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Abstract

Establishing mixed-species stands is frequently proposed as a strategy to adapt forests to the increasing risk of water scar-
city, yet contrasted results have been reported regarding mixing effects on tree drought exposure. To investigate the drivers
behind the spatial and temporal variation in water-related mixing effects, we analysed the 8'*C variation in 22-year tree
ring chronologies for beech and pine trees sampled from 17 pure and mixed pine—beech stands across a large gradient of
environmental conditions throughout Europe. In the pure stands, average 8'3C values were lower for beech (—27.9%o to
—22.2%0) than for pine (—26.0%o to —21.1%o), irrespective of site conditions. Decreasing SPEI values (calculated over June
to September) were associated with an increase in 8'3C for both species, but their effect was influenced by stand basal area
for pine and site water availability for beech. Mixing did not change the temporal constancy of 8'3C nor the tree reaction
to a drought event, for any of the species. While the mixing effect (A 8'*C =8'3C pure stands — 8'3C mixed stands) was on
average positive for beech and non-significant for pine across the whole gradient, this effect strongly differed between sites.
For both species, mixing was not significant at extremely dry sites and positive at dry sites; on moderately wet sites, mixing
was positive for beech and negative for pine; at sites with permanent water supply, no general patterns emerge for any of
the species. The pattern of mixing effect along the gradient of water availability was not linear but showed threshold points,

highlighting the need to investigate such relation for other combinations of tree species.
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Introduction

Both the frequency and intensity of drought events are
expected to increase in the Northern Hemisphere in the
upcoming decades as a result of climate change (IPCC
2013). The impacts on tree functioning due to water
shortages are an important concern to foresters. Such
impact includes hydraulic failure leading to tree mortality
(McDowell 2011), carbon starvation due to stomatal closure
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(McDowell 2011), increased fine root mortality or changes
in fine root dynamics (increase in fine root productivity,
Meier and Leuschner 2008). In addition, drought-induced
stress increases the risk of wildfires and insect attacks that
may lead to tree mortality (Schlesinger et al. 2016).
Favouring mixed-species stands has been proposed as
a strategy to adapt forests to the increasing risk of water
scarcity. However, quite contrasting results have been
reported regarding the effects of mixing tree species on soil
water availability and drought exposure of the trees. For
instance, Lebourgeois et al. (2013), Pretzsch et al. (2013)
and Anderegg et al. (2018) found an improved drought
response in more diverse plots while Bosela et al. (2018)
and Vanhellemont et al. (2019) found the opposite effect.
Complementarity, which is a major determinant of mixing
effects (Ammer 2019), is expected to depend both on the
pool of species in presence and on the set of environmen-
tal conditions (Forrester and Bauhus 2016). A prerequisite
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for synergistic interactions to occur is therefore to admix
species with distinct traits in terms of physiology, phenol-
ogy or morphology. When water is the resource of interest,
difference in rooting pattern (Schume et al. 2004), canopy
interception (Augusto et al. 2015), transpiration and water
use efficiency (Gebauer et al. 2012) and phenology (For-
rester 2015) between associated species are of special
relevance. For a given set of species, the environmental
conditions are the other major determinant of tree species
mixture effects. They first influence the expression of the
species traits. For example, soil constraints such as hypoxia
(Kozlowski 1986), compacity (Greacen and Sands 1980) or
bedrock depth (Balneaves and De La Mare 1989) are well
known to strongly limit the rooting depth of most tree spe-
cies, leveling off any potential root stratification. A second
way environmental conditions may alter complementarity is
through their impact on the level of the target resource over
space and time. Complementarity effects are thus expected
to increase along a gradient of decreasing resource availabil-
ity if the species mixture improves the availability, uptake
or use efficiency of the limiting resource (Forrester 2014).
Hence, while mechanisms influencing water availability
are of potential relevance for mixing effects in drier sites,
we would not expect to find strong species mixture effects
related to water in wet sites. Variations in species mixture
effects can also occur due to temporal changes in environ-
mental conditions (del Rio et al. 2014; Forrester 2014), for
example in the case of an annual drought (Grossiord et al.
2014; Lebourgeois et al. 2013; Pretzsch et al. 2013). It is
worth noting that temporal and spatial variation in species
mixture effect might not be independent of each other. For
instance on sites that are moist on average, complementarity
with respect to water, while absent in normal years, might
operate when water becomes limiting due to a drought event.
It is also important to note that, although complementarity
in water-related processes would probably be absent on such
sites in average conditions, complementarity interactions
could be at play for other resources (e.g. light). This means
there is room to switch between different types of comple-
mentary interactions, depending on the temporal fluctuations
in environmental conditions. However, the possible trade-
offs between those mechanisms as well as their respective
temporal dynamics remain largely unknown.

In this context, this paper aims to investigate the driv-
ers behind the spatial and temporal variation in the water-
related mixing effects. For that, we use a well-documented
network of pure and mixed stands of pine and beech trees
distributed over a large gradient of climate conditions in
Europe (Pretzsch et al. 2015; del Rio et al. 2017; Dirn-
berger et al. 2017; Heym et al. 2017). Fagus sylvatica L.
and Pinus sylvestris L. are two species which present con-
trasting traits relevant to water-related processes: potential
root system shape (heart shaped for beech and tap root for
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pine), shade tolerance (high vs. low, respectively), stomatal
density (around 200/mm™~2 vs. 84/mm~2) and strategies in
regard to drought resistance (anisohydric tendency vs. iso-
hydric) (Cochard 1992; Martinez-Vilalta et al. 2004; Pflug
et al. 2018; Schifer et al. 2017; Yang et al. 2016). Based on
the same network of plots, the mixture with pine and beech
at the community level has been shown to have both a higher
productivity (Pretzsch et al. 2015) and a higher temporal
stability of productivity (del Rio et al. 2017) than expected
from the corresponding pure stands. Complementarity with
respect to water resources has been proposed as a possible
mechanism to explain those species mixture effects.

