hypothetical species with lifetime constant growth rates and on
observed tree ring data from the tropical tree Cedrela odorata. Tree growth rates used as
input in our models were kept constant over time. By mimicking a standard tree ring
sampling approach and selecting only big living trees, we show that both biases lead to
apparent increases in historical growth rates. Increases for the slow-grower survivorship
bias were relatively small and depended strongly on assumptions about tree mortality. The
big-tree selection bias resulted in strong historical increases, with a doubling in growth
rates over recent decades. A literature review suggests that historical growth increases
reported in many tree ring studies may have been partially due to the big-tree sampling
bias. We call for great caution in the interpretation of historical growth trends from tree ring
analyses and recommend that such studies include individuals of all sizes.
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1. Introduction

[2] Forests play a major role in the global carbon cycle as
they are large carbon pools and take up and emit enormous
amounts of CO2 annually [Bonan, 2008]. Understanding the
responses of forests to atmospheric changes (temperature,
precipitation, [CO2]) is therefore of great importance to
forecast the carbon dynamics in forests and the resulting
consequences for atmospheric CO2 levels. So far, it appears
that forests have acted as carbon sinks over the last decades
both in the tropics [Phillips et al., 2009] and in temperate
zones [Boisvenue and Running, 2006; Spiecker et al., 1996].
An often suggested explanation for this biomass increase is

the fertilizing effect of increased atmospheric CO2 levels
since the onset of the Industrial Revolution caused by fossil
fuel burning [Intergovernmental Panel on Climate Change,
2007].
[3] Tree ring analysis is a suitable tool to obtain growth

rates over the entire period since the onset of the Industrial
Revolution [Huang et al., 2007; Jacoby and D’Arrigo,
1997]. So far, a number of tree ring studies have indeed
reported increased growth rates over time for temperate tree
species [Gedalof and Berg, 2010, and references therein;
Huang et al., 2007; Martinelli, 2004] and tropical tree spe-
cies [Rozendaal et al., 2010]. The interpretation of an
increase in ring width over time as a means to corroborate
the CO2 fertilization hypothesis requires caution as the
concurrent increase in tree growth and atmospheric CO2

levels is correlative, and simultaneous changes in tempera-
ture, rainfall, radiation, disturbances and atmospheric depo-
sition may also have affected growth [Boisvenue and
Running, 2006; Briffa et al., 2008]. However, there is an
additional reason for caution, as the observed increase in
ring width may be spurious, brought about by sampling
choices and population dynamics. The possible occurrence
of biases in the reconstruction of historical growth rates
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has been described recently by Briffa and Melvin [2011]
(cf. “modern sample bias”). They noted that “mean ring
width plotted by calendar year for a specific sampling
diameter will display a steady increase over time indepen-
dent of any common climate signal as a consequence of
different growth rates in contemporaneous trees and because
of variations in the longevity of trees allied to common tree
sampling practice.” Although these problems in tree rings
have only recently attracted attention, in fishery biology
the effect of similar biases on reconstruction of growth
rates of fishes from annual marks on their scales has been
described as early as 1911, and is commonly known as
“Lee’s phenomenon” [see also Ricker, 1969].
[4] In this study, we use tree ring data from the tropical

tree Cedrela odorata [Brienen et al., 2006] to check whether
such a “steady increase” would occur under a “common
sampling practice” which includes only measurements from
the largest trees in the population. Figure 1 shows the results
of this first analysis. When just considering growth rates of
alive trees >75 cm diameter, we found a positive growth
trend over time (Figure 1, R2 = 0.39). But including also the
smaller trees at the moment of sampling (in the shaded tri-
angle to the right, Figure 1), the significant growth increase
disappeared. Figure 1 shows that this change is caused by
the lower growth rates of these smaller trees in recent years.
Excluding small trees is common practice in tree ring
sampling, but may lead to apparent increases in growth rates
over time: the “big-tree selection bias” (see below). In
addition, Figure 1 shows a lack of fast-growing trees in the
distant past (other shaded triangle in Figure 1), possibly
because fast-growing individuals are shorter-lived, reducing

their representation in the sample. We named this the “slow-
grower survivorship bias” (see below).
[5] Although several studies mentioned the existence of

these biases [Badeau et al., 1996; Cherubini et al., 1998;
Vila et al., 2008; Voelker et al., 2006], or even provided a
detailed analysis [Briffa and Melvin, 2011], their magnitude
is still unknown. In this study, we quantify the magnitude of
theses biases using stochastic simulation models for a
hypothetical tree species and for Cedrela odorata. Specific
objectives of this study are i) to quantify the effect and
magnitude of the described sample biases for different tree
mortality and sample scenarios, ii) to evaluate to what extent
these biases may have influenced historical growth increases
in published tree ring studies, and iii) to provide recom-
mendations on how tree ring studies can be designed to
avoid or reduce sample biases.

