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ABSTRACT

Legacies of human land use have the potential to impact demographic responses to climate. However, few studies have investi-
gated the interactive effects of land use legacies and climate change on tree demography. The demographic performance of rear
edge populations in particular is an important determinant of a species' long-term persistence. In this study, we investigated
whether human land use legacies affect demographic responses to climate and population isolation in rear edge European beech
populations (Fagus sylvatica L.) at the temperate-Mediterranean transition zone in the NE Iberian Peninsula. We utilised data
from the Spanish Forest Inventory and generalised linear mixed models to compare the potential interactions across four dif-
ferent demographic rates (tree growth, survival probability, new adult recruitment and sapling recruitment). We found that the
demographic rates were affected by the combination of land use legacies, climate and population isolation in different ways,
which could potentially lead to complex shifts in future population dynamics under climate change. We identified that intense
historic management either magnified negative relationships between tree demography and climate or population isolation, or
reduced demographic performance in favourable climates to levels observed in unfavourable climates. Through either form of
interaction, we found that intense historic forest management had a negative impact on tree demography, which has the potential
to compromise future carbon stocks and long-term population viability. Overall, we show that disentangling human and envi-
ronmental factors can enable us to better understand heterogeneous demographic performance across the rear edge of species
distributions.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
© 2024 The Author(s). Global Change Biology published by John Wiley & Sons Ltd.
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1 | Introduction

Alterations to the geographic distributions of species are a
major ecological impact of anthropogenic climate change
(Parmesan 2006; Walther et al. 2002). Due to increasing global
temperatures, many species distributions are shifting pole-
ward and uphill (Chen et al. 2011; Parmesan and Yohe 2003),
including tree species (Harsch et al. 2009). Forests cover approx-
imately 30% of global land area and are important for carbon
and hydrological cycles, microclimatic regulation and soil pres-
ervation, in addition to providing many social, cultural, health
and well-being benefits (Bonan 2008; Kirschbaum 2000). Tree
species play a critical role in ecological regulation by provid-
ing habitats and stable conditions for other organisms (Ellison
et al. 2005). Changes to the distribution of dominant tree species
may, therefore, cause cascading effects for numerous other de-
pendent species (Dyderski et al. 2018).

A key mechanism through which species distribution shifts re-
sulting from climate change are typically expected to occur is
range retraction at the rear edge (the equatorial or low altitude
margins; Jump, Matyas, and Pefiuelas 2009). This expectation of
rear edge population decline follows the ‘centre-periphery’ hy-
pothesis that population abundance, demographic performance
and within-population genetic diversity decrease from the dis-
tribution centre towards range margins due to reduced environ-
mental suitability. This hypothesis is based on the assumption
that the periphery of species distributions represents the limits
of the species’ environmental tolerance, that is, assumed concor-
dance between geographic range limits (geographic marginal-
ity) and environmental niche limits (environmental marginality;
Brown 1984; Hengeveld and Haeck 1982; Hutchinson 1957;
Pironon et al. 2017, 2015; Sexton et al. 2009). However, in con-
trast with expectations of spatially consistent extinction at rear
edge margins due to climate change, some evidence shows het-
erogeneous patterns of population performance (Jump, Matyas,
and Pefiuelas 2009; Sanchez de Dios et al. 2021). Understanding
the drivers of heterogeneous population performance at rear
edge margins is critical to improving future predictions of spe-
cies distributions, as rear edge populations can be highly locally
adapted, often to warmer temperatures (Hampe and Jump 2011;
Hampe and Petit 2005). Extinction of rear edge populations
could therefore reduce the potential of the entire distribution to
persist under climate change (Habibzadeh et al. 2021).