We used the 8'°C signal as an indicator of water use effi-
ciency (Farquhar and Richards 1984) and analysed its vari-
ation in 22-year tree ring chronologies from trees of each
species sampled in pure and mixed pine—beech stands.

We hypothesized that the spatial and temporal patterns
in wood 8'3C values are influenced by water availability for
both species, with higher 8'3C under harsher conditions.
We further expected to observe lower wood 8'°C values in
the mixtures compared to the pure stands, with the mix-
ing effect increasing under drought stress or as the sites are
dryer. Finally, we anticipated an overall increased stability
of the 8'3C signal in the mixtures.

Materials and methods
Study area and site/stand characteristics

The tree data used in this study come from 17 pine-beech
triplets established under the COST Action FP1206 EuMIX-
FOR (European Network on Mixed Forests). This network
covers a large gradient of environmental conditions within
the overlapping natural ranges of pine and beech (Fig. 1).
For this study, 17 triplets were used. Each triplet consists
of pure stands of pine and beech and a mixed stand of both
species located in similar conditions. The stands are mostly
even-aged and mono-layered, and are typical of the (near-)
mature development stage. No silvicultural activities had
been conducted in the stands during the preceding decade. A
standard protocol for tree data collection (diameters, heights
of trees and crown bases) and tree coring was applied. The
full measurement protocol was described in detail by Heym
et al. (2017). Site characteristics for each stand are presented
in Table S1.

The triplets (Fig. 1) cover a wide range of environmen-
tal conditions and stand productivity classes (Table S1 and
Fig. 2). Elevations range from 20-1339 m; mean annual
precipitation (P) from 556 to 1175 mm; mean annual tem-
perature (7) from 6 to 10.5 °C; and the de Martonne index
(M = annual precipitation (mm)/(mean annual temperature
(°C)+10); de Martonne 1926) from 29 to 67. The Site
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Fig. 1 Distribution of the triplets across Europe and natural distribution range of European beech and Scots pine according to EUFORGEN

(www.euforgen.org)

Index (height of the 100 largest diameter trees of that spe-
cies per hectare in pure stands at age 50 years; Forrester
et al. 2017a, b) ranges from 11.7 to 27.6 m for beech and
from 9.5 to 26.9 m for pine.

Stand age and basal area are provided in Table S2. In
the mixtures, the percentage of basal area represented by
pine ranged from 33% to 74%; total basal area ranged from
30 to 79 m? ha~!; the total number of trees per hectare
from 248 to 2,421; and stand age from 40 to 130 years.

Isotope data

In this study, we used the wood carbon isotopic composi-
tion, which reflects the balance between the CO, diffusion
and carboxylation rates, as it is proportional to the ratio
of internal CO, to atmospheric CO, concentrations (Far-
quhar et al. 1982). Various environmental factors such as
light, temperature and water availability do have an influ-
ence on 8'3C, and their relative importance depends on
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Fig.2 Components of the
water balance (precipita-
tion + maximum soil water
available (SWA) — potential
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calculated over the vegetation
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environmental conditions. Under limiting soil water condi-
tions, higher 8'°C values primarily result from the stronger
decrease in stomatal conductance compared to the one in
CO, assimilation (Farquhar et al. 1989). Where water is
non-limiting, other factors than drought, including light
availability, may have an influence on the wood isotopic
signature. For instance, change in light competition aris-
ing from stand development could have an impact on the
wood carbon isotopic composition over the 20-year study
period, yet we expect this effect to be limited for such
predominantly mature stands.

For each site, five cores from five different trees per spe-
cies and per stand type were randomly selected from 10 to
20 dominant trees that had been cored per species in each
stand. The cores were sampled to the pith at a height of
1.3 m. For each core and for each annual ring within the
period 1993-2014, we used a scalpel and a stereomicro-
scope to sample the last third of the ring. We only took the
last third of each ring in order to avoid carry-over effects on
wood isotopic composition (Michelot et al. 2012). While
this does not match specifically the latewood, it ensures that
the carbon isotope signature we obtained for each year char-
acterized the functioning of the selected trees during the
second part of the growing season. The five samples were
then pooled per species and stand resulting in four samples
per triplet and year (total number of samples: 4 X 17 [number
of triplets] X 22 [years] = 1.496).
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At the INRA Silvatech platform (Nancy, France), the
pooled samples were ground to a fine powder in a ball mill
(MM400, Retsch). The '*C/'?C ratio was measured with a
mass spectrometer (Isoprime 100 (Isoprime Ltd., Cheadle
Hulme, UK) coupled with an elemental analyser (Elementar
vario, ISOTOPE cube, Elementar Analysen Systeme GmbH,
Hanau, Germany)). The standard deviation for the analysis
of standard saccharose was 0.12%o.

The isotopic composition (8'C) relative to the standard
Vienna Pee Dee Belemnite scale was calculated as follows

(Eq. 1):

813Cplant = [(Rsample/Rstandard) - 1] x 1000 ()

with Ry,4.rq being the isotopic ratio ('*C/'*C) of a belemnite
fossil from the Pee Dee Formation, corresponding to the
international standard (IAEA 1995).

Isotopic composition of pooled samples was corrected to
take into account the change in the isotopic composition of
atmospheric CO, due to industrialization, Eq. 2 (McCarroll
and Loader 2004):

83C = 87C = (8"°Cyy + 6.4) 2)

with 613Cplant being the isotopic ratio of the plant, 8'*C,,,
being the isotopic ratio of the atmosphere and — 6.4%o cor-

responding to a preindustrial standard value.
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Isotopic composition was also corrected to reflect ris-
ing atmospheric CO, concentrations since 1850 (refer-
ence period) following the method suggested by McCarrol
et al. (2009). This nonlinear method aims to extract low
frequency variations in 8'3C series based on a theoreti-
cal plant’s reaction to rising atmospheric CO, (Lévesque
et al. 2013). Corrected 8'3C series are hereafter referred
to as 8'°C,,,.

