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Growth compensations following a disturbance have been found in different species communities
through experimentation, but there are few results obtained in natural conditions, in particular for forest
ecosystems. The objective of this study was to determine whether there was growth compensation in a
mixed oak-pine forest following a biotic disturbance: an outbreak of pine sawfly (Diprion pini) that
caused massive defoliation of pines in Europe in the early 1980s. The data were collected in mixed
oak-pine stands located in the plains of north-central France. We measured the ring widths of 223 oaks
and 271 pines in nine mixed stands over a period ranging from 1972 to 2005. We established a model
which incorporated climatic effects in order to predict the ring width under undisturbed conditions
and to quantify the response of each species to the disturbance. We found that the growth of both species
varied synchronously with a positive covariation outside of the disturbance. During the disturbance, the
growth of both species covaried negatively especially in the plots where pine had been the most severely
affected. For the year following the peak of the defoliations, the reduction in growth for pine was strong
and ranged from —27% to —92% depending on the plot. In addition, the more significant the reduction in
growth for pine, the more significant the increase in growth for oak. We found that a 100% reduction in
pine growth was accompanied by a 61% increase in oak growth for the three years following the most
severe defoliation. These results demonstrate that compensation between the two tree species following
the insect outbreak did occur. We suggest that growth compensations would especially occur in the case
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of severe biotic disturbances but probably not in the case of climatic fluctuations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Mixed species forests are widespread. In Europe, mixed forests
represent more than 70% of the total forested area (MCPFE et al.,
2007). Interactions among tree species have long been studied
(Assmann, 1970), but the effect of species composition on stand
productivity is poorly understood. Recent studies have led to con-
trasting conclusions: even though mixed stands have often proved
to be more productive than pure stands (Pretzsch and Schutze,
2009; Vallet and Perot, 2011; Perot and Picard, 2012), some studies
have shown a null or negative effect of tree species richness on
productivity (Chen and Klinka, 2003). A number of underlying
mechanisms have been proposed to explain these empirical find-
ings. For example, Pretzsch et al. (2010) studied the productivity
of pure and mixed stands of Norway spruce and European beech,
and suggested among other hypotheses, that beech litter stimu-
lates bio-element turnover on poor sites thus improving spruce
nutrition. However, such hypotheses remain tentative.
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Growth compensation could also explain the increased produc-
tivity in mixed stands. There is growth compensation among spe-
cies if the decrease in the productivity of a species is associated
with an increase in productivity of another species (Loreau et al.,
2002). Compensation can occur after a change in environmental
conditions or following a disturbance. This mechanism may influ-
ence the level and stability of ecosystem productivity (Tilman,
1999; Yachi and Loreau, 1999) and is the basis of the “insurance
hypothesis” which is being widely studied and debated in ecology
(McNaughton, 1977; Hector et al., 2010; EKI6f et al., 2012).

The existence of compensation has been verified in different
ecosystems through experimentation (Isbell et al., 2009; Hector
et al,, 2010) but few results have been obtained in natural condi-
tions without manipulation (Bai et al., 2004). In addition, the exist-
ing results mainly concern fast growing species since they are
easier to study under experimental conditions (Cottingham et al.,
2001). For forest ecosystems, the experimental approach is more
difficult to implement, especially because of the time required to
achieve results. Consequently, the results available in forestry
mainly concern seedlings or young stands (Li et al., 2010). Recently
Houlahan et al. (2007) showed that fluctuations in abiotic
factors such as temperature and precipitation generally lead to a
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synchronous response of species, thus questioning the importance
of the compensation mechanism in natural communities. The
existence of compensation between tree species under natural
conditions still largely remains to be demonstrated (DeClerck
et al., 2006).

In this work, we focus on the case of a biotic disturbance affect-
ing a mixed forest of sessile oak (Quercus petraea L.) and Scots pine
(Pinus Sylvestris L.) in central France. The disturbance was an out-
break of pine sawfly (Diprion pini L., Hymenoptera: Diprionidae),
an insect whose larvae feed only on pine needles (Barre et al.,
2002) sometimes resulting in complete defoliation and causing
extensive damage in central and northern Europe (Geri, 1988). In
the Orléans state forest, where our study was carried out, massive
attacks were observed in the early 1980s in all stands where pines
were present (Geri and Goussard, 1984). Because the pine sawfly is
a host-specific insect, the competition from pines for light and
underground resources was probably greatly reduced throughout
the infestation. In addition, during such an outbreak, a large
amount of insect feces and tissue is deposited on the soil, thus pro-
viding an important source of nutrients for plants (de Groot and
Turgeon, 1998). We therefore hypothesize that the growth of oak
in mixed oak-pine stands is particularly favored during outbreaks
of pine sawfly, and that this results in growth compensation be-
tween the two tree species.

