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ARTICLE INFO ABSTRACT
Keywords: With climate change intensifying droughts, pest outbreaks and fire risks, forest management practices are
Soil carbon sequestration increasingly focused on stabilizing soil carbon (C) stocks, which are essential for long-term ecosystem produc-

Tree diversity

ree s / tivity and climate change mitigation. Planting more species-rich forests has been proposed as a potential solu-
Pine-birch mixtures

tion, but the impact of species selection and planting density on carbon stocks remains largely unknown,

gzﬁf;f;zlra particularly in mixed-species plantations, where local water availability plays a key role. In this study, our
Water availability objective was to examine the effects of tree diversity, water availability, and tree density on carbon stocks and
Tree density fluxes. Using a 10-year-old tree diversity experiment, we investigated how pure monocultures of pine (Pinus
Carbon budget pinaster) and birch (Betula pendula), as well as mixed pine-birch stands, influence carbon dynamics under con-

trasting water conditions and different tree densities. Our results indicated that tree species mixtures slightly
increased total C stocks, primarily through enhanced soil C storage due to niche partitioning and greater root
turnover. However, pine monocultures showed higher aboveground biomass productivity than birch mono-
cultures and mixed stands, regardless of water availability. Overall, increased soil moisture enhanced both tree
biomass and soil carbon stocks, especially in mixed stands, likely by alleviating drought stress for birch. In
contrast, higher water availability accelerated litter decomposition, reducing C stocks in the litter layer. Tree
density was a key driver of C storage, with denser stands of pine monocultures showing increased aboveground
biomass but reduced understory C stocks. These findings highlight the context-dependent benefits of mixed
stands: while species mixtures can enhance soil C storage and adaptability to drought, they may be inferior to
pine monocultures in aboveground C storage, at least under the specific environmental conditions and temporal
scale covered by our study. This study underscores the need for site-specific forest management strategies that
balance productivity and C sequestration goals, offering guidance for climate change mitigation through alter-
native planting schemes adjusting tree density and species composition while maintaining ecosystem services.

1. Introduction forests in Europe (Levers et al., 2014). This planted forest plays a crucial
role in the region’s bioeconomy and contributes to approximately 25 %

The Landes de Gascogne forest, covering nearly one million hectares of the national wood harvest (Agreste, 2019). Established in the 19th

in southwest France, is one of the largest and most intensively managed century on sandy, nutrient-poor, acidic, and seasonally waterlogged
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podzols (Jolivet et al., 2007; Achat et al., 2009), it consists almost
entirely of monoculture of maritime pine (Pinus pinaster Ait.), a species
well-adapted to stressful conditions like water drought and low phos-
phorus availability (Toth et al., 2013). Native to the Mediterranean re-
gion, maritime pine was introduced worldwide for afforesting infertile
soils (Farrington and Bartle, 1991; Boulffier et al., 2013; Etherington
et al., 2022), and provides a steady supply for energy, green chemistry,
fiber production, and wood products (Layton et al., 2021). However,
pine monocultures are also exposed to substantial risks, such as frost
damage, gales and fires, which may be intensified by climate change,
along with emerging challenges like large-scale pest outbreaks and more
frequent droughts (Cucchi et al., 2005; Loustau et al., 2005; Jactel et al.,
2021; Battisti and Larsson, 2023). For instance, rising temperatures are
linked to a higher development rate and number of generations for in-
sects like bark beetles and processionary moths (Pineau et al., 2017;
Jactel et al., 2019a), leading to significant pine damage during warm
years (Vasconcelos and Duarte, 2018). Moreover, the highly flammable
tissues of pine trees (Michalet et al., 2023), combined with exceptionally
hot and dry climate conditions that increased ignition potential and
enabled the fire to spread rapidly (Lanet et al., 2024), contributed to the
devastating fire that scorched 30000 ha in the Landes de Gascogne forest
during the summer of 2022 (Vallet et al., 2023). Given the predicted
increase in extreme weather events (Cardell et al., 2020), developing
alternative forest management practices becomes essential to main-
taining productivity while reducing risks for planted forests and for
human settlements.

One proposed solution to maintaining high productivity while
mitigating the impact of future extreme events is planting more diver-
sified forests (Messier et al., 2022; Depauw et al., 2024). In the Landes de
Gascogne region, however, several studies based on arboreta showed
that only a few tree species can cope with the infertile soil conditions
(see Maris 2011 for a complete report). Among these tree species, silver
birch (Betula pendula L.) may be particularly promising, notably because
pine-birch associations are less prone to pest damage infestations
(Castagneyrol et al., 2014; Jactel et al., 2019b; Poeydebat et al., 2021;
Farinha et al., 2024), and silver birch exhibits higher resistance to
wildfires compared to pine (Dubois et al., 2020). Furthermore, recent
research demonstrated that pine-birch forests maintain a relatively
similar level of productivity compared to pine monocultures (Morin
et al., 2020; Toigo et al., 2022). However, increasing birch presence in
mixtures can also reduce understory plant diversity despite taller growth
of individual plants (Corcket et al., 2020). This is likely due to the
competitive advantage of only certain species, such as Pteridium aquili-
num and Molinia caerulea, which are favoured by the improved light
availability when birch is present, leading to the exclusion of less
competitive species and a reduction in species richness in the understory
vegetation layer. Additionally, mixing pine and birch may accelerate
nutrient cycling by increasing soil enzyme activities in intermediate soil
horizons (Maxwell et al., 2020), likely due to asymmetric competition
between pine and Dbirch roots along the soil profile
(Altinalmazis-Kondylis et al., 2020). These changes in understory
vegetation biomass, nutrient cycling or plant-soil interactions can also
modify soil carbon (C) storage at the ecosystem level, as there are often
trade-offs between C stored in aboveground biomass and in the soil (Bon
et al., 2023). Therefore, it is important to gain a more detailed under-
standing of how tree species mixing affects total C budget beyond
aboveground tree biomass, including C stocks and fluxes, to evaluate the
impact and feasibility of converting monospecific stands to mixed
forests.

The success of planting pine-birch forests depends on the environ-
mental context because birch is more sensitive to drought than pine
(Niinemets and Valladares, 2006; Andivia et al., 2020). This sensitivity
may lead to increased tree mortality from inter-specific competition
during summer droughts when water availability is limited (Morin et al.,
2020). Therefore, access to water is crucial for maintaining both
aboveground and belowground productivity (Altinalmazis-Kondylis
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etal., 2020; Toigo et al., 2022), especially in ecosystems like in our study
region, which experiences frequent summer droughts (Vidal et al., 2021;
Taborski et al., 2022). Additionally, since water availability can vary
significantly from wet to dry areas across the Landes de Gascogne region
(Jolivet et al., 2007; Augusto et al., 2010), it is important to adapt local
forest management practices to optimize tree biomass production under
dry conditions, particularly by optimizing crown volume, which can in
turn improve canopy packing and overall tree growth at the stand scale
(Jucker et al., 2015; Martin-Blangy et al., 2023). One possible way to
maintain high productivity in dry areas is to reduce the number of trees
per unit area at the planting stage, with typical densities ranging from
1000 to 1400 trees per hectare for pine monocultures in the Landes de
Gascogne (Mason and Meredieu, 2011). This strategy helps optimizing
tree growth and water availability from the outset, distinguishing it from
thinning, which is implemented later to reduce competition and further
enhance resource availability for the remaining trees. Although it has
been shown that reducing tree density can have contrasting effects on
the forest carbon budget (Mayer et al., 2020), this approach remains
advisable because reducing inter-specific competition may be the best
compromise to increase tree survival while benefiting from the
tree-mixing effect at the stand level (Sohn et al., 2016). In line with these
results, Morin et al. (2020) demonstrated through simulations that
mixing birch and pine trees had a greater positive effect on stand pro-
ductivity at lower tree densities. This is likely because planting birches
reduces intra-specific competition between pines, promoting their
growth and resulting in greater complementarity at the stand level.
However, it is not well understood how the interactive effects of stand
density, composition, and water availability on the total carbon budget
depend on site-specific conditions. Understanding these interactions will
be crucial for determining how stand density and composition should be
adjusted in response to water scarcity, as in the case of pine and birch in
southwestern France.