2. Description of Sampling Biases

[6] The slow-grower survivorship bias is brought about by
the fact that trees that survive to be sampled are a small
subset of the original juvenile cohort (Figures 2a, 2c, 2e, and
2g). Suppose that individual trees differ in long-term growth
rates such that slow-growing trees remain slow growers and
vice versa. This results in ‘persistent growth differences’,
which have been documented for a number of tree species so
far [Brienen et al., 2006; Zuidema et al., 2011]. Such a
growth pattern is represented schematically in Figure 2a.
Suppose furthermore that there is size-dependent mortality,
such that – for the special case of strict size-dependent
mortality – all trees die at the moment they reach a given

Figure 1. Observed mean growth rates of Cedrela odorata by pith date (calendar year of the innermost
ring) for three subsets of trees according to their size at the moment of sampling: diameter >75 cm (large
dots), 30–75 cm (intermediate dots), 0–30 cm (small dots). Linear regression slope shown is for trees
>75 cm only (p < 0.001). A regression for the complete data set did not exhibit a significant slope (p = 0.12).
Shaded areas indicate trees that are missed by the two sample biases. The “big-tree selection bias” misses
young, slow growers over recent times (bottom right corner), and the “slow-grower survivorship bias”
misses old, fast-growers over historical times (top left corner). Growth rates and pith dates (calendar date
of the innermost ring) were estimated based on ring width analysis using standard dendrochronological
techniques [cf. Brienen and Zuidema, 2006].
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Figure 2. Schematic simplified representation of two possible sampling effects in tree ring studies in
which changes in historical growth rates are evaluated. See text in Introduction for explanation.
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diameter (Figure 2a). For this situation, persistently fast-
growing trees will have a shorter lifespan compared to slow
growers [Bigler and Veblen, 2009; Black et al., 2008;
cf. Schulman, 1954]. Now, when one samples all trees alive
at a fixed moment in time (tobs), the group of surviving trees
recruited (born) in the distant past consists of a subset of the
original cohort. This can readily be appreciated by compar-
ing Figure 2c showing all historical individuals in the pop-
ulation, with Figure 2e showing only those trees still alive at
the moment of sampling, tobs. While in the recent past (e.g.,
tback = 10 y), the group of sampled trees that were alive at
tobs, have the same ratio of fast and slow growers compared
to the original population (cf. Figure 2e), at more ancient
times (e.g., tback = 75 y) the group of surviving (sampled)
trees contains more slow-growing than fast-growing trees
(i.e., 9 slow versus 3 fast growing trees). This ratio of fast
and slow growers differs considerably from the ratio of the
original population (cf. Figure 2c). Thus -for that time
period- it results in lower average growth rates compared to
the original population (cf. Figure 2g, broken versus con-
tinuous line). The overall effect of this bias is an apparent
increase in growth rates in the recent past, even when
growth rates did not increase (Figure 1g). Although a very
similar bias has been identified for reconstructions of
release frequencies [Clark, 1991] and moth outbreaks
[Veblen et al., 1991], the consequences for growth rate
reconstructions over historical times have not received
attention until very recently [Briffa and Melvin, 2011].
[7] The second bias, the big tree selection bias arises when

only trees are sampled that have reached a certain diameter
threshold (Figure 2f). In tree ring studies such a threshold is
usually applied, and often only large trees are included
[Cherubini et al., 1998]. In this case, the slow-growing trees
that have been recruited in the recent past would not have
reached the diameter threshold while the fast ones would
(Figure 2f). As a result, tree ring width may overestimate
recent growth rates (Figure 2h). Note that – just as for the
previous bias – it is assumed that growth rates differ con-
sistently between trees, but in contrast to the slow-grower
survival bias, this sample bias is not affected by size-
dependency in mortality (Figures 2b, 2d, 2f, and 2h). This
bias has been described by Cherubini et al. [1998] and by
Briffa and Melvin [2011], but the magnitude of the bias has
not yet been quantified.

3. Materials and Methods

3.1. Model Construction and Simulations

[8] The purpose of the simulations was to compare his-
torical growth rates reconstructed from tree ring recon-
struction, with growth rates that have effectively occurred in
the past. As those past growth rates were input in our
simulations, we actually know them and we can thus quan-
tify differences between reconstructed and actual growth
rates. Such discrepancies are caused by the sample biases. A
general description of the model is provided below. The
model was developed in Matlab v7.8 (The Mathworks), and
codes are available upon request.
[9] The basic model consisted of simulated annual cohorts

of trees recruited over a period of 350 years. Each cohort
consisted of 50 individuals and for each individual the
development in diameter is kept track of for all years until

tree death. We simulated the development of a large virtual
population of trees over 350 years. We allowed for a period
of 200 years during which the population could establish and
the full range of sizes and ages would be represented in the
population. Next, we used this database of simulated trees to
obtain the type of historical growth data that one would
typically obtain from tree ring studies, i.e., sampling only
alive trees and with a preference for big-diameter trees.
[10] We performed two kinds of growth simulations:

(i) for a hypothetical tree species which exhibits growth
rates that do not change over the life of the tree, and
(ii) based on observed growth rates from tropical Cedar in
Bolivia (Cedrela odorata, Meliaceae) [Brienen and
Zuidema, 2006]. The “hypothetical tree” simulations were
used to clearly demonstrate the effects of the two sampling
biases for a range of scenarios, while the Cedrela simula-
tions were used to obtain realistic estimates and thus
quantify the magnitude of the two sampling biases.
[11] For both types of simulations, we started the trajec-

tories with a diameter of 0 cm and an age of 0 years. At
every time step, we randomly drew a growth rate from the
data set (i.e., constant growth or observed Cedrela growth),
using a bootstrap approach [cf. Brienen et al., 2006;
Lieberman and Lieberman, 1985]. In the case of the hypo-
thetical tree species, we always selected the same growth
rate, thus maintaining growth differences between trees
throughout their lives. Growth rates for the hypothetical tree
species were chosen such that their median value was close
to that of Cedrela and the degree of variation among
growth trajectories was similar to that observed in other
species [Brienen et al., 2006]. To this end, we generated
growth trajectories with growth rates varying from 0.25 to
1.25 cm yr�1, in growth steps of 0.05 cm yr�1.
[12] The procedure for the individual trajectories of

Cedrela trees was somewhat more complicated, as we
wished to produce realistic trajectories such that the simu-
lated growth variation and the simulated age and size dis-
tributions were comparable with those observed from tree
ring data [Brienen et al., 2006]. As input data for these
simulations we used diameter growth measurements from a
tree ring study of Cedrela odorata, a relatively light
demanding species with annual rings, from undisturbed
tropical moist forest in northern Bolivia (11�24′S, 68�43′W;
more details are given by Brienen and Zuidema [2006]). For
large trees (>60 cm in diameter), we collected discs from
stumps of felled trees (n = 68), while for small trees we took
2–3 increment cores per tree (n = 56). We selected these
smaller trees such that they were evenly distributed over
diameter categories between 5 and 60 cm (i.e., 5–10 cm,
10–20 cm, 20–30 cm, etc). Wood preparation and ring
measurement procedures are described by Brienen and
Zuidema [2006].
[13] For the Cedrela simulations, the growth rate for the

first simulation year was randomly drawn from the observed
growth rates for trees of age 1 and added to the starting
diameter. During the next and further time steps, growth
rates were randomly drawn from trees of comparable size,
and trees with a comparable previous growth rate. Specifi-
cally, at each time t a growth rate (Gsim,t) was drawn from
trees of a diameter that could be up to 0.5*dD above or
below diameter of the simulated tree (Dsim), where dD is the
diameter window (see below). At the same time, the growth
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rate was also drawn from a growth-rate window (dG), i.e., in
the range of 0.5*dG� Gsim,t�1 to 0.5*dG + Gsim,t�1, where
Gsim,t-1 is the simulated growth rate at t-1. Changes in dD
and dG influence the degree of growth autocorrelation [cf.
Brienen et al., 2006] and the possibility of sudden changes
in diameter growth. A narrow growth-rate window limits
temporal variation in the growth of an individual tree and
leads to persistent growth differences among simulated trees.
The reverse is true for a wide dD window as this allows for
more temporal variation in the growth of individual trees. In
the simulations, we set dD to 5 cm, and dG to 0.5 cm y�1, as
these resulted in simulated growth trajectories that resem-
bled the observed patterns most (Figure 3). The mean and
standard deviation of ages of simulated trees of 60 cm
diameter were almost equal to observed values (mean obs =
94.5 yr, meansim = 96.5 yr; STDobs = 27.0 versus STDsim =
26.8; cf. Figure S2 in the auxiliary material).1

[14] The diameter development of every simulated tree
was continued until tree death. Trees had a uniform proba-
bility of dying (m0) of 1.5%. To evaluate the magnitude of
the slow-grower survivorship bias, we raised mortality risk
(m) once its diameter exceeded a threshold diameter (Dmort),
after which it increased linearly proportionally to the dif-
ference between the actual tree diameter (Dsim) and the
threshold diameter (Dmort);

m ¼ m0 þ a * ðDsim � DmortÞ: ð1Þ

We varied Dmort and the mortality increase factor, a.
[15] We also performed a validation of the simulation

output for all 350 cohorts. To this end, we compared the
population size structure of simulated trees at year 350 of the
simulations with the observed structure in the Purissima
forest in Bolivia, and we compared the age and growth rate
distributions of simulated trees of 60 cm diameter or bigger
at year 350. We used these comparisons to assess the degree

of realism of the growth simulations and mortality
parameters.