In short, the aim of our study was to determine whether there
actually was growth compensation between the two species dur-
ing the disturbance caused by pine sawfly. We quantified the
growth variations in oak and pine during and outside of the distur-
bance period by analyzing ring width and we determined the rela-
tionship between the growth variations of the two species.

2. Methods
2.1. Site description and data collection

We collected the growth data in mixed oak-pine stands from
the Orléans state forest. This forest is located in the plains of
north-central France (47°51'N, 2°25'E) and covers 35,000 ha. The
region has a semi-continental climate with a mean annual temper-
ature of 11 °C and a mean annual precipitation of about 700 mm.
Soils are characterized by a layer of sand on an impermeable layer
of clay leading to periods of waterlogging in winter and periods of
drought in summer. Between 2006 and 2007, we established 9
plots (ranging in size from 0.5 to 1ha) in the southern part of
the forest to study the growth in mixed oak-pine stands (Table 1).
The plots were chosen to be well-balanced between oak and pine
basal area, to be in the same range of diameters for each species,
and to have soils as homogeneous as possible. Soil homogeneity
was assessed using soil cores and flora descriptions. To avoid con-
founding effects with climatic variables, we also verified with his-

Table 1

torical archives that plots were not strongly affected by storms or
fires. The distance between plots, ranging from 1.2 km to 21.4 km,
was sufficient to consider them as independent. In these plots, tree
spatial pattern was analyzed in a previous study using point pro-
cess statistics (Ngo Bieng et al., 2006). The spatial pattern of oaks
and pines are relatively similar, not differing significantly from
randomness or only slightly clustered except in three plots where
the specific patterns are more clustered (Table 1). Oaks and pines
are independently distributed in the plots or there is only a slight
interspecific repulsion. The nine plots included other broadleaved
species (mainly Carpinus betulus L., Betula pendula R. and Sorbus
torminalis L.) but combined, they represent only 4% of the total ba-
sal area on average.

In each plot, we selected 30 oaks and 30 pines based on a strat-
ified sampling method. The stratification variables were tree size
and local environment (see Perot et al. (2010) for details). Sampled
trees were cored to the pith in two perpendicular directions at a
height of 1.3 m. The cores were scanned and analyzed using the
WiInDENDRO software, version 2005a (Regent, 2005), and ring
width was measured to the nearest 0.01 mm. The COFECHA soft-
ware (Grissino-Mayer, 2002) was used to cross-date the individual
ring-width series. The ring width analyses were performed on a fi-
nal total of 223 oaks and 271 pines. The mean oak age at breast
height per plot ranged from 52 to 78 years, and that of pines from
50to 112 years (Table 1). In any given plot, all the trees of the same
species were approximately the same age, thus indicating a single
cohort for pines and a single cohort for oaks. In addition, for seven
plots, both the pines and oaks had approximately the same age.
Pines were restricted to the canopy of the stands while oaks occu-
pied both the canopy and the understory, except in plot P78 where
oaks were almost exclusively in the understory.

To take into account the effect of climate on annual tree growth,
we used data from the meteorological station in Nogent-sur-
Vernison (47°50'N, 02°45’E) located at an average distance of
23 km from our plots. We used three climatic variables: monthly
precipitation (P), monthly minimum temperature (T;) and
monthly maximum temperature (T;,.) from 1972 to 2005. For
the study area, the growing season lasts from April to October
(Lebourgeois et al., 2010). We therefore calculated the climatic
variables during the growing season (GS). Because climatic condi-
tions in the late fall and winter may contribute to the growth in
the following spring, we also calculated the climatic variables over
the growing year (GY) that is, for a given year n, the period from
November of year n—1 to October of year n. In addition, for a ring
corresponding to a given year n, we tested the effect of the climatic
variables of the year n—1. Indeed, it has been demonstrated that
the growing conditions of 1 year may influence the growth of the
following year (Barbaroux and Breda, 2002). Finally, to avoid the
influence of any particular month in a given year, we only used
variables calculated for the entire growing season or growing year.