Climate data

We used the 0.25°-gridded E-OBS dataset from EU-FP6
ENSEMBLES project (Haylock et al. 2008; van den Bes-
selaar et al. 2011). From this dataset, we obtained series of
daily minimum, maximum and mean temperatures, cumu-
lative daily precipitation and daily average sea level pres-
sure for the period 1950-2014. Monthly potential evapo-
transpiration (PET) was derived from these data following
the modified Hargreaves equation (Choisnel et al. 1992,
Droogers and Allen 2002), which provides estimations that
are close to those obtained from the Penman—Monteith
equation (Begueria et al. 2014).

We used both long-term (averaged over the 1950-2014
period) and short-term (inter-annual) water balance
indices. As a long-term index of water availability, we
used a simplified water balance calculated over the veg-
etation period (March—September), WByp, defined as:
total precipitation over the vegetation period (P) — total
potential evapotranspiration over the vegetation period
(PET) + maximum soil water available (SWA). Maximum
soil water available (data from Forrester et al. 2017a, b)
was calculated from soil depth, soil water holding capac-
ity estimated from soil texture and the amount of stones
in the soil. To take into account short-term variations in
water availability during the period 1993-2014, we used
the Standardized Precipitation Evapotranspiration Index
(SPEI). SPEI (Vicente-Serrano et al. 2010) is a (monthly)
multi-scalar index that can be calculated over differ-
ent time scales, and which can be used to determine the
onset, duration and magnitude of drought conditions with
respect to normal conditions. The average SPEI value over
1993-2014 was zero for each site. Positive values indicate
above-normal wet conditions, whereas negative values
identify dry periods. SPEI values between — 0.67 and 0.67
are considered normal, values between —0.67 and — 1.28
indicate moderate drought, and values < — 1.28 indicate
severe drought (Isbell et al. 2015). SPEI was calculated
over the second half of the vegetation period (June—Sep-
tember) which corresponds to the part of the tree rings
that were sampled. Calculation was made using the SPEI
package in R software (R Core Team 2014; Begueria et al.
2014).

Statistical analysis
Spatial and temporal patterns of §'3C in pure stands

Welch’s t-tests were used on the annual §'°C,,, values to
assess the tree species effect (pine vs beech) within each
site. Linear models were then used to test for the effects of
site and stand variables (Table S4) on the average differences
between beech and pine 8'*C chronologies per triplet; an In-
transformation of the response variable was used to reduce
the heteroscedasticity of the residuals.

Next, we fitted a linear mixed effect model for each spe-
cies separately on §!°C_, time series, considering site as a
random factor in order to identify the major determinants
of spatial and temporal variation in 8'>C in pure plots for
each species:
8Coor = BXE+8(0,02,) +£(0,07) 3)
where f is the vector of the fixed effects parameters, E is the
matrix of the predictors of the fixed effects, S is the random
factor characterized by the inter-site variance aszite and ¢ is
the error term. A series of climatic variables, site and stand
attributes (see full list in Table S4) and their interactions
were used as candidate variables for fixed effects. To avoid
missing any key explanatory variable, we first used vari-
ous selection procedures (Lasso, Elastic Net and stepwise
forward selection with Akaike Information Criterion (AIC)
and Bayesian Information Criterion (BIC)) and retained all
variables selected by at least one method. Variance Infla-
tion Factors (VIF) were calculated in order to measure the
degree of multi-collinearity of the variables. The low VIF
values (< 4) indicate that multi-collinearity was not a prob-
lem (O’Brien 2007). Starting from the model with the full
set, the variables with the lower predictive power were then
progressively removed based on the likelihood ratio test
(Gonzalez de Andrés et al. 2018; Zuur et al. 2009).

To investigate whether the two species had a similar tem-
poral response to environmental fluctuations (synchronism),
we calculated correlation coefficients between the beech and
pine time series of non-corrected 8'>C per site, following del
Rio et al. (2017). Values can range from — 1 (complete asyn-
chrony of species response to environmental fluctuations) to
+ 1 (complete synchrony).

Temporal constancy

Two types of indices were used to analyse the temporal con-
stancy of carbon isotope series: (1) the Temporal Stabil-
ity Index (TS—Eq. 4) and (2) sensitivity (Eq. 5). TS is an
indicator of the dispersion of corrected 8'°C values with
regard to the mean isotopic composition, while sensitivity
is an indicator of the year-to-year variability of the time
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series. Increased TS indicates higher stability due to either
a higher mean value or a lower standard deviation. High
sensitivity values indicate important year-to-year variation in
8'3C values due to high sensitivity to external (e.g. climatic)
parameters.

TS = |ul/o (€))

Z?;ll |Si+1| 3)

Sensitivity =
n—1

where u is the mean of the corrected 8'3C series; &
is its standard deviation; n is the number of year; and
S;11=(6,,1 — ;) and ¢, are the corrected isotope values (Sau-
rer et al. 1997). TS and sensitivity are calculated per site,
species and stand type (pure vs. mixed).

We used mixed effects models with site as a random inter-
cept to test the species mixture effect on these two indices,
as follows:

TC; = (ay + a,;) + a; X Stand composition + ¢ (6)

where TC,; is the temporal constancy index (temporal stabil-
ity or sensitivity) of one species at site j; a, and a; are the
fixed parameters of the model; a,; is the random parameter
associated with site; stand composition is a dummy vari-
able with two levels (pure/mixed); and € is the error term.
Site- and stand-level variables (e.g. BA, altitude, WBy;p) that
could potentially influence TC were included as additional
predictors in the model (Table S4).

Spatial and temporal patterns of mixing

For each species, the mixing effect was quantified by A
8'3C, the difference in 5'3C between pure and mixed stands
per year and site. For this specific analysis, non-corrected
8'3C values were used because computing the difference in
8'3C values from a same site cleaned the signal of long-term
trends.