In contrast to the main assumption of the centre-periphery
hypothesis, recent research has shown that environmental
and geographic marginality can have differential effects on
demographic performance (Pironon et al. 2015, 2017; Vila-
Cabrera, Premoli, and Jump 2019) and genetic diversity (Lee-
Yaw, Fracassetti, and Willi 2018; Casazza et al. 2021; Picard
et al. 2022). These findings suggest that the geographic distri-
bution of species may potentially not be in equilibrium with
the environmental preferences of that species, and that rear
edge populations may not necessarily be performing at the
limit of their environmental tolerances (Oldfather et al. 2019;
Vila-Cabrera, Premoli, and Jump 2019). Rear edge populations
typically occur in bioclimatic transition zones with complex
topography and high microclimatic variability (Hampe and
Petit 2005; Jump, Matyas, and Pefiuelas 2009), and indices of
environmental and geographic marginality may therefore not

be equivalent at the local scale (Vila-Cabrera, Premoli, and
Jump 2019; Picard et al. 2022). Considering environmental and
geographic marginality as separate (if interacting) indices may
therefore help to disentangle the underlying drivers of observed
heterogeneity in rear edge population performance (Oldfather
et al. 2019; Vila-Cabrera, Premoli, and Jump 2019).

Legacies of human land use may further impact the disequi-
librium between the environmental and geographic limits of
species distributions (Garcia-Valdés et al. 2015, 2013). For exam-
ple, forest distributions across Europe and North America were
heavily restricted prior to the 20th century due to agricultural
intensification and deforestation. This range restriction was
then somewhat reversed during the late 20th century following
afforestation and reductions in agricultural practices, leading
to forest expansion (Winkler et al. 2021). Agricultural aban-
donment may be impacting the response of tree distributions to
climate change, as exemplified by significantly greater treeline
advances in the Pyrenees in areas of previous human land
use compared to locations with natural treelines (Ameztegui
et al. 2016). Forest management through logging may also cause
spatial variation in species' distributional responses to climate
change, such as accelerating species’ colonisation by reducing
competition and promoting regeneration (Wang et al. 2019).
Despite an abundance of research showing the direct effects of
land use legacies on forest dynamics, few studies investigating
the effect of global environmental change on ecosystems have
explicitly tested the potentially modulating effect of differing
land use legacies (Perring et al. 2016; Vila-Cabrera et al. 2023).

Alterations to demographic rates (growth, survival, reproduc-
tion and dispersal) are the processes through which drivers of
change influence tree species range dynamics (Clark et al. 2011;
Holt and Keitt 2005). Modifications to plant demography are al-
ready occurring in response to global change drivers, including
increased mortality and variable changes to recruitment and
growth (McDowell et al. 2020). For example, canopy mortality
in European temperate forest doubled between 1984 and 2016,
likely due to changes in climate and land use (Senf et al. 2018).
In addition, trees in newly established forests growing on aban-
doned farmland often have higher growth rates than those in
long established forests due to increased soil nutrient availabil-
ity (Alfaro-Sanchez et al. 2019; Mausolf et al. 2018; Vila-Cabrera
et al. 2017). Global change drivers can also affect different
aspects of demography in opposing directions (Astigarraga
et al. 2020; McDowell et al. 2020). When scaled up across popu-
lations, changes to demographic rates manifest in extinction and
colonisation events, which are the underlying mechanisms of
changes to species distributions (Hansen et al. 2001). Improving
our understanding of the impact of global change drivers on de-
mography will therefore improve our ability to understand het-
erogeneous performance of rear edge populations.

In this study, we focus on rear edge populations of European
beech (Fagus sylvatica L.) at the temperate-Mediterranean tran-
sition zone in the NE Iberian Peninsula. Although demographic
decline in European beech is observed at the regional scale
across the rear edge (Pefiuelas and Boada 2003; Jump, Hunt, and
Penuelas 2006; Pefiuelas et al. 2007, 2008), population-level re-
sponses to environmental change are variable (Vila-Cabrera and
Jump 2019; Vila-Cabrera, Premoli, and Jump 2019). European
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beech is an ideal species with which to investigate potentially
interacting drivers of demographic performance because both
climate and distance to neighbouring populations have been
shown to influence population performance for this species
(Cavin and Jump 2016; Hacket-Pain et al. 2016; Vila-Cabrera,
Premoli, and Jump 2019). Rear edge beech forests have also been
impacted by anthropogenic land use through historic coppic-
ing and range expansions following abandonment of farmland
(Alfaro-Sanchez et al. 2019; Guerrieri et al. 2021). We used four
climate variables and an index of population isolation to charac-
terise environmental and geographic marginality respectively.
To improve our understanding of heterogenous demographic
performance in rear edge European beech, we aimed to (1) com-
pare how the effects of climate, population isolation and land
use legacies differ across multiple demographic rates (growth,
survival, new adult recruitment and sapling recruitment), and
(2) determine whether and how land use legacies interact with
climate and population isolation to impact demography.