In this study, our primary objective was to assess the impact of pine
and birch mixtures on the forest C budget, and how it may vary with
changing tree density and water availability. To do so, we estimated C
stocks and fluxes in a plantation where tree diversity, tree density and
water availability were experimentally manipulated. First, we tested the
hypothesis (H;) that total C stocks and fluxes would be higher in two-
species mixtures than in the corresponding monocultures since mixing
different tree species may lead to complementary resource use (Pretzsch
and Schiitze, 2016). Specifically, we hypothesized that the effect of
mixing trees would improve both aboveground and belowground pro-
ductivity, leading to higher tree C stocks (Zheng et al., 2024), with a
positive feedback of higher tree biomass on soil C stocks and fluxes
(Augusto and Boca, 2022; Fanin et al., 2022a). Secondly, we hypothe-
sized (Hy) that an increase in water supply would have a positive effect
on the overall C budget by alleviating the water constraint
(Martin-Blangy et al., 2023). We anticipated that the effect of increasing
water availability would be higher for birch trees in mixed plots, mainly
because this tree species is more sensitive to drought than pines
(Sullivan et al., 2021). Finally, we hypothesized (Hg) that the positive
effect of mixing two tree species on soil C stocks and fluxes would be
strongest at the low-density plots under low water supply, mainly
because this would reduce inter-specific competition and tree mortality
(Toigo et al., 2022). However, we expected a greater effect of mixing
trees at high density when water availability is relatively high, notably
because increasing the number of trees per unit of ground area should
increase aboveground biomass if mortality rates do not compensate for
the higher density.

2. Materials and methods
2.1. Study site and experimental design

This study was carried out at the ORPHEE experimental plantation in
southwestern France (44°44.35° N, 00°47.9° W), which is located 40 km
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southwest of Bordeaux and situated in the Landes de Gascogne forest. The
climate during the period of our study, since the trees were planted
(2008-2018), was characterized by a mean annual temperature of 13.1
°C and a mean annual precipitation of 940 mm. The dominant soil type
is a podzol with coarse texture (95 % sand) and low fertility, particularly
in phosphorus (Pojsen = 4.5 mg kg ! and 1.4 mg kg ™! in the 0-30 cm and
30-90 cm soil layers, respectively; Maxwell et al. 2020). This site was
established in 2008 on a 12-ha clear-cut parcel of maritime pine land.
Eight blocks were established with 32 plots in each block corresponding
to the 31 possible combinations of five tree species (one coniferous
species + four broadleaved species, including monocultures of each
species), with an additional replicate of the combination of the five
species (Castagneyrol et al., 2014). The plots were 20m x 20 m large
with a distance of 3 m from each other and species combinations were
randomly assigned to the 32 plots within each block. Each plot
comprised 10 rows of trees, with 10 trees in each row, planted at a
2-meter interval, totalling 100 trees per plot (total area of 400 m? per
plot). The plots included pine [Pinus pinaster Ait.], birch [Betula pendula
Roth] and three oak species [Quercus pyrenaica Willd., Quercus robur L.,
and Quercus ilex L.], either in monoculture or in combinations of two,
three, four, or five species. The planting arrangement follows a substi-
tutive pattern in an alternate design, i.e., trees of one species are inter-
spersed with those of all other associated species (Castagneyrol et al.,
2014).

In this study, our focus was on the density of pine trees and its
interaction with birch trees, aiming to assess their effects on ecosystem
carbon stocks and fluxes. The density of pine trees (presented in % of
planted trees) varied from 0 % in the plots with pure silver birch to 50 %
in mixtures, and up to 100 % in the plots with pure maritime pine. At a
50 % pine density, the plantation was characterized by an equal mix of
pine and birch with the same number of trees per plot (referred to as
‘high-density mixture’). However, we also considered pine-birch mix-
tures in plots where pedunculate oak [Quercus robur L.] was also planted
in this mixture. This species, although planted at the same density as the
other species, showed a very high mortality rate and the remaining in-
dividuals were as small as the dense understory vegetation after 7 years
(pedunculate oak height ranged from 0.6 to 1.6 m). The contrast with
the two other species was even larger at the time of sampling (10 years
after planting in 2008). Due to their smaller size compared to other
understory vegetation such as gorse and ferns, and the lack of
resprouting, the few surviving pedunculate oaks (hereafter referred to as
‘oak’) were considered part of the understory vegetation layer. Conse-
quently, considering the open spaces related to the absence of oak in the
canopy layer of these plots at time of sampling, we considered only the
pine and birch trees in these plots (referred to as ‘low-density mixture’),
similarly to what has been done in Castagneyrol et al. (2020), Toigo
et al. (2022) and Martin-Blangy et al. (2023). Thus, the density of pine
trees ranged from 2500 stems ha~ in pure pine plots, to 1250 pine stems
ha™! in mixed pine-birch plots considered as the high-density mixture,

Table 1
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to 833 pine stems ha~! in mixed oak-pine-birch plots considered as the
low-density mixture, to O pine stem ha™! in the pure birch plots, and
vice-versa for the density of birch trees (Table 1).

In addition to manipulating pine and birch in monocultures or in
mixtures at different densities, we also manipulated water availability.
Overall, on average 19 % of the annual precipitation occurred in the
summer during the period from 2008 to 2018 (INRAE station). In
addition, the local sandy podzols have a very low water holding ca-
pacity, resulting in rapid soil drying and significant water stress for trees
when summer precipitation is scarce, as observed in the ORPHEE
experiment during our sampling period (Maxwell et al., 2020). To
relieve this water limitation for the vegetation, we chose four out of
eight blocks, where we installed an irrigation system. Accordingly, half
of all blocks were irrigated seasonally from May to October to avoid
drought occurrence, while the other half of all blocks experienced nat-
ural drought. Irrigation began in 2015 using water directly from the
local water table, characterized by low nitrogen concentrations (average
of 0.47 mg L™}, corresponding to 0.22 g m~2 yr~!) and negligible phos-
phorus concentrations according to data from the XyloSylve monitoring
platform located near our study site (Trichet, pers. comm.). The water
also contains moderate levels of other nutrient, such as calcium and
magnesium, based on regional data (Jolivet et al., 2007). Each experi-
mental plot assigned to the watering treatment is equipped with a 2m
tall sprinkler at the centre, spraying the equivalent of 3 mm of precipi-
tation daily. Over the three summers before our samplings, control
blocks received an average of 318 mm of water from early May to late
September, while irrigated blocks received 777 mm during the same
period (Maxwell et al., 2020). The different plots are illustrated in
Supplementary Figure S1, which provides a graphical representation of
the experimental design, highlighting the four composition-density
treatments and associated irrigation blocks in a split-plot layout.