3.2. Magnitude of Sampling Biases

[16] The magnitude of the slow-grower survivorship bias
estimated by mimicking a tree ring study in which all trees
that are still alive were sampled. The magnitude of the big-
tree selection bias was estimated by mimicking a study that
only included trees bigger than a minimum sampling diam-
eter (Dsampl). We then compared the historical growth rates
of this subset of individuals with that of the entire historical
population, thus including all trees that were alive during the
year for which the growth rate was evaluated (but did not
necessarily survive to the sampling date). So, for instance,
we compared the mean growth rates from the tree ring-based
data for trees 50 years before tree ring sampling with that of
all trees alive at the time of sampling. To obtain insight into
the shape of sampling biases over time, we performed these
comparisons for the last 150 years. As growth rates of
Cedrela show strong size-dependent growth trends due to
ontogeny and changing light conditions during growth to the
canopy [Brienen and Zuidema, 2006], we performed sepa-
rate comparisons for 10-cm wide diameter classes. Results
of both the hypothetical tree and Cedrela are shown for three
diameter classes: 0–10, 20–30, and 40–50 cm.
[17] To assess the impact of size-dependent mortality on

the slow-grower survivorship bias, we conducted simula-
tions using different assumptions on mortality. For the
hypothetical trajectories, we varied the size threshold at
which mortality starts to increase (Dmort = 50, 75, 100 cm)
while keeping “a” constant (a = 0.005), and we varied the
mortality increase factor (a = 0.01, 0.005, 0.001) while
keeping “Dmort” constant (Dmort = 75 cm). For Cedrela, we
show results of three mortality scenarios, which varied in the
degree of resemblance with observed size, age and growth
rates (cf. Figures S1–S3).
[18] To assess the effect of different field sampling

designs on the magnitude of the big-tree selection bias, we
used the most realistic mortality scenario as a base-line
simulation. This is the scenario with a relatively moderate
increase in mortality with size (i.e., a mortality increase
factor, a of 0.001, cf. equation (1)) for trees reaching dia-
meters larger than 100 cm (cf. Figures S1–S3). We quanti-
fied the effect of three minimum sampling diameters,
Dsampl = 30, 50, and 70 cm, and of a sampling scenario in
which an equal number of trees is sampled from all size
classes.

4. Results

4.1. Magnitude of Sampling Biases for a Hypothetical
Tree Species

[19] The simulations for the hypothetical tree species
(uniform growth trajectories) showed that both sample bia-
ses affected the reconstruction of historical growth rates, and
resulted in apparent growth rate increases over time
(Figure 4). The form and magnitude of the observed growth
increases differed between biases (cf. Figures 4a–4f and
4g–4i). The slow-grower survivorship bias led to observed
growth rates over more ancient time periods that were lower
than the actual growth rates (including trees that died before
tobs), while the big-tree selection bias led to higher observed

Figure 3. Observed growth trajectories for Cedrela odorata
(lines, n = 56) from a population from northern Bolivia, and
the interval in which 95% of the simulated growth trajecto-
ries are found (shaded area). Parameters used for this growth
simulation are dD = 0.5 cm yr�1, dD = 5 cm, Dmort = 100
and a = 0.001. The arrow indicates the simulated variation
(min-max ages) for the hypothetical tree species with
constant-growth trajectories (see methods).

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GB004143.
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growth rates over more recent times. The big-tree selection
bias resulted in the steepest growth increases, with a
doubling of growth rates over the last decades in some
sampling scenarios.
[20] The strength and form of the slow-grower survivor-

ship bias was sensitive to assumptions on the mortality
increase factor (a), and the size at which mortality started
increasing (Dmort). Higher a, or smaller Dmort resulted in
larger sample biases. Variation in the mortality increase
factor affected the strength of the increase in growth rates,
while the choice of Dmort basically affected only the “start
time” of the deviation, not its strength. For the big-tree
sampling bias, the minimum sampling size (Dsampl) had a
similar effect on the timing of the deviation. In this case, the
timing of the onset of the deviation depended on both Dsampl

and the size class. The biases of the largest size classes were
only evident over the last decades prior to sampling, while
biases in observed growth rates in the smallest size classes
started much earlier, in some cases more than 100 years

before tobs. No biases were observed for the evaluation of
growth rates within size classes bigger than Dsamp (cf. Dsamp

30 in size class 40–50 cm, Figure 4i).
[21] We noted that in size class of 40–50 cm at interme-

diate time periods observed growth rates are slightly higher
compared to actual growth rates (Figures 4c and 4f). This
difference is caused by the lower survival chance of slow
growers to reach a given size. Hence, in addition to a higher
longevity, slow growers also have a lower chance to reach
the same size as they accumulate a higher mortality risk
before reaching a given size compared to fast growers.