Dendrometric characteristics of the plots in the Orléans Forest, France. BA = basal area; Other = other broadleaf tree species. D = mean diameter at a height of 130 cm; Age = mean
age of the cored trees at a height of 130 cm. For diameters and ages, values represent the mean with the standard deviation in parentheses; SPoax and SPyine are respectively spatial
pattern of oaks and pines for the canopy layer, R = random pattern and Cl = clustered pattern.

Plot Area BAoak BApine BAother BAtotal Doak (cm) Dpine (cm) Dother Ageoak Agepine Spoak Sppine
(ha) (m*ha”!')  (m?ha”') (m?ha') (m?ha™!) (cm)
P108 0.80 96 19.8 14 308 17.7 (6.74) 362 (5.31) 129 (4.11) 68(43) 66 (2.5) R R
P178 1.00 165 10.0 15 28.0 21.5(1049) 365 (7.56) 14.1(528) 78 (46) 77(1.8) cl c
P184 075 109 12.0 2.1 25.1 17.5 (8.88) 363 (7.76) 12.7(4.17) 71(86) 68 (4.2) R c
P216.2 050 112 12.1 0.9 24.1 17.0 (6.39) 27.8 (7.6) 11.8(4.92) 52(2.8) 50(2.2) R R
P255 1.00 126 105 1.1 2422 178 (7.54)  31.7(625) 152(586) 69(59) 62 (4.6) R R
P534 050 122 19.6 1.0 32.7 16.6 (6.54) 37.4 (6.5) 13 (4.78) 59 (2.3) 83(3.2) R R
P563 050 136 119 0.2 25.7 25.1(10.12) 356(458) 11.3(256) 70(3.1) 69 (2.3) R R
P57 1.00 112 114 04 23.0 16.7 (6.36) 343 (641) 11.6(3.65) 67(7.1) 62(3.1) c a
P78 070 147 16.5 1.0 322 20.1 (7.48) 422(8.79) 13.9(506) 62(52) 112(175) R R
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A total of 12 climatic variables ({P, Tiin, Tinax} * {GY, GS} = {year n,
year n—1}) were tested to develop the ring width model.

2.2. Ring width modeling under undisturbed conditions

The outbreak of the early 1980s in central France was a typical
outbreak for the pine sawfly in the Atlantic plains of Europe (Geri
and Goussard, 1984). It was a brief outbreak with especially one
year with a high level of insect population. Total defoliation was
observed in autumn 1981 in the southern part of the Orléans forest
but by autumn 1982, the sawfly population had declined to very
low levels. However, the insect has a complex life cycle involving
diapause phenomena (Hamel et al., 1998). During an outbreak,
after the main peak in population, secondary peaks can occur for
several years because of adults emerging after prolonged diapause.
According to available data, the first defoliations in the forest
stands that we studied were observed during the autumn of
1980 (Laurent-Hervouet, 1986) and attacks occurred until 1985
(Rousselet, 1999). We defined the disturbance period of the out-
break as the growing years following the first defoliation (year
1981) to the growing year following the last defoliation (year
1986).

Tree ring series generally exhibit a temporal trend related to tree
age or to long-term changes (Bontemps et al., 2010). To properly
study the effect of a disturbance, it is necessary to take this tempo-
ral trend into account (Cook and Kairiukstis, 1990). To model the
temporal trend, we chose a polynomial form because the studied
period was relatively short (1972-2005) and because model predic-
tions outside of the studied period were not of interest in this study.
For each tree species, we developed a ring width model which takes
into account a temporal trend, a precipitation effect and a temper-
ature effect. To correctly estimate the climatic effects, we fitted the
models with data from outside the disturbance period. The tempo-
ral trend observed in the tree ring series generally varied from one
tree to another in the same stand, particularly because all of the
trees had not experienced the same history. Some of them had al-
ways been dominant whereas others had always been suppressed.
Similarly, the response of individual trees to climate may depend on
their canopy position (Merian and Lebourgeois, 2011). Following
our sampling design, we included a plot random effect and a tree
random effect nested within plots. To account for tree level variabil-
ity, we also introduced a tree random component in the parameters
related to the temporal trend and the climatic effects. Our analyses
showed a tree random effect on precipitation but not on tempera-
ture. The general model fitted for a given species was a linear
mixed-effect model written as follows:

RWiie = (Ho + My + 1) + (00 + o)t + (Bo + Bt + (Vo + 7:)P
+ 70T + &xie (1)

where k is a plot, i is a tree, t the time variable in years (t =1 corre-
sponds to the year 1972), RW, ;. is the ring width for tree i in plot k
at time t, P and T are respectively the precipitation variables and the
temperature variables tested in this study (see Section 2.1), {1, 0o,
Bo, Yo, 0} are the model parameters estimated for the fixed effects
(time and climatic variables), 1 is the random part of the model re-
lated to the plot level variability, {u;, o, B;, 7;} correspond to the ran-
dom part of the model related to tree level variability, and & is the
residual part of the model.