2.2. Quantification of carbon fluxes and stocks

To estimate carbon stocks (expressed as Mg C ha’l), we studied
seven different compartments: tree aboveground carbon stocks
[Tree_AGC], understory aboveground carbon stocks [Us_AGC], forest
floor carbon stocks [FFC], dead wood carbon stocks [DWC], tree
belowground carbon stocks [Tree_ BGC], understory belowground car-
bon stocks [Us_BGC] and soil organic carbon stocks [SOC] (Table 2). To
estimate C fluxes (expressed in Mg C ha™! yr™!), we quantified three
different components including foliar litterfall flux carbon [FLFC], wood
litterfall flux carbon [WLFC] and total soil respiration [Rs] (Table 2).
The corresponding carbon stocks were grouped in three categories
including aboveground total carbon stocks [Tree. AGC + Us_AGC
=Tot_AGC], ground total carbon stocks [FFC +DWC =Tot_GCl],
belowground total carbon stocks [Tree BGC + UsBGC +SOC
= Tot_BGC]. Finally, these three categories were summed up to an es-
timate of the total ecosystem carbon stock [Tot_EC]. Details regarding

Stand characteristics of tree species in different treatments. Tree survival, stem density (n ha™), basal area (m? ha™), and height (m) are reported as means
+ standard deviation for each treatment. The treatments include birch monoculture, birch-pine low density, birch-pine high density, and pine monoculture under

control and irrigated conditions.

Species Birch Birch-Pine low Birch-Pine high Pine

Control Irrigated Control Irrigated Control Irrigated Control Irrigated
Birch
Initial tree number (n ha™?) 2500 833 1250 -
Basal area (m? ha™') 5.56 +£1.39 8.75+1.53 2.01+£0.47 1.79+0.42 2.78 +0.69 3.06+1.13 - -
Height (m) 6.5+1.6 81+1.4 6.7+1.1 71+1.9 6.9+1.5 7.7+1.8 - -
Survival (%) 70 +24 98+5 55+19 100+ 0 48 +35 100+0 - -
Pine
Initial tree number (n ha 1) - 833 1250 2500
Basal area (m? ha™!) - 16.53 +0.65 18.61 +1.18 21.25+3.36 23.33+0.99 32.57 +£3.43 33.75+2.47
Height (m) - 8.7+0.8 9.2+0.7 8.8+1.3 9.1+0.9 86+1.1 89+1.1
Survival (%) - 95+ 6 100+0 98+5 1000 93+10 70+ 14
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Table 2
Definitions of variables for carbon stocks and fluxes.
Category Full name Abbreviation  Definition
C stocks (Mg C_stock_tree_aboveground (Tree_AGC) Carbon stocks stored in the aboveground tree biomass (leaves, branches and trunks) estimated using
ha1) specific allometric equations for both tree species (pine and birch)

C_stock_understory_aboveground  (Us_AGC) Carbon stocks stored in the aboveground understory biomass carbon estimated by phytovolume using
allometric equations for each plant species (gorse, molinia, fern, ericaceous species...) present in the
understory vegetation layer

C_stock_forest_floor (FFC) Carbon stocks stored in the forest floor layer by collecting organic material at the soil surface

C_stock_dead_wood (DWC) Carbon stocks stored in dead wood estimated after woody debris collection for twigs and branches an or by
using allometric equations for dead trunks

C_stock_tree_belowground (Tree_BGC) Carbon stocks stored in the belowground tree biomass estimated by allometric equations for coarse roots
and collection of soil cores for fine roots

C_stock_understory_belowground (Us_BGC) Carbon stocks stored in the belowground understory biomass estimated using root/shoot ratios for each
plant species (gorse, molinia, fern, ericaceous species ...) present in the understory vegetation layer

C_stock _soil (SOQC) Carbon stocks stored in the mineral soil estimated on soil cores of 1 m depth using the "equivalent soil mass’
approach with cubic spline interpolation for each soil layer

C fluxes (Mg C_flux_foliar litterfall (FLFC) Carbon flux in litterfall estimated through monthly collections of leaf litter in littertraps
ha' yr’l)

C_flux_wood _litterfall (WLFC) Carbon flux in wood fall estimated through monthly collections of twigs and small branches in littertraps

C_flux_soil_respiration (Rs) Carbon flux from soil respiration estimated through monthly measurement of soil CO, fluxes in PVC collars
coupled to soil probes temperature to calculate the daily CO, fluxes using an exponential equation

C budget (Mg C_stock_aboveground_total (Tot_AGC) Total carbon stocks in aboveground plant biomass [(Tree_AGC) + (Us_AGC)]
ha™1)

C_stock_ground_total (Tot_GC) Total carbon stocks in ground layer and dead stumps [(FFC) + (DWC)]

C_stock_belowground_total (Tot_BGC) Total carbon stocks in belowground plant biomass and soil [(Tree BGC) + (Us_BGC) + (SOC)]

C_stock_ecosystem_total (Tot_EC) Total carbon stocks in the ecosystem [(Tot_ AGC) + (Tot_GC) + (Tot_BGC)]

the specific field and lab measurements employed for each component of
carbon fluxes and stocks are presented in the following sections. How-
ever, it is important to note that due to technical challenges, we did not
measure root necromass production and dissolved organic carbon losses
through leaching, both of which are two SOC fluxes affecting SOC
stocks.

2.3. Tree aboveground carbon stocks [Tree AGC]

The dry aboveground biomass estimation for individual trees relied
on allometric equations using diameter at breast height (DBH) for pine
trees (Shaiek et al., 2011) or birch trees (Johansson, 1999). DBH and
height measurements for all trees were recorded in 2018. The biomass
calculation encompassed the dry mass of stems, branches, and leaves
(Table 2). In cases where a tree had multiple stems, aboveground
biomass values were estimated for each stem individually and then
summed. It is worth noting, however, that while the pine allometric
equations were developed locally and are well adapted to the site con-
ditions, the birch equations were derived from a different region and
may not fully capture the growth patterns of birch under our specific
environmental conditions. Tree aboveground biomass was converted to
tree aboveground C by using specific C concentrations for each tree
species and each compartment (i.e., stem, branches, foliage and roots).
In brief, fresh biomass was collected, oven-dried at 65°C for 48 hours
and the C concentration was determined by dry combustion (NF [i.e.,
French standard] ISO [i.e., international standard] 10694 and 13878;
AFNOR 1999) for tree leaves and roots using an Elemental Analyser (PE
2400 II CHN Elemental Analyser, Perkin-Elmer, Boston, MA, USA). For
tree branches and stems, we used carbon concentration data from the
literature (Bert and Danjon, 2006; Uri et al., 2012).