For each species, we first tested whether the A 813C time
series significantly deviated from the expected null value
under a no mixing effect hypothesis, using one-sample t-tests
for each site separately as well as across all sites.

The possible effects of average site conditions, stand
structure and inter-annual climate variability on the spatial
and temporal patterns of the mixing effect were then ana-
lysed by fitting linear mixed models on the A 8'3C series of
each species, following the same procedure as previously
explained for the §'°C,,, time series from the pure stands.

We also investigated the effect of species mixture on spe-
cies asynchrony by analysing the relationship between cor-
relation coefficients of beech and pine time series in pure
and mixed stands.
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Resilience and resistance to drought in pure and mixed
stands

Resistance and resilience were calculated to analyse tree
reaction to a drought event (Lloret et al. 2011). Resistance
was calculated as the difference in 8'3C values between
a reference year, i.e. without water limitation preced-
ing the drought, and a drought year with water shortage
(613C(ref! before) — 613C(dmughl)); resilience was computed
as the difference in §!3C values between two reference
years preceding and following the drought year, respec-
tively (8"°C e, pefore) = 8" °Cret, atier))- TO select the drought
years, we first identified the year with the lowest SPEI
(June—September) values during the 1994-2013 period. In
order to avoid carry-over effects, we then checked that the
SPEI value for the previous year had been normal or mod-
erately wet/dry (i.e. within the interval [— 1.28 to 1.28]). If
this specification was not met, we shifted to the year with
the second lowest SPEI value and started over. The refer-
ence years were selected as the wettest years preceding and
following the corresponding drought year, and the asso-
ciated SPEI values were further checked to ensure they
were > — 0.67. Selected years and their associated SPEI
and P — PET values are presented in Table S5.

The resistance index should be negative since §'°C_,,
values are expected to rise during drought events; the more
negative the resistance index (low resistance), the higher
the drought effect (stress). A resilience value not signifi-
cantly different from zero indicates that trees have a high
capacity to return to pre-drought 613CCOr levels after being
subject to a drought event (high resilience); a negative
value indicates low tree resilience.

For each index, we tested for species and stand compo-
sition effects separately according to the following mixed
model:

R, = (a0+a0j) + a, X Effect + € @)

where Rj is either resistance or resilience at site j; a, and
a, are the fixed parameters of the model; a,; is the random
parameter associated with site j; and € is the error term.
Effect is a dummy variable with two levels (pine vs beech
or pure vs mixed for the species identity and stand compo-
sition effects, respectively). Site- and stand-level variables
(e.g. BA, altitude, WByp) that could potentially influence
R were also included as additional predictors in the model
(Table S4).

All statistical analyses were conducted with the R soft-
ware, version 3.4.1 (R Core Team 2014). Mixed models
were fitted with the package “nlme” (Pinheiro et al. 2017).
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Results
Spatial and temporal patterns of §'3C in pure stands

In general, pine reached higher (less negative) mean iso-
tope values than beech (Fig. 3). Average beech and pine
8'3C,,, values across all sites were —25.3%o¢ and — 23.7%o,
respectively. The range of site average values was [—27.9
to —22.2%o] for beech and [—26.0 to —21.1%o] for pine.

Average 8'°C,,, values were always lower for beech
than for pine, for all sites. Differences were always statis-
tically significant, with the exception of Poll (Table S6).
The magnitude of the difference between species was site
dependent with values ranging from 0.25%0 (Poll) to
3.23%o (Lit2). None of the variables tested in the linear
model (Table S4) had a significant effect on this difference
(data not shown).

There was a global coherence between the beech and
pine time series (Figure S1) that was confirmed by the
high correlation coefficients values observed in most sites
(Table S7). Sites with a lower level of correlation between
the two species’ time series were well distributed along
the gradient of average water availability (sites with WByp
ranging from —249 to 632 mm, while water availability
across the whole gradient ranged from —366 to 632 mm).

Linear mixed effect models adjusted on each species
8!13C,,, time series highlighted a significant, negative effect

Fig.3 Mean 8'°C_,, values for
each site and each species in
the pure stands. Horizontal bars
represent the median; notches
in the boxes are a rough proxy
for comparing medians. Upper
and lower hinges on the boxes
indicate the 25th and 75th
percentiles; whiskers extend
from the hinges to the largest
value no further than 1.5 X the
interquartile range. The hori-
zontal lines (dashed: pine, plain:
beech) represent average values
per species across all sites. Sites

of SPET jpe_september O 513C,,, for both beech and pine
(Table 1). In pine stands, this SPEI effect depended on
basal area only, while in beech stands, it depended on basal
area, WByp and slope (Table 1). In pine stands, higher
basal area was associated with a more negative slope of
the 8'3C_, /SPEI relationship. In beech stands, higher
basal area, lower WByp and less steeper stand slopes were
associated with a more negative slope of the 8'*C_ /SPEI
relationship.

Only beech showed a significant influence of WBy;p on
8'°C,,. This influence followed the expected pattern, i.e.
higher values of average water resources were related to

lower 8'3C,,, values.

Temporal constancy

Temporal stability and sensitivity values are shown in
Table S3. There was no significant difference in temporal
stability nor sensitivity between pure and mixed stands for
any of the species (Table 2).

Climatic variables (average WBy, and average tem-
perature over the period 1993-2014) did not explain the
variability of temporal stability between sites; for pine,
temporal stability increased as stands became older. No
climatic or site characteristics were found to impact sen-
sitivity (Table 2).