4.2. Sampling Biases in Cedrela

[22] The magnitude and effects of the two sample biases
based on the Cedrela growth data were very similar to those
for the hypothetical tree species (Figure 5). The effect of the
slow-grower survivorship bias on growth rate reconstruction
was in general weaker than the bias observed in the hypo-
thetical tree species. This is probably due to the somewhat

Figure 4. Effects of two sampling biases on historical growth reconstruction for a hypothetical tree
species. The magnitude of the sampling bias corresponds to the differences between the red line (actual
historical rate) and blue line (reconstructed growth rate). Trajectories are shown for three diameter classes:
(a, d, and g) 0–10 cm, (b, e, and h) 20–30 cm and (c, f, and i) 40–50 cm. Shown are the effects of the
strength of the mortality increase factor, a, on the slow-grower survivorship bias (Figures 4a–4c), and
the effect of size thresholds for mortality increase, Dmort, on the slow-grower survivorship bias
(Figures 4d–4f). Figures 4g–4i show the effect of the big-tree selection bias when limiting sampling to
trees bigger than 30, 50 or 70 cm in diameter (i.e., varying Dsampl).
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lower variation among the simulated Cedrela trajectories
compared to the hypothetical, uniform trajectories (cf.
Figure 3). Note that the actual, observed trajectories had a
magnitude of variation more close to the hypothetical tra-
jectories than the simulated Cedrela trajectories.
[23] The strength of the slow-grower survivorship bias

depended strongly on the set of parameters used for a and
Dmort. For the combination of a and Dmort, that most closely
matched the distributions for age, size and growth rates
of the observed data (i.e., a = 0.001, Dmort = 100, cf.
Figures S1–S3), we do not find a noteworthy deviation
for observed growth rates for the slow-grower survivorship
bias (Figures 5a–5c). Simulations with lower Dmort and
higher a values did show relatively large deviations between
observed and actual growth rates (cf. Figures 5a–5c, a =
0.01, Dmort = 50 cm).
[24] Simulations of the big-tree selection bias showed that

the effect of this sample bias is much larger and resulted in
strong increases in observed growth rates (Figures 5d and 5f).
Over recent time periods, growth rates increased to levels that
were almost double the actual growth rates.

4.3. Alternative Sampling Strategies

[25] We evaluated whether sampling equal numbers of
trees from all size classes would avoid the big-tree selection
bias. As shown in Figure 6, a strategy of sampling 30 indi-
viduals from each size class reduces the magnitude of sam-
ple biases considerably compared to scenarios that sample
only big trees (cf. Figure 5). However, over ancient time

periods there is still a considerable bias in growth rates,
leading to a long-term trend of increasing growth rates.

5. Discussion

5.1. Magnitude of Sampling Biases

[26] The simulations clearly showed that both sample
biases lead to spurious increases in historical growth rates.
The common practice in tree ring studies to sample only
large trees and only those individuals that are alive, leads to
increased observed growth rates in recent time even though
actual contemporaneous growth rates may not have changed.
There are distinct differences in the magnitude and temporal
pattern of historical growth increases between the two
biases. In terms of overall magnitude the big-tree selection
bias results in the strongest growth increases, while effects
of the slow-grower survivorship bias are comparatively
weak and depend strongly on the assumptions for mortality.
Another important difference between the biases is that the
big-tree selection bias leads to growth increases over the
most recent time periods, while the slow-grower survivor-
ship bias results in growth increases over earlier, historical
time periods.
[27] The strongly increasing growth rates over recent

times for the big tree selection bias (cf. Figures 4g–4i and
5d–5f) look deceptively similar to the expected response of
growth to (nonlinear) increases in atmospheric [CO2], or
temperature, and could thus easily be misinterpreted. This
bias was also clearly present in the actual observed tree
ring data (cf. Figure 1), as the selection of the biggest trees

Figure 5. Effects of two sampling biases on historical growth reconstruction for Cedrela odorata. The
magnitude of the sampling bias corresponds to the differences between the red line (actual historical rate)
and blue line (reconstructed growth rate). Trajectories are shown for three diameter classes: (a and d) 0–10 cm,
(b and e) 20–30 cm and (c and f) 40–50 cm. Figures 5a–5c show the effect of the slow-grower survivorship
bias for three mortality scenarios. Figures 5d–5f show the effect of the big-tree selection biaswhen limiting
sampling to trees bigger than 30, 50 or 70 cm in diameter (i.e., varying Dsampl).
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(>75 cm) resulted in a 50% growth increase compared to
growth reconstructions based on all trees. Together, these
findings show that reconstructions of historical growth rates
using only the biggest trees in a natural uneven-even aged
population will lead to positively biased growth rates over
recent decades [cf. Briffa and Melvin, 2011]. Our simulation
approach allowed us to quantitatively assess the magnitude
of this bias, and showed that this bias may actually be sub-
stantially higher (i.e., a doubling of growth rates within a
few decades) than the 20% increase in ring index estimated
by Briffa and Melvin [2011].
[28] With respect to different tree sampling strategies, our