2.4. Understory aboveground carbon stocks [Us AGC]

The quantification of aboveground biomass for the understory
vegetation layer was conducted between May and July in 2018, which
typically corresponds to the peak of vegetation in the studied region. The
understory vegetation comprised approximately ten different herb, fern
and woody species, most of which had dominant heights between 60 and
150 cm, with the tallest individuals reaching up to 300 cm. Bryophytes
on the forest floor were ignored due to their very low abundance. Within
each plot, we determined the understory height and vegetation cover by

categorizing species into five functional groups, including ericaceous
shrubs, other small woody plants, gorse, bracken, and herbs. We then
assessed the ‘phytovolume’ (as the product of cover and height) in four
1 m? quadrats situated at the corners of the 10 x 10 m central subplot in
case the understory was homogeneous, but used larger quadrats (up to
9m?) in case the understory was heterogeneous. The phytovolume
method has been shown to be a reliable method to estimate vegetation
biomass and was successfully validated in the Landes de Gascogne
context (Porté et al., 2009). The calculations of biomass values were
done using specific phytovolume-biomass models (Gonzalez et al., 2013;
Vidal et al., 2021). For carbon concentration data of understory vege-
tation layer, we used unpublished data originating from the same
geographical area (Gonzalez et al., 2013). Detailed results for each plant
functional group can be found in Supplementary Table 2.

2.5. Forest floor carbon stocks [FFC]

We determined the pool of carbon in the forest floor layer, encom-
passing all dead, fresh, or dry and partially decomposed plant tissues
above the topsoil surface (Fanin et al., 2022a). In brief, we sampled the
forest floor in March 2018 at four different locations in each plot using a
small quadrant (10cm x 20cm). Subsequently, these samples were
dried at 65°C until a constant weight was achieved, pooled together, and
the carbon concentration was analysed using the same elemental ana-
lyser as described previously.

2.6. Dead wood carbon stocks [DWC]

The deadwood C stock was inventoried across all plots in July 2018,
encompassing fine woody debris (1 cm < diameter < 5cm), coarse
woody debris (diameter > 5 cm), stumps and dead trunks. In brief, we
used the line intersect sampling method to inventory dead wood along
transects, with smaller pieces (1-5 cm diameter) surveyed on four sub-
transects of 5 m long within each plot (Stokland et al., 2004; Brin et al.,
2008). The diameter of smaller pieces was categorized into classes A (1 —
2.4cm) or B (2.5 — 4.9cm) using a gauge, while quadratic mean di-
ameters of 1.90 cm and 3.95 cm were utilized for volume calculations,
respectively (Brin et al., 2008). Stumps were systematically inventoried
along tree rows or in circular sub-plots, and snags were measured within
circular sub-plots using allometric equations for each specific species. C
concentration was analysed using the same elemental analyser as
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described previously. Detailed results for each class of dead wood resi-
dues can be found in Supplementary Table 4.

2.7. Tree belowground carbon stocks [Tree BGC]

Tree root C was computed as the cumulative carbon content stored in
tree coarse roots (diameter > 2mm) and tree fine roots (diameter <
2mm). The dry biomass of coarse roots for each tree was determined
using allometric equations derived from previous studies for pine trees
(Augusto et al., 2015) and birch trees (Bijak et al., 2013). For fine roots,
we collected four sampling points per plot in March 2018
(Altinalmazis-Kondylis et al., 2020). In brief, the top 0-15 cm of soil was
collected manually with a soil corer (8 cm diameter) and the bottom
15-90 cm of soil was collected with a mechanical drill, attached onto an
auger (4 cm diameter). After sieving and cleaning, tree fine roots were
oven-dried, weighed and pooled to estimate their biomass and C con-
centrations were analysed using the same elemental analyser as
described previously.

2.8. Understory belowground carbon stocks [Us_ BGC]

Understory root C was computed as the cumulative carbon content
stored in coarse roots (diameter > 2mm) and fine roots (diameter <
2mm). We used root/shoot ratios based on observations on the same
species (Bon et al., 2023) and compared them to allometric equations
developed in the same geographical area (Gonzalez et al., 2013). Sam-
ples of roots were collected and analysed for C concentration using the
same standardized procedure as described above.

2.9. Soil organic carbon stocks [SOC]

Soil C content was estimated using four soil cores per plot in March
2018. Briefly, the top 0-15 cm of soil was collected manually with a soil
corer (8 cm width), while the bottom 15-90 cm was obtained using a
mechanical drill with an attached auger (4 cm width), noting the pres-
ence of hardpan when applicable (Fanin et al., 2022a). Subsequently,
each soil core was divided into five layers (0-5, 5-15, 15-30, 30-60, and
60-90 cm depth), and composite samples of the four core replicates were
created for each soil layer per plot. These soil samples were promptly
transported to the nearby laboratory and stored in a cool room at 4°C.
Each soil sample was then sieved to 2 mm, homogenized, dried, and total
Corg Was analysed by dry combustion as described previously. Because
there is no carbonate in these acidic soils (Augusto et al., 2010), all soil
carbon was organic. Soil organic carbon stocks (SOC, Mg C ha™!) were
calculated separately for each soil layer using equivalent soil mass
(ESM) and by employing cubic spline interpolation (Wendt and Hauser,
2013). The ESM approach uses cumulative mineral soil mass per unit
area (Von Haden et al., 2020). This approach is less subjected to errors
and variation in bulk density than the traditional ‘fixed depth approach’
(Ellert and Bettany, 1995). While both methods produced comparable
results in our study, the ESM approach was retained for greater accu-
racy. The calculation was based on C concentration (g kg™1), soil layer
thickness (cm), and bulk density (g cm’3) that was estimated using the
pedotransfer function developed specifically for the local podzols
(Augusto et al., 2010). One soil core was excluded due to poor fit with
the ESM model, likely caused by the presence of undecomposed organic
material. We considered the sum as the total soil carbon content per plot.
Additionally, initial SOC stocks were measured using the
loss-on-ignition method (Augusto et al., 2010) on soil samples collected
in 2009 from the 0-15 cm horizon in the same plots, shortly after tree
plantation. Our analysis showed no significant differences in SOC stocks
among plots, indicating that initial carbon stocks were comparable
across treatments (Table S1).
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2.10. Foliar litterfall flux [FLFC]

Litterfall flux was assessed by collecting litter bi-monthly from 2018
to 2019, using two large traps, with 10 cm tall vertical plastic cylinder
borders and a mesh covering the bottom (0.72 m? surface area), sus-
pended from wooden stakes 50 cm above ground level. We acknowledge
that only two litter traps per plot were used for this measurement, which
is not optimal compared to the recommendation to use more traps for
better representativeness of the plot (Ukonmaanaho et al., 2020), and
this may have led to an overestimation of the actual litterfall flux.
However, due to the large size of the traps compared to most studies, this
approach was deemed acceptable for collecting both foliar litter and
woody debris (see below). After collection, foliar samples were sorted,
dried at 65°C to a constant mass, separated by species, and weighed.
Samples of litter were analysed for C concentration using the same
standardized procedure as described above.

2.11. Wood litterfall flux [WLFC]

The deadwood carbon flux of coarse woody debris was determined
by quantifying the fallen fine woody debris (1 cm < diameter < 5cm)
and coarse woody debris (diameter > 5cm) in the above mentioned
litter traps. Each piece of wood was dried at 65°C to a constant mass,
separated by species, and weighed. Samples of ground pieces of woods
were analysed for C concentration using the same standardized pro-
cedure as described previously.