Preliminary results showed that the variance of the residuals in-
creased with the adjusted values and that there was a temporal
autocorrelation between the observations. To correct the hetero-
scedasticity, we modeled the variance of the residuals with the fit-
ted values and a power function (Eq. (2)) as suggested by Pinheiro
and Bates (2000).

Var(g;,) = o?|(fitted value;)[*° 2)

To model the temporal autocorrelation, we used classical auto-
regressive — moving average models (Pinheiro and Bates, 2000).

2.3. Measuring the disturbance effect on growth and determining the
relationship between growth variations of each species

To measure the effect of the disturbance on the growth of a spe-
cies, we calculated for each tree and each year the relative differ-
ence between the observed ring width and the ring width
predicted by the model under undisturbed conditions (RD):

RD,‘ _ (yi — j’l)

1

where y; and y; are respectively the observed and the predicted ring
width for a tree i. RD is similar to relative tree-ring indices used in
dendrochronology (Cook and Kairiukstis, 1990). We then calculated
the mean relative differences (MRD) for each year, each plot and
each species:

-l n
MRDspecies‘plotLyear = E § RDi,species,plot.year

i=1

where n is the number of trees in a plot for one species. In undis-
turbed conditions, changes in MRD correspond to the effects of fac-
tors not included in the model such as unmeasured climatic factors,
or to special events such as silvicultural actions. For the disturbance
period, MRD represents the relative difference between the ob-
served growth and the growth expected if there had been no distur-
bance. MRD is a relative index valid for a given species in a given
stand. We used this index to study the changes in the growth of
oak compared to those of pine. For the disturbance period, we ob-
tained 54 values for each species (6 years = 9 plots). Growth com-
pensation between the two species should lead to a negative
correlation between the oak MRDs and those of pine. In other
words, during the disturbance and for a given year, a strong reduc-
tion in pine growth should be associated to a strong increase in oak
growth. To test this hypothesis, we performed a covariance analysis
on the disturbance period (1981-1986) between the oak MRDs and
the pine MRDs with year as a factor. In this analysis, plot was trea-
ted as a random effect, to allow the intercept to vary with location
(preliminary results showed no plot random effect on the slope for
this analysis). To verify that the disturbance did indeed lead to a
shift in the correlation between growth variations of the species,
we also performed a covariance analysis on the 1972-2005 period
between the oak MRDs and the pine MRDs with a disturbance factor
and a plot random component.

All the models were fitted using the R software version 2.14.0 (R
Development Core Team, 2011) with the Ime function of the nlme
package (Pinheiro et al., 2011). Modeling the variance and the tem-
poral autocorrelation of Eq. (1) were also performed with the Ime
function. To compare different models, we used the Akaike infor-
mation criterion (AIC). For the final adjustments, the model param-
eters were estimated using the restricted maximum likelihood
method (REML).

3. Results
3.1. Results from ring width models

The climatic variables included in the oak model were total pre-
cipitation over the current growing year and average maximum
temperature over the growing season of the previous year (Table 2).
For pine, the climatic variables of the ring width model were total
precipitation over the current growing year and average minimum
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Parameter estimates and statistical results of the ring width models for oak and pine (see Eq. (1)). P: precipitations during the growing season. T,;,GS: average minimum
temperature during the growing season. T;,qxGS,—1: average maximum temperature during the growing season of the previous year. ¢;joc and oree are the random parameters of
the model. § is the parameter of the variance model (see Eq. (2)). 0; and 0, are the parameters of the moving average autocorrelation model.