simulations showed that historical growth increases, specif-
ically the timing of the onset of such increases, were sensi-
tive to differences in the minimum diameter criteria (cf.
Figures 4g–4i and 5d–5f). Adopting a low minimum diam-
eter threshold for sampling trees seems an effective way of
avoiding sample biases, at least for reconstruction growth
rates over those diameter trajectories that are bigger than the
minimum size criterion applied. The reconstruction of
growth rates for trees of sizes smaller than those included in
the sample remains risky because of large biases, however
(cf. Figures 4g–4i and 5d–5f).
[29] A simple strategy that was hypothesized to avoid

sample biases is the sampling of (equal numbers of) trees
from all size classes [cf. Rozendaal et al., 2010]. Our sim-
ulation of such a sampling strategy shows that it does indeed
reduce the sample bias over recent times, but still results in
observations of increasing growth trends over ancient times.

5.2. The Crucial Role of Long-Term Growth
Differences and Mortality Rates

[30] The strength of the sample biases depends on two
important assumptions. First, for both biases to occur at all,
growth rates need to differ persistently over time between
trees resulting in differences in ages of similar sized trees
[Briffa and Melvin, 2011]. Such persistent growth differ-
ences have been observed widely in temperate [Bigler and
Veblen, 2009; Grudd et al., 2002; Voelker et al., 2006] and
tropical forest trees [Brienen et al., 2006; Zuidema et al.,
2011]. Differences in growth rates arise due to genetic

[Cole et al., 2010] or environmental effects on individual
tree performance. Some examples of environmental effects
that may result in long-term differences in growth rates are
differences in resource or water availability [Baker et al.,
2003; Brienen et al., 2010], asymmetric competition
between trees [Weiner, 1990], or liana infestation [Ingwell
et al., 2010].
[31] A second assumption, controlling the magnitude of

the slow-grower survivorship bias, is that mortality rates
indeed increase after reaching a certain size, resulting in a
trade-off between growth rates and tree longevity. In this
regard it is important to distinguish between extrinsic and
intrinsic causes of mortality, as they affect trees at different
life-stages. During earlier and middle life stages mortality is
mostly related to external events, of which some increase in
frequency with tree size. For example, large trees are more
susceptible to wind blow [Canham et al., 2001] and more
vulnerable to drought [Phillips et al., 2010] probably related
to increased hydraulic limitations for large trees [Ryan et al.,
2006]. For trees in their latest life stages, intrinsic mortality
due to senescence becomes more important. This type of
mortality is often thought to increase with increasing tree
age. However, Mencuccini et al. [2005] show that tree vigor
(i.e., growth rates and photosynthesis) decreases with tree
size and not with age per se. This strongly suggests that
natural senescence is probably also more closely related to
tree size than age. Note that we have made an explicit dis-
tinction between extrinsic and intrinsic mortality causes for
the sake of clarity, although the two causes cannot be sepa-
rated unambiguously. For instance, mortality seems nearly
always triggered by external causes, but their effect is
higher in trees with decreased performance due to intrinsic
decreases in photosynthesis and stomatal conductance
[McDowell, 2011]. More direct lines of evidence for a trade-
off between growth and longevity are found in tree ring
studies. Bigler and Veblen [2009] showed that tree lon-
gevity correlated negatively with growth rates (over the first
50 yrs) for three different tree species, and Briffa and
Melvin [2011] show a clear tendency for slow growers to
live longer compared to fast growers, using a subfossil tree
ring data set from Grudd et al. [2002]. For the tropics, a tree

Figure 6. The effect of sampling equal numbers of trees across different size classes on the big-tree
selection bias for Cedrela odorata. In this sampling scenario 30 trees were selected from 10 different size
classes (0–10 cm, 10–20 cm, etc.). The mortality scenario was a = 0.001 and Dmort = 100 cm.
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ring study by Schöngart et al. [2005] found a strong nega-
tive relationship between growth rate and tree age mediated
by differences in site conditions. Finally, some tree ring
studies find patterns that are consistent with a growth–
longevity trade-off [cf. Black et al., 2008; Johnson and
Abrams, 2009], but as the sampled trees were still alive
and not taken randomly, but from the biggest individuals,
these patterns may also have been resulting from the big-
tree selection bias. Together, these lines of evidence
strongly support the idea of a trade-off between fast growth
and longevity, and that the slow-grower survivorship bias
may indeed affect historical growth rate reconstructions.
However, determining the magnitude of this bias remains
impossible until specific data on the (strength of the)
trade-off between growth rate and tree longevity, or size-
dependent mortality are available for more species and
sites.
[32] Related to this, there is an additional mortality effect