2.12. Total soil respiration [Rs]

Soil respiration (Rs) was measured using three collars installed in all
plots connected to a portable infrared gas analyser (PP systems, EGM-4,
Hitchin, UK). PVC collars with a diameter of 15 cm and a height of 8 cm
were evenly installed in each plot in 2019. The collars were inserted into
the soil to a depth of 2 cm. Soil respiration measurements were carried
out monthly from May 2019 to April 2020. Additionally, one probe in
each plot recorded soil temperature every 15 min. Rs was calculated
using the exponential equation provided by Lloyd and Taylor (1994).
The total Rs was calculated as the cumulative value of the hourly mean
Rs of the three replicated collars per plot.

2.13. Statistical analyses

Linear mixed models were used to assess the effect of tree species
mixing (monocultures versus mixed pine-birch plots), water availability
(control versus irrigation), the density of pine trees (ranging from 0 to
2500 trees ha’l; see Fig. 1) and their interactions on various carbon
fluxes and stocks (see Table 2 for more details about the studied vari-
ables). We used a split-plot design and implemented a superblock
structure (Yang, 2010), grouping irrigated and control blocks based on
their proximity within four superblocks (see Figure S1 for more details)
(Maxwell et al., 2023). To account for spatial dependencies and ensure a
more precise estimation of variability, blocks were considered as a
random factor within superblocks to enable a comparison of stand
composition and water availability treatment within each superblock
separately in all the models using the package ‘nlme’ (Pinheiro and
Bates, 2000). The random effects were estimated using Restricted
Maximum Likelihood (REML), which provides less biased estimates of
variance components in the presence of small sample sizes. All models
were checked for residuals to ensure model quality and to confirm that
statistical assumptions were met. We then applied contrasts for each
stand composition x water availability combination using Tukey’s
post-hoc tests indicated by the lowercase letters in Fig. 1, with the
package ‘multcomp’. We also ran similar models and post-hoc tests to
assess the overall effect of stand composition, independent of irrigation
level, as indicated by the capital letters in the same Figure. We then
applied hierarchical partitioning models to separate the amount of
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variation explained by the different explanatory variables when they
were all considered together in a multiple regression model by using the
package ‘hier.part’ (Walsh and MacNally, 2013). Finally, we used prin-
cipal component analysis (PCA) to visually evaluate how the carbon
stocks and fluxes were interrelated using the package ‘vegan’. Total
carbon stocks variables (which represent the sum of several stocks
within each compartment) were then fitted as a supplementary variable
to avoid affecting the relationships among the different variables. To
visualize the differences among the different stand compositions x wa-
ter availability, we calculated the barycentre and the projection area

Individual carbon stocks
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between plots of each treatment. All of the statistical analyses were
performed using R software (version 4.3.1).

3. Results

Tree aboveground carbon (Tree_ AGC) varied on average between
12.6 Mg C ha!in pure birch plots and 44 Mg C halin pure pine plots,
with intermediate levels when the two species were mixed (Fig. 1). In
line with these results, pine trees were overall taller and had a higher
basal area compared to birch, particularly in the pure pine plots
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Fig. 1. Influence of tree diversity, irrigation and pine density on various individual stocks. For each level of pine density (from pure birch stand to pure pine
stands) and tree diversity (mixtures of birch-pine are presented centrally at two levels of density), the panels depict the responses of individual ecosystem functions or
fluxes and carbon budget (see Table 2 for a detailed description) at two different levels of water availability (natural conditions versus irrigated plots). The boxplots
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whiskers represent 95 % of the data. Different letters indicate significant differences between treatments (P < 0.05, Tukey-HSD tests); capital letters indicate dif-
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(8), irrigation (I) and their interaction (S x I) are included to show the overall effect of these factors on various ecosystem functions and fluxes.
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(Table 1). Variance partitioning indicated that pine tree density
accounted for most of the variation in Tree_AGC (Fig. 2), with quite
consistent effects for leaf, branch and trunk biomass C (Table S2),
reflecting allometric constraints. Pine biomass C was also the dominant
contributor to Tree_AGC in mixed pine-birch plots, accounting for more
than 75 % of the total tree carbon in both low- and high- density stands,
while birch contributed less than 25 % on average (Table S2). Irrigation
also increased Tree_AGC and average basal area, but to a lower extent
than stand composition (Table 1, Fig. 1). Tree belowground carbon
(Tree_BGC) showed a similar pattern and varied from 3.0 Mg C ha™! in
birch plots to 6.6 and 7.1 Mg C ha™! in high density mixtures of pine and
birch and pure pine plots, with the low-density mixture showing an
intermediate value of 5.5 Mg C ha™! (Fig. 1). Coarse roots contributed to
approximately 80 % of total Tree BGC across all plots (Table S2). The
pattern was opposite for understory aboveground carbon stocks
(Us_AGC), with highest values of 1.6 Mg C ha! in pure birch plots
compared to 0.7 and 0.6 Mg C ha~! in high density mixtures of pine and
birch and pure pine plots, respectively (Fig. 1). Variance partitioning
showed again that the differences in Us AGC were mainly associated
with the density of pine trees across the different treatments (Fig. 2),
with lower biomass with increasing pine density (Fig. 1). Understory
belowground carbon stocks (Us_BGC) showed a similar pattern, with an
almost fourfold lower amount of 2.3 Mg C ha™! in pure pine plots
compared to 8.3 Mg C ha-1 in pure birch plots (Fig. 1). Overall, the
understory plant community was dominated by bracken (Pteridium
aquilinum) followed by gorse (Ulex europaeus), herbs (Molinia caerulea),
ericaceous shrubs (Calluna vulgaris and Erica cinerea) and finally other
small woody species (Table S2).

There were no differences in forest floor carbon stocks (FFC) or dead
wood carbon stocks (DWC) among the different stands, including the
mixed pine-birch plots and their respective monocultures (Fig. 1).
Instead, we found a strong irrigation effect (Fig. 2), with an overall
decrease of 2.4 and 9.0 Mg C ha~'for FFC and DWC in irrigated plots,
respectively (Fig. 1). While the effects of irrigation were consistent for
FFC (Fig. 1), we found that irrigation decreased DWC for birch in pure
and mixed stands, but increased it in pure pine plots (Fig. 1). This is
notable because the mortality of birch was lower in irrigated plots in
mixed stands (Table 1). In contrast, the mortality of pine trees was
higher in pure pine stands following irrigation (Table 1). In line with the
results of FFC and DWC, we found a strong effect of irrigation on the
annual cumulative total carbon loss through soil respiration (Rs; Fig. 3),
with an overall decrease of 30 % of Rs values in irrigated plots (Fig. 3).
However, when considering the C flux in foliar litterfall (FLFC) or wood
litterfall (WLFC), we found a different pattern (Fig. 3), pine density
explaining a greater portion of the variation for FLFC and tree species
mixture explaining a greater portion of the variation for WLFC (Fig. 2).
Overall, the FLFC increased by 2.5-fold from 1.1 Mg C ha™! in pure birch
plots to on average 2.8 Mg C ha! in all the other plots (Fig. 3), whereas
WLEC increased by an average 34 % when trees are planted in mixtures
(Fig. 3). Furthermore, we found that tree species mixture significantly
explained soil carbon stocks (SOC; Fig. 2), with an overall increase of
25 % in mixed plots compared to the monocultures of both species
(Fig. 1). This effect was primarily due to a large increase in SOC stocks at
the intermediate horizon 15-30 cm, and particularly at high density
(Supplementary Figure S2). We also found a significant effect of irri-
gation, which tended to increase soil SOC stocks by 34.4 Mg C ha™!
(Fig. 1). This effect was, however, mainly observed in the top layer
5-15 cm, notably when pine was present in the stands (Supplementary
Figure S2). Finally, we found that tree mixture and irrigation had no
significant effects on soil C:N ratio and soil pH, even though there was a
significant decrease along the soil profile (Supplementary Table S3).