Parameters estimates

Intercept uo (mm) t oo (mm year~ ') £ o (mm year!) P yo (mm mm™") TpninGS 79 (mm °C™1) 5 04 0,
Pine
Estimates 2.36 —0.0423 891 x 1074 1.34x 1073 -0.159 0.794 0.446 0.124
Std. error 0.07 0.0037 0.966 x 104 0.04 x 1073 0.006
P-value <0.001 <0.001 <0.001 <0.001 <0.001 RSE df AIC
Otree 0.461 0.0492 122 x 107 049 x 1073 0.305 7313 6600
ot 0.065

Intercept t I P TnaxGSn_1 5 04 0,
Oak
Estimates 1.10 0.0283 -6.91x 1074 0.954 x 103 -0.0313 0.890 0.532 0.240
Std. error 0.072 0.0032 0.93 x 1074 0.041 x 1073 0.0026
P-value <0.001 <0.001 <0.001 <0.001 <0.001 RSE df AIC
Ctree 0.343 0.0330 9.82 x 1074 0.527 x 103 0.323 6017 4848
ot 0.133

temperature over the current growing season. For both species, to-
tal precipitation over the growing year is the climatic variable that
best explained ring width variability. The parameters of the time
variable indicate that the shape of the growth curve over the stud-
ied period is not the same for oak and pine. On average, the growth
of pine trees before the disturbance decreases while that of the oak
trees increases. These results confirm the need to model the tem-
poral trend and the climatic effects for each species in order to cor-
rectly estimate the disturbance effect on ring width.

3.2. Changes in oak and pine growth after the pine sawfly attack

As we expected, pine growth decreased during the disturbance
period (Fig. 1) and varied from one plot to another. The greatest de-
crease occurred in 1982 with an average MRD of -63%
(=92% < MRD < —27%). The MRD then increased until 1985 with
an average of —17% (—39% < MRD <3%). In 1986, the MRD de-
creased again with an average of —43% (—60% < MRD < —26%).

For oak, the results show that there is an overall increase in
growth during the disturbance. As for pine, the oak reaction varied
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24
Oak
o Pine
0|
o
o Ak A
i ;
S| 14 BOA
] fo ', | o gt fgt Jai/ % |
oo | s8/8y e ey fa Ay IA
o | egured, 28 %' ‘e-m | Mo f3° 2/ B Egrathorg
€ ‘:a*af\z‘gfg:a LR vavs pan § E0 A1 p S 2
o B e s BN JSoak|ie \Eca,\ﬂ g ES“
™ 1 -3 \/ca\a' \Bio §¢10 3 8
¥ :[: a’: bt fgi \5-3\ 3'; ' \&g
\
- SEFER ¥ o
w0 - T, o ]
! | Vo ERY 1
< 2.4 W
HE
L
o 4
y
8/
o 4
=
T T T T T T T
1975 1980 1985 1990 1995 2000 2005
Year

Fig. 1. Mean relative deviation (MRD) for oak and pine over the 1972-2005 period
including the disturbance period (1981-1986). Each point is the species MRD for
one plot. The dashed lines connect the minimum and maximum values on the nine
plots for each species.

from one plot to another. The growth increase was the greatest in
1982 with an average MRD of 45% (7% < MRD < 80%), then MRD
gradually decreased until 1986 with an average of 7%
(—18% < MRD < 33%).

3.3. Relationship between the growth variations of the two species
during and outside the disturbance period

The results show a positive correlation between the MRD of the
two species over the undisturbed period and a negative correlation
over the disturbance period (Fig. 2).

The covariance analysis on the 1972-2005 period revealed that
the slope of the regression between the oak MRD and the pine MRD
over the undisturbed period was 0.38. During the disturbance per-
iod this slope was —0.69 (Table 3).

The covariance analysis performed on the disturbance period
shows that the effect of the pine MRD on the oak MRD was signif-
icant (Table 4). For each year of the disturbance, a reduction in pine

o
-

* disturbance period
° undisturbed period

Oak MRD

Pine MRD

Fig. 2. Mean relative deviation (MRD) between observed ring width and predicted
ring width under undisturbed conditions of oak according to the MRD of pine. Each
point is the species MRD for one plot at 1 year. Results are given for the undisturbed
period and for the disturbance period. Solid lines are the regression lines obtained
for the undisturbed period and for the disturbance period.
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Table 3

Results of the covariance analysis for the 1972-2005 period between oak mean relative deviation (MRD) and pine MRD with a disturbance factor. ¢ is the standard deviation of the

random effect.