that affects historical growth rate reconstructions. Several
studies find positive relationships between growth rates prior
to tree death and short-term survival probabilities [Bigler
and Bugmann, 2003; Das et al., 2007; Wyckoff and Clark,
2002]. As a result, ring widths over recent times, which
include individuals that are dying and have lower growth
rates, may be lower than those in the distant past. This
phenomenon has been observed in ring studies in temperate
and tropical trees, leading to apparent growth decreases over
recent time periods [Landis and Peart, 2005; Rozendaal
et al., 2010]. The magnitude of this effect depends -at
least partially on the shade-tolerance of species, with
stronger effects in shade-intolerant species as these are more
likely to die from suppressions [Kobe et al., 1995]. The
effect is also likely to occur most strongly in juvenile trees
that have not yet reached a position in the canopy and may
remain suppressed for extended time periods [cf. Landis
and Peart, 2005; Brienen and Zuidema, 2006]. The length
of these periods of reduced growth varies from several years
[Wyckoff and Clark, 2002] to several decades [Pedersen,
1998]. For uncompromised analysis of trends in tree rings,
those tree ring series showing recent growth declines
indicative of increased mortality risks [cf. Bigler and
Bugmann, 2003; Pedersen, 1998] should be excluded
from analysis. However, great care should be taken that this
does not unintentionally lead to additional biases. We
deliberately did not treat this effect in our simulations, as
our objective was to demonstrate the uncompromised
magnitude of the two main biases on historical growth
increases.

5.3. A Review of Possible Sampling Biases in Published
Studies

[33] Since the earliest suggestions of CO2 fertilization
effects on ring width patterns by Lamarche et al. [1984],
over a dozen studies have reported increasing growth rates
over recent decades (cf. Table 1) [Huang et al., 2007]. We
evaluate a number of these studies to determine whether and
to what extent sample biases may have played a role in
shaping these findings. Note that this evaluation excludes
studies that reported growth decreases [e.g., Nock et al.,
2011; Silva et al., 2010], or those using flexible detrending
procedures [e.g., Gedalof and Berg, 2010; Graumlich, 1991;
Knapp et al., 2001; Koutavas, 2008; Peñuelas et al., 2011],

as these are not affected by the sample biases described here
(see next section).
[34] Our review shows that all studies, except for Briffa

et al. [1998] are potentially affected by the slow-grower
survivorship bias, as they relied entirely on living, con-
temporaneous trees (Table 1). However, the effect of this
bias is probably small. In addition, at least half of the
revised studies are affected by the big-tree selection bias, as
they focused entirely on dominant, mature or big trees. As
the observed historical growth increases of these studies are
within the magnitude observed in our simulations for the
big-tree selection bias, the general conclusion of these
studies that these trends represent a “true” increase in
growth rates of the population seems not justified.
[35] There are a few exceptions to the common sampling

scenario of choosing only the biggest trees. Most notably,
Martínez-Vilalta et al. [2008] and Rozendaal et al. [2010]
sampled from across a range of size classes. Martínez-
Vilalta et al. [2008] sampled proportional to the size dis-
tribution which should in principle not lead to biases.
However, in the analysis they include only trees bigger
than 10 cm which may lead to biases for trajectories smaller
than that. Rozendaal et al. [2010] choose a fixed number of
trees per size class which may still partially be affected by
the big-tree selection bias (cf. Figure 6). A set of studies on
growth trends in French forests [Becker, 1989; Becker et al.,
1994; Bert, 1992; Lebourgeois and Becker, 1996; Picard,
1995] adopted a different approach by sampling dominant
trees from mostly even-aged stands. Although it is difficult
to assess possible biases, such a sampling design should not
be affected by the big-tree selection bias. However, many of
these sites have also been subjected to silvicultural man-
agement in the past which may potentially influence his-
torical growth rate reconstructions (see Badeau et al. [1996]
for further details).
[36] Some of the reviewed studies discuss the potential