2 | Methods

We used statistical models to relate a range of demographic rates
to climate, population isolation and land use legacies, alongside
additional variables known to affect beech demography.

2.1 | Response Variables

We evaluated individual growth rate and survival probability of
adult trees (i.e., diameter at breast height (DBH) >7.5cm and

a height of >130cm), new adult abundance (trees that have
successfully transitioned from juveniles to adults) and sapling
abundance (trees between 2.5 and 7.4cm DBH). Demographic
data were obtained from the Spanish National Forest Inventory
(NFI; Villaescusa and Diaz 1998; Alberdi et al. 2016). NFI plots
are positioned at the nodes of a 1km? square grid covering
forested land in Spain and are censused approximately every
10years (Villaescusa and Diaz 1998). NFI plots comprise four
concentric rings of radii 5, 10, 15 and 25m, within which trees
of DBH >7.5, 12.5, 22.5 and 42.5cm respective to the ring radii
are recorded. Individual trees are censused across inventory
periods. Recorded information includes species identity, status
(dead, alive or new recruit), height and DBH. New adult and sap-
ling abundance is measured in the innermost ring (5 m radius).
We used data from the second (NFI2; 1986-1995), third (NFI3;
1997-2007) and fourth (NFI4; 2008-2018) inventories across
Catalonia (as NFI4 data were not available outside of Catalonia).
Data from the first inventory (dates ranging between 1965 and
1974) are not comparable with subsequent inventories and were
therefore not included in this study. We included plots that were
remeasured across at least two consecutive inventory periods
with a presence of adult beech and located more than 3km away
from the Catalan border (to minimise edge effects within the
calculation of the population isolation index), shown in Figure 1
(409 plots).

The annual increment in tree growth (mmyear™) of individual
adult trees alive between consecutive inventories (5184 trees)
was calculated as the absolute change in DBH divided by the
number of growing seasons between the inventories (May-
August; see Kunstler et al. (2020) for a similar approach). We

Legend

[ Native European beech distribution
@ NFI plots included in study

D Catalonia

0 25 50 75 100km
N

FIGURE 1 | Approximate native European beech distribution (Caudullo, Welk, and San-Miguel-Ayanz 2017) and Spanish National Forest

Inventory (NFI) plots included in the study. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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modelled survival of individual adult trees between consecutive
inventories as a binary outcome (121 of 5311 trees died; 2.28%
trees died). New adult and sapling abundance per plot were
modelled for each inventory.

2.2 | Predictor Variables

Table 1 details the model predictors. To represent environmen-
tal marginality, we used mean climate, climate anomaly, topog-
raphy (which may influence microclimate) and landscape-level
biome type (Vila-Cabrera, Premoli, and Jump 2019). We used
vapour pressure deficit (VPD) to characterise climate, averaged
between the inventory start and end date plus the two previ-
ous years to account for potential lagged effects, as also done in
Ruiz-Benito et al. (2014). We used topographic position index
(TPI; Weiss 2001) describing fine-scale topography as a proxy
for microclimatic variation and drainage. Finally, we used tree
species composition as a proxy for the wider bioclimatic context
(‘biome transition index’, a dimensionless index representing
the gradient between temperate and transitional temperate-
Mediterranean climates existing within the study area). Lower
and higher values of biome transition index represented plots
located in more temperate or Mediterranean climates respec-
tively. See Appendix S1 for further information on the calcula-
tion of model predictors.