Fitted model: MRDoqp . = M + (di + d;)MRDpine ke * €kt

k = level of the disturbance factor (0 = undisturbed and 1 = disturbance); j = plot; t = year
dy is the disturbance effect on the slope and d; is the random part of the slope related to the plot level variability.

Coefficients Estimate Std. error P-value a RSE df AIC
m (Intercept) 0.00337 0.0109 0.975 0.150 0.180 295 —153
do(undisturbed period) 0.383 0.081 <0.001

dq(disturbance period) —0.689 0.083 <0.001

Table 4

Results of the covariance analysis for the disturbance period (1981-1986) between oak mean relative deviation (MRD) and pine MRD with a year factor. The year coefficients from
1982 to 1985 were pooled because they were not significantly different. ¢ is the standard deviation of the random effect.

Fitted model: MRDqic = m + m;+ mg + (d)MRDpine jc + &

Jj=plot; t=year; m, is the year effect on the intercept (two level, 0 = year 1981 and 1986 and 1 = year 1982-1985), m; is the random part of the intercept related to the

plot level variability.

Coefficients Estimate Std. error P-value o RSE df AIC

m —-0.0930 0.0603 0.192 0.147 0.123 43 -333
my (year 1982-1985) 0.311 0.037 <0.001

d —0.388 0.080 <0.001

growth was associated to an increase in oak growth. The covari-
ance analysis also shows that the intensity of the oak response de-
pended on the growth year. For the years 1981 and 1986, a
reduction in pine growth of 100% resulted in an increase in oak
growth of 30% while for the years 1982-1985, a reduction in pine
growth of 100% resulted in an increase in oak growth of 61%.

4. Discussion
4.1. Growth compensation in mixed forests

In this study, we hoped to determine whether there was growth
compensation between two tree species following a biotic distur-
bance affecting one tree species only in mixed stands of sessile
oak and Scots pine. Our results show, as expected, that the pines
suffered a decrease in growth after the pine sawfly attack. The
greatest decrease in growth for pine was observed in 1982, which
is logical since peak defoliation in the forest occurred in autumn
1981 (Geri and Goussard, 1984). In 1982, we estimated that pine
growth had decreased by between 27% and 92% compared to a sit-
uation without disturbance. This variability indicates that the
intensity of defoliation was not uniform throughout the forest.
According to the meta-analysis conducted by Jactel and Brocker-
hoff (2007), damage caused by oligophagous insects like the pine
sawfly is less severe in mixed forests than in pure forests. Three
main mechanisms have been proposed to explain this effect: a de-
crease in host concentration, making host trees more difficult to lo-
cate (Vehvilainen et al., 2006), chemical barriers provided by the
alternative species (Jactel et al., 2011) and an increase in natural
enemies benefitting from the presence of several tree species for
their life cycle (Kaitaniemi et al., 2007). The initial variability in
stand composition may thus explain part of the variability that
we observed in the response of pine.

Concurrent to the decrease in growth for pines, our results show
that the growth of oak in mixed stands increased during the distur-
bance period. Moreover, our results show that the oak response is
correlated to the pine response. For a given year during the distur-
bance period, the more the growth of pine decreased, the more the
growth of oak increased. These results support the hypothesis of a
growth compensation between the two species following the pine
sawfly outbreak. As we suggested in the introduction of this article,
this compensation can be explained by reduced competition from

the defoliated pine for light and underground resources. It can also
be explained by the fertilizing effect associated with insect feces
and dead tissue (de Groot and Turgeon, 1998). Both mechanisms,
the reduction in interspecific competition and the fertilizing effect,
are likely to come into play simultaneously and the available data
do not make it possible to distinguish their influence. However, the
covariance analysis performed on the disturbance period shows
that the growth variation of oak for the three years following peak
defoliation is not simply related to the growth variation of pine
over the same period (Table 4). This result could be explained by
the fact that just after peak defoliation, the oaks may have bene-
fited from both the reduction in interspecific competition and the
fertilizing effect. The fertilizing effect after peak defoliation would
have a short term impact while the reduction in interspecific com-
petition would have a longer-term impact because it would take
the affected pine trees several years to recover full foliage.