B Beech
E3Pine

are shown by increasing value
of mean water resources

Mean 813C corrected [%o]

-26 -

Spl Bull Sp2 Czel Fral Gerl Bell Pol4 Poll Swel PolS Pol3 Swe2 Bel2 Ger6 Litl Lit2
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Table 1 Parameter estimates, Species R’m R’c Fixed effects parameters p values

p values and R-squared for the

linear mixed models adjusted on gcots pine 0.2634  0.7043  Intercept -23.812 <.01

the 1993-2014 8'3C,, series in SPEI _ 290 <01

the pure stands June-September : .
Basal area .023 15
WByp —.001 .10
SPEIype_september X Basal area —.005 .04

European beech 0.5300 0.7603 Intercept —25.336 <.01

SPEIJune—September -.371 <.01
Basal area —.002 91
Slope .017 .30
WByp —.003 <.01
SPEL e september X WByp .001 <.01
SPEL}ne_september X Basal area —-.009 .02
spEIJunc—Scptcmbor X Slope 016 <.01

For both models, we used site as a random intercept. Marginal R-squared (R’m) represents the variance
explained by fixed factors. Conditional R-squared (R°c) represents the variance explained by both fixed and
random factors (whole model). WBy; is the average water balance over the vegetation period (precipita-
tion + potential available soil water — potential evapotranspiration) calculated over the period 1950-2014.
Significant effects are indicated in bold

Table 2 Parameter estimates,

R*m R% Species  Fixed effects parameters  p values
p values and R-squared for the
linear mixed models adjusted Temporal stability ~ 0.0458 02716 Beech  Intercept 452748 .00
for temporal stability and Stand composition (mixed) —3.9306 .36
sensitivity values
0.3415 0.4464  Pine Intercept 26.2478 .00
Age 3133 .00
Stand composition (mixed) 4.0479 31
Sensitivity 0.0056  0.1625 Beech Intercept .6650 .00
Stand composition (mixed) —.0668 .65
0.0389  0.5919  Pine Intercept .6251 .00
Stand composition (mixed) —.1748 .10

Site is used as the random intercept. Marginal R-squared (R*m) represents the variance explained by fixed
factors. Conditional R-squared (R’c) represents the variance explained by both fixed and random factors
(whole model). Significant effects are indicated in bold

Spatial and temporal patterns of species mixture
effect

For beech, seven sites showed no significant species mix-
ture effect on 8'3C, while two showed a negative effect
and eight showed a significant positive effect (lower §!°C
values in mixed stands compared to pure ones) (Fig. 4).
The mean A §'*C across all sites was significantly positive
(value=0.3183, p value=<.001).

For pine, eight sites showed a significant negative effect
of species mixture, five showed a significant positive effect,
and four showed no significant effect (Fig. 4). The mean A
8!3C across all sites was significantly different from zero
(value=—-0.1080, p value=.01).

Four sites showed positive species mixture effects for
both species and two showed negative effects for both
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species. When species mixture effect was positive for pine,
it was either also positive for beech (four sites) or neutral
(no significant species mixture effect; one site), but never
negative. On the other hand, when species mixture effect was
positive for beech, it was positive (four sites), negative (three
sites) or neutral (one site) for pine. Three sites also displayed
a negative species mixture effect for pine but no significant
effect for beech, and three sites displayed no significant spe-
cies mixture effect for either species (Figure S2).

Looking at the drivers behind the temporal and spa-
tial patterns of mixture effects (Table 3), we found that
beech A 8'°C was not influenced by any of the site or
stand characterization variables, but that SPEI had a sig-
nificant positive effect. Between-site variability of pine
A 8"3C was linked to WByp and to mean age of the stand
(the A 613C/WBVP relationship becoming less negative as
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Fig.4 Mean difference between

813C in pure and mixed stands @ Bceon
(A 87C=8"Cpe =8"Cpisea)s @ e
for beech (black bullet) and pine

(grey bullet). Vertical bars rep-

resent 95% confidence intervals

around the mean. The dashed

line indicates zero. The absence 1:
of intersection between this

line and the confidence interval

bars gives strong indication of %

a mean which is significantly
different from zero. Sites are
shown in increasing order of
average WByp calculated aver
the 1950-2014 period

A8Y3C

Sp1l Bull Sp2 Czel Fral Gerl Bell Poll Pol4 Pol5 Swel Pol3 Swe2 Bel2 Ger6 Litl Lit2

Table3 Parameter estimates, p values and R-squared for the

linear mixed models adjusted on the 1993-2014 series of
613Cpure: stands — 813Cmixed stands
Species R’m R% Fixed effects  parameters p values
Scots pine  0.2373 0.5433 Intercept —.5322 .16
WByp —.0062 <.01
Age .0029 .56
SPEI- —.0264 37
June-September
Age X WByp .0001 <.01
European 0.0289 0.4381 Intercept .3472 .01
beech
WByp —.0005 .36
SPEI- .0820 .02

June—September

For both models, we used site as the random intercept. Marginal
R-squared (R’m) represents the variance explained by fixed factors.
Conditional R-squared (R%c) represents the variance explained by
both fixed and random factors (whole model). WBy, is the average
water balance over the vegetation period (precipitation+ potential
available soil water — potential evapotranspiration) calculated over the
period 1950-2014. Significant effects are indicated in bold

age increased). No annual climatic variable successfully
explained the species mixture effect on pine (Table 3).
There was no significant difference in correlation coef-
ficients between the §'°C time series for beech and pine
in pure and mixed stands (Figure S3), thus indicating that

species mixture did not change the synchrony of the two
species’ reactions to environmental fluctuations.

Resilience and resistance to a drought event in pure
and mixed stands

In pure stands, pine displayed a negative index for resistance
to drought (p value =.03). This effect was not significant for
beech (p value =.07). The resilience index was not signifi-
cantly different from O for pine but was significantly positive
for beech (Table 4 and Fig. 5). No effects of site or of stand
characterization variables were found except for the beech
resilience index, which was significantly influenced by stand
age (estimate = —0.022; p value =.00) and site WByp (esti-
mate=0.002; p value=.01) (data not shown).

There was no significant mixture effect on either resist-
ance or resilience, for either of the species (Table 4, Fig. 5).