To represent geographic marginality, we calculated a dimen-
sionless index of population isolation for each NFI plot, deter-
mined by the cover and proximity of beech in the surrounding
landscape as represented by an 8-m resolution land cover map
of European beech in Catalonia (CREAF 2009). Population iso-
lation (I) of each NFTI plot j was formulated as below (Moilanen
and Nieminen 2002):

ieN - dij
5= Zi# BiexP( 100 ) )

I; = max(S) - §; 2)

Where Sj represents the connectivity of NFI plot j and I; rep-
resents the population isolation of the plot j. N included all
mapped cells within a 3-km radius of j (Kunstler, Curt, and
Lepart 2004). B, was the beech cover in cell i (1 for presence or
0 for absence), dij was the distance between i and j in metres
and this was divided by 100m as a mean seed dispersal dis-
tance (see Appendix S1). We subtracted S, from the maximum
value of S to give I,. The highest and lowest isolation values
represented the most and least isolated plots within the study
area respectively.

We included two types of land use legacy in the model. First,
agricultural abandonment was represented by forest age, which
was estimated using aerial imagery. Forest age of individual NFI
plots was classified as either ‘long established forest’ or ‘newly
established forest’ by comparing aerial images of the NFI for-
est plots from 1945, 1956 and 2005 (ICGC 2022); see Guerrieri
et al. (2021) and Alfaro-Sanchez et al. (2019) for a similar
method. Plots were classified as ‘long established’ if forest cover
already existed in 1956, and ‘newly established’ if, in 1956, the

patch was either cropland, shrubland or newly establishing for-
est (i.e., present in 1956 but absent in 1945). 346 plots (84.6%)
and 4887 adult trees (92%) were categorised as long established
forest, and 63 plots (15.4%) and 424 adult trees (8%) were cate-
gorised as newly established forest. Plots with uncertain forest
age (19 plots) due to poor aerial image quality were excluded
from further analysis. Second, we used the proportion of trees
resprouting from tree stumps (of any species) as a proxy to repre-
sent the intensity of historic management. A higher intensity of
historic management would have resulted in more stumps due
to greater amounts of felling, and therefore higher resprouting.
As the NFT does not provide information regarding stump ori-
gin, we assumed that all resprouts from stumps resulted from
historic management.

We included initial stand basal area (m*ha~') as a proxy for
biotic competition and potential differences in stand develop-
ment between long and newly established forests. A categorical
variable (managed/unmanaged) was included to account for
evidence of human management since the previous inventory.
This variable represented the existence of recent management
(i.e., between inventories), whereas the proportion of resprout-
ing trees represented the degree of historic management. For the
individual-level models (growth and survival), tree DBH (mm)
was included to account for tree size.

We standardised all continuous predictor variables to a mean of
zero and a standard deviation of 1 to enable the comparison of
effect sizes between predictors (Schielzeth 2010). Further infor-
mation on the calculation of model predictors is provided in the
Appendix S1.

2.3 | Statistical Analysis

2.3.1 | Model Structures

We performed all statistical analysis in R v 4.1.2 (R Core
Team 2021). We developed four separate models for growth,
survival, new adult abundance and sapling abundance of beech
using the predictors in Table 1. We included quadratic effects
for TPI and tree size as intermediate values were considered
likely to be associated with optimum demographic performance
(Fernandez-de-Unia et al. 2023; Gefiler et al. 2007; Gémez-
Aparicio et al. 2011; Ruiz-Benito et al. 2013). We included a ran-
dom effect for plot identity to account for the nested sampling
design of the NFI in all models except for survival, as no mortal-
ity was recorded in the majority of plots.

To quantify whether land use legacies interact with climate
and population isolation to impact demography, we included
pairwise interactions between the two land use legacy vari-
ables and the climate and population isolation variables. As
only five individual trees died in newly established forest, we
were not able to include interactions with forest age in the
survival model. See Appendix S2 for further methodological
details.

2.3.1.1 | Growth. We modelled growth of individual adult
trees between two consecutive inventories with a linear mixed
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TABLE1 | Model predictors of forest demography.