When studying the co-variation among the different variables, we
identified two axes in the principal component analysis (PCA), with the
first axis (PCA1) being related to pine density, whereas the second axis
(PCA2) was related to water availability (Fig. 4). All the correlation
coefficients among each pair of variables can be found in Supplementary
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Figure S3. Overall, we observed that carbon stocks in the tree above-
ground and belowground parts (i.e., Tree_AGC and Tree_BGC), as well as
foliar litterfall (FLFC), were positively correlated with each other, and
negatively correlated with carbon stocks in the aboveground and
belowground understory plant parts (i.e., Us_ AGC and Us_BGC) along
PCAL1 (Fig. 4). Along PCA2, we found that soil carbon stocks (SOC) and
the flux of wood litterfall (WLFC) were negatively correlated to soil
respiration (R;) and dead wood carbon (DWC) (Fig. 4). DWC strongly
depended on tree mortality, whereas Tree_AGC, Tree_ BGC and FLFC
showed an opposite trend (Supplementary Figure S3). Overall, the in-
crease in C stored in the dead wood was mainly related to an increase of
dead trees and an increase in stumps and dead trunks (Supplementary
Table S4). When considering the projection of plot values in the PCA, we
found that C stored in understory plant parts was higher in pure birch
plots, while the carbon stored in trees and litter increased with pine
density in the plots (Fig. 4). On the other hand, we observed that soil
carbon stocks and the flux of wood litterfall were higher when the plots
were irrigated, whereas the quantity of dead wood and soil respiration
were higher in non-irrigated plots.

When investigating the different ecosystem C stocks (Fig. 5), we
found that total C stocks in the aboveground biomass (Tot_ AGC) were
mainly explained by pine density (Fig. 2). This is because Tot_ AGC was
primarily driven by the increase in Tree AGC, even though Us AGC
decreases with increasing pine density (Fig. 4). Furthermore, this effect
was accentuated by irrigation because it had a beneficial effect on pine
biomass and, thus, on Tree_AGC (Figs. 4 and 5). Regarding carbon stocks
in the ground layer (Tot_GC), we found that irrigation was the main
factor explaining Tot GC (Fig. 2), mainly because FFC and DWC
decreased strongly with irrigation (Fig. 1). Additionally, we found a
significant interaction between stand composition and irrigation, pri-
marily driven by the increased mortality observed in irrigated pure pine
plots (Table 1), whereas this was opposite in the other plots. We also
found a positive effect of pine density on Tot_GC through its positive
effect on DWC (Figs. 1 and 5). Regarding total carbon stocks in the
belowground biomass (Tot_BGC), we found the same pattern as for
Tot_AGC, i.e., Tree BGC was positively explained by the density of pine
trees and irrigation, whereas Us_ BGC was negatively affected by pine
density (Figs. 1 and 2). However, because SOC stocks increased in plots
mixing birch and pine (Fig. 1), we also found that Tot_ BGC was posi-
tively influenced by tree species mixture (Fig. 2). As such, Tot BGC was
influenced by all the studied factors in our experimental design, i.e., pine
density, irrigation, and tree mixture (Fig. 4). In total, we found that the
total carbon stocks in the ecosystem (Tot_EC) were positively influenced
by pine density and tree mixture (Figs. 1 and 4). This is particularly
notable because these factors exhibited positive or neutral effects on
Tot_AGC, Tot_ BGC and Tot_GC (Fig. 4). However, we did not observe a
significant effect of irrigation on Tot_EC, primarily because the positive
impact of irrigation on Tot AGC and Tot BGC was counteracted by its
negative effect on Tot_GC (Fig. 1), although statistical analysis revealed
a marginal overall positive effect (Fig. 5).

4. Discussion

Using a 10-year-old tree diversity experiment, we investigated the
effects of tree species mixing, water availability, and tree density on
carbon (C) stocks and fluxes. In line with our hypotheses, tree species
mixing had an overall positive effect on the total C pool, but this effect
was relatively small and depended on the ecosystem compartment
considered (i.e., aboveground biomass or soil), the level of water
availability and the pine tree density. These results highlight that the
effects of forest management practices on ecosystem C stocks and fluxes
depend on the environmental context and should be adapted to man-
agement objectives.



N. Fanin et al.

a) Individual stocks-flux
C_stock_tree_aboveground (Tree AGC)
C_stock_understorey_aboveground (Us_AGC)
C_stock_forest_floor (FFC)

C_stock_dead_wood (DWC)

OTree Mixture

DOlrrigation

Forest Ecology and Management 592 (2025) 122827

OPine Density B Residuals

C_stock_tree_belowground (Tree_BGC) | |

C_stock_understorey_belowground (Us_BGC) "

C_stock_soil (SOC) [ [

C_flux_foliar_litterfall (FLFC) [1

C_flux_wood_litterfall (WLFC) |

C_flux_soil_respiration (Rs) | |

b) Carbon budget 0 20
C_stock_aboveground_total (Tot_ AGC) | |
C_stock_ground_total (Tot_GC) | t
C_stock_belowground._total (Tot_BGC) | |
C_stock_ecosystem_total (Tot_EC) | |
T
0 20

40 60
Variance explained (%)

100

Fig. 2. Hierarchical partitioning of explained variance for (a) individual ecosystem functions or fluxes and (b) carbon budget. Each component of both
carbon stocks and fluxes is explained by tree species mixture (monoculture versus mixed plots), irrigation (control versus irrigated plots), pine density (from 0 % to
100 % of pine trees). Residuals indicate the part of variance that remains unexplained by the three categorical factors tested in these models.