Discussion

Spatial and temporal variation in §'*Cin pure
stands

Carbon isotope composition in tree rings was systematically
higher in pine than in beech (Fig. 3), pointing to greater
intrinsic water use efficiency for pine compared to beech;
this is consistent with previous studies (Daux et al. 2018;
Hemming et al. 1998; Szczepaneck et al. 2006). Several
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Table 4 Parameter estimate,

Resilience components Species Stand Estimate Std. err. p value
standard error and p values for

Fhe models testing for §pecies Species identity effect
;(ggtl;yoinrdesgie;iz gﬁ;;iem Resistance index Beech —.441 226 .07
indices - Pine — beech —.096 .163 .56
Pine —.537 226 .03
Resilience Beech .397 164 .03
- Pine — beech —.208 214 .34
Pine .189 164 27

Species mixture effect
Resistance index Beech Pure —.441 .290 15
Mixed — pure —.211 253 42
Mixed —.652 .290 .04
Pine Pure —.537 177 01
Mixed — pure -.122 172 49
Mixed —.659 177 .00
Resilience index Beech Pure .397 .208 .07
Mixed — pure —.300 .239 23
Mixed .097 .208 .65
Pine Pure .189 122 .14
Mixed — pure —.126 172 48
Mixed .063 122 .61

For species identity effect, beech is the value estimated for pure beech, pine—beech is the difference
between pure pine and pure beech stands, and pine is the value estimated for pure pine stands. For species
mixture effect, pure is the value estimated for pure stands and mixed for the species in mixed stand, and
mixed — pure is the difference between mixed and pure stands. Significant effects are indicated in bold

explanations for these differences are possible. Firstly,
because of differences in physiological or morphological
characteristics (such as higher light availability associated
with lower light interception in pine stands due to a less
dense canopy), the carbon uptake (A) is higher in pine result-
ing in lower leaf internal CO, concentrations, thus leading
to increased 8'°C all other things being equal. Daux et al.
(2018) recently has discarded this explanation as a cause
for the observed difference in isotopic composition between
beech and pine because conifers usually have lower A than
broadleaved trees. However, Medlyn et al. (1999) report a
higher potential electron rate and maximum rate of Rubisco
activity for pine compared to beech, suggesting that this gen-
eral rule of lower A for conifers than for broadleaves might
not hold true for pine and beech. The difference in 5'°C lev-
els between the two species could also be explained by lower
stomatal conductance (g,) in pine. Lower g could originate
either as a direct effect of morphological characteristics (e.g.
lower stomatal density, smaller stomata), or as an indirect
effect of ecological functioning. Indirect effects include (1)
lower leaf area index in closed stands for pine compared to
beech leading to higher evapotranspiration from the soil and
the understory (Daux et al. 2018) and (2) lower access to
belowground water reserves due to shallower rooting (Daux
et al. 2018). These indirect effects tend to reduce water avail-
ability in pine stands. However, if indirect effects do indeed
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prevail, we would expect the difference in 5'°C between
species to be lower or, even, to disappear when water avail-
ability is higher. We did not observe any such pattern lead-
ing us to think that the difference in 8'°C between species
is probably due to an effect either of light interception or
a difference in stomatal characteristics of beech and pine.

As hypothesized, pine and beech 8'°C_, values were sig-
nificantly influenced by water availability during the last part
of the vegetation period (Table 1). These results are consist-
ent with previous studies and with physiological models of
the response of isotopic discrimination and water use effi-
ciency during carbon assimilation under soil drought condi-
tions (Farquhar et al. 1989). Saurer et al. (2008) found that
8!3C chronologies of pine and beech were negatively cor-
related with precipitation on non-water-limited sites, while
Gonzélez de Andrés et al. (2018) found a negative influence
of water balance (P —PET over the summer) on 8'°C_, for
climatically contrasting sites. A few sites (Sp1, Sp2, Swel,
Litl and Lit2) did, however, not respond to SPEIL, even when
additional starting time and aggregation periods were con-
sidered (Figure S4); in addition, none of the site, stand or
climate characterization variables were able to explain the
variability in the §'°C_,/SPEI relationship for this limited
subset of sites.

Regarding the spatial variations in 8'°C, we expected
to find a negative relationship between carbon isotopic
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Fig.5 Resilience component indices (resistance: upper panel, resil-
ience: lower panel) for pure (open circle) and mixed (filled circle)
stands of both species (beech: left panel, pine: right panel). Study

composition in tree rings and average water availability for
both species (Saurer et al. 1995). While §!°C_,, was nega-
tively related to WPy, for beech, confirming the hypothesis
of higher 8'C,, levels in drier sites for that species, this was
not the case for pine (Table 1). We hypothesize that this is
due to the nonlinear pattern of variation in average 8 '°C,,,
along the water availability gradient (Fig. 3), where dry sites
clearly displayed higher & '3Cc0r values.

It is important to note that spatial and temporal variations
in carbon isotope composition are not independent of each
other. Indeed, we found that for beech, due to the SPEI/
WB,p interaction, the WByp effect on 8 13C,,, disappeared
during extremely wet years (SPEI > 3), but held in other
situations. Saurer et al. (1995) found a similar increase in
813C,,, values for pine and beech on drier sites in Switzer-
land. The absence of any significant influence of the interac-
tion term “SPET j,;._gepremper X WByp~ 0n pine 8'13C,,, sug-
gests the existence of local adaptation mechanisms as well
as long-term genetic divergence within species; this means
ecotypes vary in functional traits, as previously proposed by
Weigt et al. (2015) and Hérdtle et al. (2013). We also found

sites are shown in increasing order of average water resources
(WByp) over the 1950-2014 period. Statistical significance of the
effects across all sites is given in Table 4

that the inter-annual variation in §!°C_,, was influenced by
stand variables (basal area for pine and basal area and slope
for beech). Basal area in both pine and beech stands (and
lower WByp in beech stands) could have been “aggravat-
ing factors” as they induce a higher sensitivity of 613Cm to
annual water balance (more negative 8'°C,/SPEI slope).
The aggravating effect of basal area can probably be linked
to increased competition among trees for soil water, and low
WByp is likely to be correlated with higher sensitivity to
annual variations in the water balance. Surprisingly, stand
slope did not have such an aggravating effect on the 613CC°I/
SPEI relationship in the pure beech stands, probably because
this effect was confounded with that of slope aspect.