Category Predictor Definition Source
Environmental Mean VPD Vapour pressure deficit (kPa), i.e., Air and dewpoint temperature
marginality difference between saturation from ERAS5-Land (Mufioz-
and actual vapour pressure, Sabater et al. 2021), downscaled
used as a proxy for mean climate using R package KrigR
(low mean VPD = cold and wet; (Kusch and Davy 2022)
high VPD =warm and dry)
VPD anomaly Standardised VPD anomaly As above
(kPa) from 1951 to 1980
baseline, used to represent
degree of climate anomaly
TPI Topographic position index, used Derived from Catalonia Digital

Geographic marginality

Land use legacy:
Agricultural
abandonment

Land use legacy: Historic
forest management

Biotic

Recent management

Biome transition index

Population isolation

Forest age

Resprouting proportion

Tree size

Stand basal area

Recent management

as proxy for topographic variation
influencing microclimate

Community weighted mean
P, drought tolerance index of
key tree species within 1-km
radius. Used to represent
location of forest plot on a
gradient from temperate
to transitional temperate-
Mediterranean environments

Degree of spatial isolation of NFI
plot relative to other beech forest

Factor-level indicator of forest
age (long established forest
or newly established forest)

Proportion of measured
adult trees in plot (of any
species) with evidence of
having resprouted from tree
stumps, indicating historic
management through logging

Diameter at breast height
(mm) of individual tree

Total basal area of all trees
in plot (m?ha™1), used as a
proxy for biotic competition

Evidence of management
since previous inventory
(managed or unmanaged)

Terrain Model (ICGC 2018)

Tree land cover map
(CREAF 2009) and P, data from
Sanchez-Martinez et al. (2020)
& Garcia-Valdés et al. (2021)

European beech land cover
map (CREAF 2009)

Catalonia 1956/2005 aerial
images (ICGC 2022)

Spanish National Forest
Inventory (Alberdi et al. 2016;
Villaescusa and Diaz 1998)

As above

As above

As above

model using the R package ImerTest (Kuznetsova and Brock-
hoff 2017). The log-modulus transformation was applied to
annual tree growth following Equation 3:

log modulus (x) = sign(x) x log(|x| + 1) (©))

The log-modulus transformation allows a logarithmic trans-
formation whilst preserving the sign of the data, permitting
the inclusion of negative and zero growth measurements (John
and Draper 1980). Although these presumably arise from mea-
surement error, such error will occur across the whole range of

growth values, so removing only the negative growth would in-
troduce bias to the model.

2.3.1.2 | Survival. We modelled survival of individual
adult trees between consecutive inventories using a gener-
alised linear model with a binomial error distribution. A
complementary log-log link with an offset was included to
account for variable time periods between surveys (as also
done in Archambeau et al. 2020; Kunstler et al. 2020). Model
probability estimates therefore represent estimated annual
survival probabilities. We could not include the random effect
for plot identity in the survival model as the majority of plots
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had no tree mortality, preventing estimation of the random
effect (Kunstler et al. 2020).

2.3.1.3 | Recruitment. We represented recruitment using
the number of new adults and saplings recorded per plot, which
were modelled using generalised linear mixed models with
Poisson and negative binomial error distributions, respectively,
using the glmmTMB R package (Brooks et al. 2017).

2.3.2 | Model Selection on Interaction Terms

To test the significance of interactions between land use lega-
cies and climate or population isolation, for each interaction,
we compared a full model (including all interactions) and a
sub-model (in which one interaction term was dropped) using
a likelihood ratio test (LRT) and the difference in Akaike in-
formation criteria (AAIC). Interaction terms were retained
in the final model if the LRT p-value was <0.05 and re-
moval of the term caused AIC to increase by >2 (Burnham
and Anderson 2002). For the linear growth model, we used a
Maximum Likelihood estimator for selecting interactions and
refitted the final model using Restricted Maximum Likelihood
(Bolker 2015). We did not perform model selection on the fixed
effects as these were included as predictors known to poten-
tially affect beech demography.