Individual carbon fluxes

Rs FLFC WLEC
~ A A A A . S : - : TP - A B B _A
_?S’ $=0.76 a T $<0.001 T 2| s=0.00s
2 o | 1=0.025 Yo 1=0.11 be oo | o 1=0.97 a X
o Sx1=0.32 . S 24 |sa=0.065 L - T | Eg|]|sa=08
= T on O ST
< s 2 be o0
§ - = , = 2 a a
s a E | - = <7 T = a
L | =2 2 | E = -+ T ED) e =
g 1 a T | &< T — | £
= a ol :I s 7 — - 4L
3 =T s E E i
;' % 5~ (=] O Control §| i é =
i B = g O Irrigated plots 5 ==
: SlE ok
]84 L
- bi] — [ONRS A
U O T T ] i [T R AN T [EET OO T il
Birch Birch+Pine Birch+Pine  Pine Birch Birch+Pine Birch+Pine  Pine Birch Birch+Pine Birch+Pine  Pine

Monoculture Low density High density Monoculture

Monoculture Low density High density Monoculture

Monoculture Low density High density Monoculture

Fig. 3. Influence of tree diversity, irrigation and pine density on various individual carbon fluxes. For each level of pine density (from pure birch stand to pure
pine stands) and tree diversity (mixtures of birch-pine are presented centrally at two levels of density), the panels depict the responses of individual ecosystem
functions or fluxes and carbon budget (see Table 2 for a detailed description) at two different levels of water availability (natural conditions versus irrigated plots).
The boxplots characterize the lower quartile, median, upper quartile and interquartile range (upper quartile — lower quartile), which covers the central 50 % of the
data; the whiskers represent 95 % of the data. Different letters indicate significant differences between treatments (P < 0.05, Tukey-HSD tests); capital letters indicate
differences among the different plots (four levels; birch, pine and pine-birch at two density levels), while lowercase letters indicating differences between plots at
each level of water availability (eight levels; birch, pine and pine-birch at two density levels x water availability). In each panel, the statistical results of stand (S),

irrigation (I) and their interaction (S x I) are included to show the overall effect of these factors on the different variables studied.

4.1. Tree species mixture effects on total C stocks and fluxes

In line with our first hypothesis (H;), we found that total C stocks
were, on average, higher in two-species mixtures than in the corre-
sponding pure plots (green arrows in Fig. 6). However, it is important to
note that this pattern holds only when considering the average of both
monocultures, as pine monoculture alone showed no difference
compared to the mixed plots, despite having overall lower values in total
C stocks (Fig. 1). Higher total C stocks in mixtures compared to the
respective monocultures resulted mainly from a 20 % increase in soil C
stocks. This increase in soil C stocks can be attributed to asymmetric
competition among tree roots through niche partitioning along the soil

profile (Altinalmazis-Kondylis et al., 2020), which likely led to greater
organic matter inputs through rhizodeposition and root turnover
(Maxwell et al., 2020; Fanin et al., 2022a). The greater soil C stocks may
also have resulted from increased litterfall inputs, as our study found
that FLFC varied from 0.79 Mg C ha™! in birch monoculture to an
average of 2.57 Mg C ha™! in mixed plots under ambient conditions.
These values are relatively high compared to the values estimated from
Comez et al. (2019) ranging from 0.65 Mg C ha™!in young Scots pine
stands to 1.35 Mg C ha~! in mature stands, but are within the range of
other studies, varying from an average of 1.64 Mg C ha™ (Roig et al.,
2005) to 4.40 Mg Cha™ in submature pine stands in central Spain (Santa
Regina and Gallardo, 1995). In addition, higher soil C stocks could result
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from increased inputs of dead wood tissues on the forest floor (Augusto
and Boca, 2022), for example, as a consequence of higher birch mor-
tality when birch was mixed with pine (Table 1). In line with these re-
sults, Kaitaniemi and Lintunen (2010) demonstrated that birch
experienced a more competitive environment when mixed with Scots
pines compared to growing in monocultures. Pine competition may be
mostly expressed through lower light availability for the birch trees, as
the latter suffers from being overshadowed by the taller, larger pines
surrounding them after eight years (Martin-Blangy et al., 2023). Addi-
tionally, birch trees may be more sensitive to water stress during
extreme drought events (Sullivan et al., 2021). Although we cannot
determine the exact mechanisms, these results suggest that mixing birch

Carbon budget
Tot AGC
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with pine trees may positively influence soil C stocks, a potentially
beneficial effect aligned with the aim of sequestering more CO; from the
atmosphere into the soil in the coming decades, as a way to counteract
human-caused CO5 emissions (Soussana et al., 2019).

In contrast to the results for total C stocks on the forest floor and in
the soil, we found slightly lower total tree biomass in mixed stands, with
an average of 36.8 Mg C ha™! in mixed plots compared with 44.0 Mg C
ha™! in pure pine plots at equal density. This suggests that planting
mixed pine-birch forests comes at the expense of maximising wood
production with pine monocultures in the Landes de Gascogne. Mono-
cultures of maritime pine may be more productive because this species is
particularly well adapted to these sandy, phosphorus-poor soils
(Gonzalez-Garcia et al., 2014), while birch seems to be outcompeted by
pine, resulting in lower trunk volume and tree height after 10 years of
plantation compared to birch trees growing in birch monocultures
(Martin-Blangy et al., 2023). That said, the amount of wood biomass in
mixed birch-pine forest stands appears to remain within an acceptable
level of production on a regional scale (Mason and Meredieu, 2011).
Interestingly, the understory vegetation layer showed an opposite
pattern with on average a higher biomass C stock in birch monocultures
followed by mixed stands and pine monocultures, most likely due to an
increasing canopy openness with an increasing proportion of birch trees.
In line with these results, Corcket et al. (2020) reported an increasing
understory canopy height with higher birch proportions due to more
light reaching the understory. This suggests that planting mixed forests
leads to intermediate C storage in both tree and understory biomass,
with pine and birch monocultures being dominant in terms of C stocks
for trees and understory vegetation, respectively. Overall, this resulted
in no significant tree mixture effect on the amount of C stored in total
living biomass compared to the respective monocultures (Fig. 4).
Although further research is needed to confirm these results across
various pedo-climatic conditions, we conclude that there is a decoupling
between aboveground and belowground compartments when consid-
ering the effects of tree diversity in our study area, and that the positive
effects of planting mixed forests are primarily mediated by increased soil
C stocks rather than C stored in plant biomass. Furthermore, changes in
tree canopies and their overlap, as well as the dynamic nature of C
storage over time, are important factors to consider, as they may influ-
ence the long-term carbon sequestration potential of mixed forests.

4.2. Water availability effects on total C stocks and fluxes

In partial agreement with our second hypothesis (Hy), we observed a
positive trend of increasing water availability on various C stocks at the
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Fig. 5. Influence of tree diversity, irrigation and pine density on total carbon budget. For each level of pine density (from pure birch stand to pure pine stands)
and tree diversity (mixtures of birch-pine are presented centrally at two levels of density), the panels depict the responses of individual ecosystem functions or fluxes
and carbon budget (see Table 2 for a detailed description) at two different levels of water availability (natural conditions versus irrigated plots). The boxplots
characterize the lower quartile, median, upper quartile and interquartile range (upper quartile — lower quartile), which covers the central 50 % of the data; the
whiskers represent 95 % of the data. Different letters indicate significant differences between treatments (P < 0.05, Tukey-HSD tests); capital letters indicate dif-
ferences among the different plots (four levels; birch, pine and pine-birch at two density levels), while lowercase letters indicating differences between plots at each
level of water availability (eight levels; birch, pine and pine-birch at two density levels x water availability). In each panel, the statistical results of stand (S),
irrigation (I) and their interaction (S x I) are included to assess the overall effect of these factors on the different variables studied.
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Fig. 6. Benchmarking map of individual ecosystem functions or fluxes and carbon budget. Carbon fluxes (light blue boxes), carbon stocks (light brown boxes)
and average carbon budget (light green box) across all forest stands. Numbers represent means + standard errors (Mg C ha~! yr~! for fluxes and Mg C ha™" for stocks
and carbon budget). Different colours of arrows indicate the effects of tree species mixture (green), irrigation (blue) and pine density (orange). Directions of arrows
show positive (upward) and negative (downward) effects of mixture, irrigation and pine density with respect to carbon fluxes or stocks. The sign ‘=" is shown when
no effect was significant. For Tot_EC, the effect of irrigation was marginally positively significant at 0.07, suggesting a positive trend (which was indicated by a
smaller arrow), even though this effect was not statistically significant. This figure was created using BIORENDER and MS POWERPOINT.