The §'°C,,, time series for both species were quite coher-
ent within a site (Figure S1, Table S7), which is a further
indication that beech and pine trees tend to respond in a
comparable way when facing similar temporal fluctua-
tions of environmental conditions (Table 1). There were,
however, a few exceptions. In most cases, those exceptions
were linked to the long-term trend in the 8'*C_, time series
of one of the two species, thus decoupling pine and beech
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8'3C,,, values. For instance, such an effect can be seen in
the decreasing trend in beech 8'°C,,, series at Bel2 or in
the drop in beech §'3C_,, values around 1995-2003 at Bell
(Figure S1). The considerable length of those trends sug-
gests that they are not of climatic origin but are probably
rather due to changes in stand characteristics (e.g. changes
in access to light, management effect), long-term changes in
global circulation patterns (Gonzalez de Andrés et al. 2019;
Rozas et al. 2015; Sardans et al. 2017) or to tree weakening
(dieback), which could have influenced the physiological
functioning of the trees.

Looking now at the tree reaction to a drought event
(Table 4, Fig. 5), a significant increase in 8'°C_, was
observed for pine; surprisingly, this effect was non-signif-
icant for beech, but by a very slight margin. Inspection of
Fig. 5 suggests that beech response was related to site water
availability, the drought effect being generally dampened on
wetter sites. Such a difference in drought reaction between
dry and wet sites was not observed for pine. We attribute this
to the fact that pine is a “drought-avoiding” species. Such
species close their stomata quickly during water shortages
to avoid damage to the conductive system (Cochard 1992;
Martinez-Vilalta et al. 2004). This drought avoidance strat-
egy is common in conifers (especially Pinus species), which
tend to have lower embolism resistance than angiosperms
(Martinez-Vilalta et al. 2004; Choat et al. 2012). In addition,
LAI reduction through leaf shedding under drought stress
has been shown to be a strategy which buffers water loss
in pine trees, resulting in the formation of tree rings with
increased intrinsic Water Use Efficiency (iWUE) (Gonzélez
de Andrés et al. 2019). Beech, on the other hand, is more
anisohydric (Pflug et al. 2018; Schifer et al. 2017). Howeyver,
there was no overall significant difference between pine and
beech resistances. This could indicate that, while pine reacts
quicker than beech to drought, both species end up being
affected in a similar way during extreme events. Between-
site variability in resistance to drought event could also be
partially explained by other variables not considered in this
study, such as nutrient availability. Potassium and phos-
phorus are known to be particularly important, as they are
involved in various water-related mechanisms (Newton et al.
1986). For instance, potassium influences stomatal function,
osmosis and hydraulic conductance (Gonzéalez de Andrés
et al. 2019, Khosravifar et al. 2008, Wang et al. 2013). We
did not find any lasting effect of drought on tree functioning
as trees of both species were able to return to pre-drought
levels of carbon isotope composition (pine) or even show
lower 8'3C___ values (beech) after the extreme event.

cor

Temporal constancy

A species mixture effect on temporal stability or sensi-
tivity could be caused either by a differential response
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(sensitivity to different parameters or differential temporal-
ity of the response) of each species to environmental changes
(Loreau and de Mazancourt 2008; Hector et al. 2010), or by
reduced competition in mixed stands compared to pure ones
(Tilman 1999). The lack of any mixing effect in our case
(Table 2) is therefore in agreement with the tight correlation
we observed in pure stands between the §'°C time series of
beech and pine trees growing in a same site (Table S7); in
addition, as there was no significant difference in the cor-
relation between the two species in mixed and pure stands,
species mixture did not induce a decoupling of the species
reaction to environmental fluctuations (Figure S3).

Contrasting results have been reported with respect to
diversity—stability relationship, from the total absence of a
stabilizing effect in single-trophic communities (Jiang and
Pu 2009) to higher stability in mixed forests (Jucker at al.
2014). It is currently becoming more and more accepted
that diversity improves stability at the community level but
decreases stability, or does not affect it, at the species level.
del Rio et al. (2017) recently have highlighted the stabi-
lizing/destabilizing pattern for productivity in mixed pine/
beech stands across Europe. Although water is often con-
sidered a main factor of resource-driven effects, we found
no clear stabilizing/destabilizing species mixture effect on
water-related processes at the species level.

Species mixture effects on §'3C

While the mixing effect (A §'>C) was on average positive for
beech and non-significant for pine across the whole gradi-
ent, the major result or our study is that this effect strongly
differed between sites, depending on the average water avail-
ability (Fig. 4).