Other studies have studied tree species response to biotic dis-
turbances in mixed forests. Some of them on herbivory insects,
such as the gypsy moth (Lymantria dispar L.) and the western
spruce budworm (Choristoneura fumiferana Clem.), are comparable
to our study. Some authors have shown an increase in growth for
tree species classified as non-host species (Muzika and Liebhold,
1999; Jedlicka et al., 2004), while others did not observe any effect
(Naidoo and Lechowicz, 2001). However, the compensation phe-
nomenon between species per se has rarely been studied. In addi-
tion, tree species found in mixed stands are sometimes secondary
hosts for the insect responsible for the disturbance and this makes
the analysis more difficult, which is not the case in our study. In
addition, the impact of climatic factors is sometimes not taken into
account because climatic data are not always available for long-
term series. To our knowledge, our study is the first that clearly
shows growth compensation between two tree species following
a disturbance caused by a biotic agent in a natural forest
ecosystem.

The relationship between the response of oak and that of pine
shows some variability (Fig. 2). The response of oak is probably
dependent on the intensity of the interspecific competition prior
to the disturbance, which in turn depends on the spatial pattern
of trees and on the developmental stage of both species when
the attack occurred. Future investigations are necessary to evaluate
the stand features that influence tree species growth responses fol-
lowing pine sawfly defoliations in mixed forests.
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4.2. Interspecific growth compensation: a mechanism that would
especially occur in the case of biotic disturbances

In undisturbed conditions, our results show that the MRD of oak
and pine are positively correlated (Fig. 2). This suggests that, in
undisturbed conditions, changes in environmental conditions have
the same overall effect on both species. This result observed on
species growth is consistent with those found on species abun-
dance by Houlahan et al. (2007) and Valone and Barber (2008)
who found that, in natural communities, species abundance co-
varies positively rather than negatively, which is the opposite of
what would be expected if the compensation phenomena were
important. Houlahan et al. (2007) and Valone and Barber (2008)
also suggest that abiotic factors such as rainfall and temperature
are the most important explanatory factors for interannual fluctu-
ations in species abundance within communities and that coexis-
ting species respond in similar ways to these climatic factors.
This is the case in our study where annual precipitation is an abi-
otic factor synchronizing the two species. Valone and Barber
(2008) conclude that compensatory effect was not a strong mech-
anism in stabilizing abundance fluctuations in natural terrestrial
communities. This statement is consistent with what we observed
on species growth in undisturbed conditions. However, it no longer
holds true for the disturbance period where we have shown
growth compensation between the two species. The result of the
growth compensation that we observed is a quick and strong shift
in the correlation between the growth of the two species (Fig. 2).
This shift corresponds to a temporary phase opposition between
the growth of oak and the growth of pine, well-illustrated by the
results obtained in Plot P534 (Fig. 3).

Before the attack by the pine sawfly, the growths of the two
species were well synchronized with a positive covariation. After
the attack, the growths of two species were still synchronized
but showed a negative covariation. After a period of about seven
years, the ring widths of both species once again show a positive
covariation. Even total, defoliation by the pine sawfly does not sys-
tematically kill the tree; a large percentage of the population typ-
ically survives (Augustaitis, 2007), but affected pine trees take
several years to recover normal growth. The benefit observed on
oak growth after pine defoliation ends when interspecific competi-
tion for resources is restored and when the fertilizing effect disap-
pears. Fluctuations in tree growth are then once again mainly

Plot P534 (0.5 ha)
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Fig. 3. Difference between the observed ring width and the ring width expected
under undisturbed conditions according to the growth year for the sample trees on
plot P534. The solid line represents the median values obtained for the sample
trees. The dashed curves represent the first and third quartiles of the values.

driven by climatic factors as they were before the disturbance
and the growth of the two species co-vary positively. This result
shows that in a mixed stand subject to biotic disturbances, the pro-
duction function can be stabilized through differences in species
response to the disturbance. Oak leaves, unlike those of pine, were
not consumed by the pine sawfly. This difference is responsible for
the growth compensation that we observed. There probably would
have been no compensation if the stands had been mixed with two
pine species both vulnerable to defoliation (eg. P. sylvestris and Pi-
nus nigra). Our results reinforce the idea that the diversity in spe-
cies response to the disturbance is more important than simple
species diversity (DeClerck et al., 2006; Jactel and Brockerhoff,
2007) and we suggest that growth compensations play an impor-
tant role in stabilizing the production function for an ecosystem af-
fected by periodic biotic disturbances. From a practical point of
view, the results of this study show the importance of managing
for mixed forests in an environment affected by biotic disturbances
to minimize potential production losses. It is also important to pro-
mote mixtures with species that potentially have different re-
sponses to disturbances.
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