stand scale, but this effect was only marginally significant for total C
stocks, primarily due to two contrasting effects on the C pool in the
ground layer, living biomass, and soil (blue arrows in Fig. 6). Overall, we
found a considerable decrease in litter and dead wood C stocks stored
with irrigation. This result can be attributed to two complementary
mechanisms. First, increasing soil water content may accelerate
decomposition rates (Bengtson et al., 2005), particularly during summer
droughts when water availability typically limits soil microbial activity
while temperature is favourable (Maxwell et al., 2020). In line with this
potential stimulating irrigation effect on decomposition, we found that C
stocks in the forest floor, particularly in the organic layer, decreased by
more than 70 % when plots were irrigated compared to control condi-
tions, suggesting rapid organic matter recycling when water is not
limiting (Fanin et al., 2022a). Second, increased water availability may
reduce tree mortality, especially that of birch trees in mixed stands.
Higher tree survival and healthy biomass may, in turn, reduce the
amount of dead wood production in the plots, ultimately lowering C
stocks on the ground. One exception is that increased water availability
led to more dead wood in pure pine plots, likely because alleviating
water stress intensified intra-specific competition and tree mortality in
these stands (Table 1). At this stage pine tree growth has led to over-
crowding and natural mortality, a phenomenon known as self-thinning
(Pretzsch, 2006; Charru et al., 2012).

In contrast to the C stored in dead trunks and on the forest floor, we
found that increasing water availability increased C stored in both the
living tree biomass and in the soil. First, we found that irrigation
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increased tree above- and below-ground C stocks by 13 % and 16 %,
respectively, and in particular for birch trees in monoculture and mixed
stands (Fig. 1). These results confirm that birch is particularly sensitive
to summer drought (Niinemets and Valladares, 2006; Andivia et al.,
2020), and may be less competitive than pines when water availability
becomes limiting (Morin et al., 2020). Second, the effects of irrigation on
soil C stocks were particularly important in mixtures, highlighting that
the effects of tree species mixing are stronger when the conditions are
more favourable on these sandy soils (Maxwell et al., 2020; Fanin et al.,
2022a). A reasonable explanation for this effect is greater organic matter
inputs in mixtures, as described before, while such inputs tend to be
larger when water resources are non-limiting (Martin-Blangy et al.,
2023). An alternative, but not mutually exclusive explanation may be
that these findings are driven by greater competition between mycor-
rhizae and saprotrophs for organic nitrogen (Fanin et al., 2022b). This
competition may slow down litter decomposition rates through a ‘Gadgil
effect’ (Fernandez and Kennedy, 2016), which may in turn reduce soil
respiration while limiting saprotroph activity in the upper soil layers.
Although we cannot test this hypothesis with our data, this would also
contribute to explaining the higher decomposition rates in the litter
layer while decreasing soil respiration from the soil (Fig. 1).

4.3. Tree density effects on total C stocks and fluxes

Overall, increasing pine density in the plots was one of the most
important factors influencing the majority of the measured variables



N. Fanin et al.

(Fig. 2). We found that increasing pine density had a positive effect on
the C stored in tree biomass, but a negative effect on the C stored in the
understory vegetation (orange arrows in Fig. 6). These results are in line
with those of Mason and Meredieu (2011), showing that increasing the
number of stems is the most important factor for producing more wood
in the Landes de Gascogne. However, in contrast to our third hypothesis
(H3), we found that the positive effect of mixing pine and birch on soil C
stocks was weaker at high density with irrigation. Similarly, we did not
find a greater effect of mixing tree species when water was becoming
limiting during summer drought, even though birch mortality was lower
in mixtures than in birch monocultures (Table 1). Instead, we found that
the differences in C stocks and fluxes between the low and the high
density in mixed plots were marginal (Fig. 1), which suggests limited
effects of higher tree density in species mixtures on total C. Instead, our
results indicate that the beneficial effects of mixing trees on tree biomass
or soil C stocks may occur even at lower tree density, but that these
effects will depend on water availability during summer. Finally, it is
important to note that even if the C stored in the aboveground biomass
was higher when plots were dominated 100 % by pine, this was not the
case when considering the total C pool, notably because increasing pine
density in plots was not the main factor controlling C stocks in the forest
floor or in the soil.

4.4. Implications for forest management

The results of our long-term experiment contributed to a better un-
derstanding of the mechanisms of tree-soil interactions during the first
phase of tree growth in plantations in the Landes de Gascogne forest
(Fig. 6). In addition to previously identified mechanisms revealing that
planting more diversified forests increased resistance to climate change
and pest outbreaks (Vasconcelos and Duarte, 2018; Vallet et al., 2023),
our results indicated that certain tree species mixtures, such as
pine-birch stands, can promote soil C stocks. However, these effects
depend on the density of pine and the environmental context, which
should both be considered during plantation. First, because the density
of pine trees remains the primary factor influencing total wood pro-
duction and total C stocks in general, and because this species is
particularly competitive in nutrient-poor and dry environments
(Richardson et al., 1990; Maris, 2011), its presence may increase birch
mortality in mixtures, particularly during drought events and at high
pine density. One possible solution would be to cut birch between 5 and
10 years after plantation, as this can provide an additional source of
dead wood, or to use the total stand density to accelerate the
self-thinning of birches and the smallest pines, which would favour the
growth of the remaining pine trees during stand maturation (Toigo et al.,
2022). While economic constraints must be considered, proposing such
management strategies can contribute to discussions with stakeholders
on optimizing stand development and addressing ecological and silvi-
cultural objectives. Second, we found that the beneficial effect of mixing
tree species on total C stocks was higher when water availability allowed
sustained growth during dry summers. This reinforces the idea of har-
vesting birch at earlier stages of stand development in drier areas,
whereas longer transition periods can be achieved when the water table
is high enough to sustain tree growth rates of both species simulta-
neously (Vincke and Thiry, 2008). Finally, we found that mixed
pine-birch stands also increased the C stocks in the understory vegeta-
tion layer compared to pure pine plots. Although the quantity of C stored
is far lower than in trees, understory vegetation also has an important
share of total plant biomass and contributes to ecosystem C storage
(Wardle et al., 2012). This is particularly true for slow-growing erica-
ceous shrubs and their associated ericoid mycorrhizal fungi
(Clemmensen et al., 2013), which may reduce decomposition rates by
competing for nitrogen with other fungal guilds, increase nutrient lim-
itation, and lead to a progressive accumulation of organic matter,
thereby positively influencing soil C stocks (Fanin et al., 2022b). How-
ever, the presence of understory vegetation may also increase fire risk,
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especially during drought events, which suggests that understory man-
agement may be necessary compared to pure pine plots if aiming at
preventing fire to the detriment of C storage in the ecosystem. Collec-
tively, our data suggest that mixing maritime pine and silver birch has
overall positive effects on ecosystem C storage, but that these effects
vary depending on water availability and tree density.
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