effect of sample biases [Badeau et al., 1996; Vila et al.,
2008; Voelker et al., 2006]. Specifically, Voelker et al.
[2006] take great care in their evaluation of observed
growth increases. They argue that a bias due to focusing on
larger dominant trees (cf. big-tree selection bias) is most
likely to occur only in longer-lived species with great shade
tolerance, and thus not in their focus species. We showed
that the big-tree selection bias will occur in any stand where
persistent growth differences between trees exist. As the size
variation among trees of similar ages in Voelker’s study
(Figure 2a) is equally large as what we simulated, we expect
that historical growth rate biases may be of similar magni-
tude. Voelker et al. [2006] also checked whether samples
from older trees may come from inherently slower growing
trees (cf. slow-grower survivorship bias), and indeed found
that samples from older, dead stumps grew slightly faster
over the same historical time period as trees that are cur-
rently alive [cf. Voelker et al., 2006, Figure 7]. This is con-
sistent with our predictions of the slow-grower sampling
bias, but its effect seems indeed small relative to the recon-
structed growth increase. Nonetheless, our results show that
the magnitude of the big-tree selection bias alone may be
large enough to explain the historical growth increases.
Therefore, the conclusion of Voelker et al. [2006] that
observed trends were not the result of sampling biases does
not seem justified.
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[37] In all, our evaluation shows that observed increases
for at least half of the studies, may also be explained by the
big-tree selection bias. This raises doubts about the validity
of growth rate increase trends in a large amount of studies
available to us. The true reason why so many studies seem
unsuitable to evaluate mean long-term trends in growth is
that tree ring data were often primarily collected for the
purpose of palaeoclimatic reconstructions (thus selecting
only the biggest trees), and were then used without restraint
for testing long-term trends over time. Unfortunately, this is
still common practice even in recent literature [cf. Gedalof
and Berg, 2010; Huang et al., 2007; Peñuelas et al., 2011].

5.4. Implications and Recommendations for Future
Studies

[38] The larger of the two biases, the big-tree selection
bias, can be avoided by a field sampling strategy with low
minimum size criteria. Even then, only historical growth
rates within size classes bigger than the minimum sampled
size are valid for an unbiased evaluation of historical growth
trends. The best strategy would be to sample all individuals
of a population. However, this is often not possible due to
the large number of (especially small) trees that would need
to be sampled. Alternative strategies would be to sample
proportional to the size distribution [cf. Martínez-Vilalta
et al., 2008] by selecting trees entirely randomly, or sam-
pling all trees from a small fixed area. Other sampling
strategies, like selecting a fixed number of trees per size
class [cf. Rozendaal et al., 2010], may still result in obser-
vations of increasing growth trends over ancient times
(cf. Figure 6). Useful indications on the probability of biases
in sets of tree ring data may be obtained by separating the
collected data into subsets of trees according to their size at
the moment of sampling, as we did in Figure 1. The rec-
ommendation to focus tree ring sampling on trees from all
size classes was made by Cherubini et al. [1998] already
more than a decade ago, but has still not been adopted
widely. We hope that the insights from our study will help
change this.
[39] The slow-grower survivorship bias seems to have a

much smaller effect on historical growth rate reconstruc-
tions, but it is also more difficult to account for. One
powerful approach to evaluate whether the bias has affected
historical growth rates is to check whether growth rates
differed between contemporaneous dead and living trees
[cf. Badeau et al., 1996; Briffa and Melvin, 2011; Voelker
et al., 2006]. However, this is not possible for (tropical)
areas where decomposition occurs at a high rate.
[40] Most tree ring studies aim at extracting climate

information or long-term growth trend. One of the most
fundamental tasks for such studies is the removal of
“residual” variation in growth rates due to the age or size of
trees, or differences in site conditions. Many detrending and
standardization techniques have been developed for this
purpose. Those approaches that eliminate persistent growth
differences between individual trees (e.g., flexible curve
standardization procedures [Cook and Peters, 1997]) are not
affected by the sample biases described here, while alter-
native approaches like the Regional Curve Standardization
(RCS) [Briffa et al., 1998; Esper et al., 2002] which
maintain growth differences between trees are still affected
strongly by the biases described here. RCS was specificallyT
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designed to maintain long-term variation in tree ring data,
but the downside is that it is susceptible to sample biases
[cf. Briffa and Melvin, 2011]. Some improvements were
made to remove biases in RCS techniques by applying
individual or multiple RCS curves according to trees’ indi-
vidual growth rates [cf. Melvin, 2004; Nicault et al., 2010],
but these approaches are also less powerful in maintaining
long-term variation. One of the largest challenges for his-
torical growth rates reconstructions is the preservation of
long-term, low-frequency variation, while minimizing the
effect of sample biases [Briffa and Melvin, 2011]. A wider
awareness of the existence of biases and their potentially
large effect, as shown here and by Briffa and Melvin [2011],
will hopefully further stimulate developments toward pro-
ducing methods for unbiased growth rate reconstructions.

6. Conclusions

[41] We showed that common tree ring sampling prac-
tices, which select the largest, living trees from a natural,
uneven-aged population, leads to biases in growth rate
reconstructions. The magnitude of these biases is relatively
large, even leading to a doubling of growth rates over the
last decades, and may explain observed growth increases in
a substantial number of published tree ring studies. To avoid
such biases, we recommend that future sampling strategies
include trees from smaller size classes. However, even then
great care should be taken in the interpretation of historical
growth rate patterns based on trees rings, as the living trees
in a population are only a subset of the original population.
The potential magnitude of sample biases in tree ring studies
may have been underestimated so far, and this phenomenon
deserves much wider attention.
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