On wet sites (i.e. sites with permanent available below-
ground water resources), the species mixture effect on
8'3C should be close to zero on average, that is, if the
species mixture effect is indeed mainly due to water-
related mechanisms. If the species mixture effect differs
from zero, then other mechanisms should be considered.
A key mechanism influencing 8'3C values, and therefore
A 8'3C, is the access to light (Ehleringer et al. 1986; Far-
quhar et al. 1989). Our results showed a high variabil-
ity of A 8'3C in wet sites (Bel2, Swe2, Ger6 and Lit2),
which could be due to a species mixture effect on light
availability. Indeed, Forrester et al. (2016) and Barbeito
et al. (2017) have shown that higher stand diversity is
associated with increased crown size, which could lead
to increased light absorption. In addition, Barbeito et al.
(2017) showed that this effect is dependent of site condi-
tions, the difference between pure and mixed stands being
higher in more productive sites. We used delta height (the
difference between the height of the cored target-species
trees in mixed stands and the mean height of the mixed
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stand) to investigate the potential effect of light intercep-
tion on A §!3C. However, light interception did not fully
explain A §'°C deviation from zero on very humid sites.
Indeed, some sites for which access to light did not differ
between pure and mixed stands also displayed significant
A 8"3C deviation from zero and vice versa (we found dif-
ferences in access to light but no significant A §!°C devia-
tion from zero). On moderately wet sites (average WByp
close to zero), the same consideration should hold (spe-
cies mixture effect close to zero), on the condition that
the addition of a second species does not influence water
availability (increased belowground competition in mixed
stands compared to pure ones). If this is the case, species
mixture effect could be negative for one or both species,
depending on their ecophysiological characteristics. On
this type of site, we found a high variability in beech A
8'3C, suggesting the influence of non-water-related mecha-
nisms as stated earlier; for pine, A 813C was consistently
negative. We could thus conclude that in moderately wet
sites (theoretically non-stress sites), adding beech would
induce a stress on pine, which is consistent with previous
findings (Gonzalez de Andrés et al. 2018). This would
also be consistent with the difference in the compromise
strategies of the two species between carbon uptake and
water loss highlighted above for pure stands. On dry sites,
the species mixture effect is expected to be positive (see
Forrester and Bauhus 2016) (1) if species mixture has a
positive influence on water availability, (2) if this influence
is large enough to affect carbon isotope composition and
(3) if potential negative species mixture effects (competi-
tion) are lower than the positive effects. We found that
species mixture effect tends to be positive for both species
on dry sites (SP2, CZE1, FRA1) but, as we move towards
extremely dry sites (SP1, BUL1), this positive effect seems
to disappear. This is probably indicative of the fact that
the positive species mixture effect on water availability
is not strong enough to compensate for the increasing
environmental constraint. While this result questions the
linear relation between complementarity and resource
availability along a gradient of environmental conditions
hypothesized by Forrester and Bauhus (2016), a possi-
ble decrease in the positive effects of species mixture in
extremely harsh situations is not a new idea (Maestre and
Cortina 2004; Tielborger and Kadmon 2000). The spe-
cies mixture effect presented in this study may therefore
be indicative of a more complex structure with threshold
points (Fig. 4). These threshold points could correspond
to the level of average site water availability where beech
starts to regulate its water consumption (Fig. 3), thus
reducing competition and inducing a switch from nega-
tive to positive species mixture effect in pine. Additional
sites would, however, be needed to fully test this hypoth-
esis. The complex relationship between species mixing

effects and average site water availability could also arise
from interactions with other drivers of water availability,
in particular those related to nutrient availability (Sardans
and Pefiuelas 2007).

Our models for pine confirmed the role average site water
balance plays on the species mixture effect, in contrast to
the lack of any effect related to inter-annual variations in
SPEI (Table 3). The average site water balance effect further
depended on the mean age of pine stands since, in older
stands, the slope of the A 8'*C/WBy relationship was less
negative. We should eliminate two unlikely causes of the age
effect in mature stands such as the ones used in this study:
(1) vegetation growing close to the forest floor using air with
increased '>C/"*C ratio due to respiration (McCarroll and
Loader 2004) and (2) variation in bark refixation of respired
CO, as bark is usually too thick in mature stands for bark
refixation to play a major role (McCarroll and Loader 2004).
Ontogenic changes in rooting patterns (Claus and George
2005, Finér et al. 2007, Yuan and Chen 2010) could possibly
be involved, but testing this hypothesis would need thorough
field root investigation we did not performed. It is possible,
however, that this age effect was confounded with the effect
of height, considering that using mean stand height instead
of age as a variable only slightly decreases the performance
of the model. In contrast to pine, difference in WBy,p was
unable to explain the variability in mixing effects for beech.
The beech model rather highlighted an annual water balance
(SPEI) effect on beech A 8'13C, with increased complemen-
tarity effects during wet years. Altogether, those findings
are in agreement with the beech’s more intense competitive
strategy (Gonzélez de Andrés et al. 2018).

While mixing affected the 8'3C signal for both species
in a complex way related to site water availability (Fig. 4,
Table 3), it did not influence the tree response to a drought
event (Table 4, Fig. 5). Considering the whole gradient, pure
plots displayed higher 8'3C levels under more intense water-
limiting conditions, and mixed stands had a similar behav-
iour. Such a result is consistent with the growing body of
literature on the subject, which reports that species mixture
does not always improve reaction to drought (Bonal et al.
2017; Forrester et al. 2016; Grossiord et al. 2014), although
this may indeed be the case in certain situations (Grossiord
et al. 2015; Lebourgeois et al. 2013; Pretzsch et al. 2013).

Conclusion

We conclude from the present study that pine and beech
present different levels of average §!°C values indicative of
the compromise between CO, assimilation and H,O loss,
but that the spatial and temporal variations in their §'°C
values are similar.
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We did not find any species mixture effect on tree’s reac-
tion to drought events, in accordance with the growing body
of literature on this topic. However, analyses of spatial and
long-term temporal variations in species mixture effects
showed that mixing species leads to contrasting effects on
beech and pine carbon isotope composition (a slightly posi-
tive effect for beech and no significant effect for pine) when
the whole gradient of water availability is taken into account.
The global pattern of species mixture effect along this gradi-
ent is consistent with some theories (Forrester and Bauhus
2016): an increasingly positive species mixture effect on
drier sites until the drought constraint becomes too strong
for the species mixture effect to compensate. Our study
demonstrates the importance of considering the nonlinear
relationships of the species mixture effect on wood isotopic
composition and that the species mixture effect appears at
certain threshold points. Intrinsic species characteristics
concerning water-related processes play a critical role in
species mixture effect, especially at moderately wet sites.
A combination of the difference in the two species’ CO,/
H,0 compromise and average environmental conditions in
terms of water availability therefore determines the balance
between competition and complementarity in mixed stands.
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