3 | Results

3.1 | Direct Effects of Climate, Population
Isolation and Land Use Legacies on Beech
Demography

We found no significant direct relationship between mean VPD
or biome transition index and any demographic rate (Figures 2
and 3A). VPD anomaly was associated with reduced tree
growth, but we found no significant relationship with survival,
new adult abundance or sapling abundance. Intermediate values
of TPI were associated with higher tree growth and increased
abundance of new adults, with optimum TPI values at approx-
imately zero (flat ground) for growth and 1.5 (upper slopes) for
new adult abundance (Figure 3A).

We found a strong relationship between population isola-
tion and most demographic rates (except survival probabil-
ity). Population isolation was associated with increased tree
growth but lower abundance of new adults and saplings
(Figures 2 and 3B). Increased intensity of historic manage-
ment was associated with reduced survival probability and
sapling abundance, but we found no significant direct rela-
tionship with tree growth or new adult abundance. We found
no association of forest age with any tested demographic rate
(Figures 2 and 3C).

Marginal effects of stand basal area, tree size and recent man-
agement are shown in Appendix S3, as these predictors were not
related to our main research aims (but were included as factors
known to affect beech demography).

3.2 | Interactive Effects Between Land Use
Legacies and Climate or Population Isolation on
Beech Demography

We found evidence supporting six interactions between land use
legacies and climate or population isolation (Figure 4), compris-
ing at least one for each demographic variable. All six of the in-
teractions supported by the model selection procedure related to
historic management intensity, while we found no interactions
with forest age.

Overall, the supported interactions between historic management
intensity and climate or population isolation can be categorised as
one of two main forms. For the first form, intense historic manage-
ment exacerbated the negative relationship between demography
and climate or population isolation. This occurred for tree growth
(Figure 4A) and sapling abundance (Figure 4F), in which the mag-
nitude of the negative slopes of VPD anomaly and population isola-
tion, respectively, were magnified under high intensities of historic
management compared to low intensities.

For the second form, intense historic management flattened the
negative relationship between climate and demography by re-
ducing demographic performance in favourable climates to sim-
ilar levels observed in unfavourable climates. This occurred for
the relationships between biome transition index and survival
probability (Figure 4B), biome transition index and new adult
abundance (Figure 4D) and VPD anomaly and sapling abun-
dance (Figure 4E).

The interactive effect of historic management intensity and mean
VPD on new adult abundance followed a different form: mean es-
timates of the slope of the relationship were positive with low his-
toric management intensity but negative with high management
intensity (Figure 4C). However, confidence intervals overlapped
at all values of mean VPD, likely due to high uncertainty in the
main effect of mean VPD on new adult abundance (Figure 2).

4 | Discussion

In this study of beech at its rear edge in NE Iberian Peninsula,
we found that demographic rates showed different responses to
the combination of climate, population isolation and land use
legacies, which could potentially lead to complex shifts in fu-
ture population dynamics under climate change. Importantly,
we identified two main forms of interactions between land use
legacies and climate or population isolation: intense historic
management either magnified negative relationships between
demography and climate or population isolation, or reduced
demographic performance in favourable climates to levels ob-
served in unfavourable climates.

4.1 | Direct Effects of Climate, Population
Isolation and Land Use Legacies on Beech
Demography

We found no significant relationship between mean VPD
(representing current climate conditions) or biome transition
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where confidence intervals overlap zero. R?M = marginal R? (fixed effects only); R>C =conditional R? (fixed and random effects). Model selection

results and tabular final model results are included in the Appendix S3.

index and demography, a negative relationship between VPD
anomaly (representing climate anomaly) and tree growth, and
an intermediate optimum TPI (flat ground) for tree growth
and new adult abundance. Our finding that no demographic
rate was associated with current climate conditions is in
agreement with and supplements recent findings that the
growth responses of European beech to drought are not neces-
sarily more sensitive at the rear edge than in more favourable
climates across the species range (Cavin and Jump 2016; Vila-
Cabrera and Jump 2019; Muffler et al. 2020). However, our
finding that increasing VPD anomaly (i.e., hotter and drier
than the baseline climate) was related to reduced tree growth
indicates that climate change might be negatively affecting
tree demography across the rear edge, supporting recent find-
ings that climate stress has exceeded tree species compensat-
ing mechanisms such as adaptation or plasticity in rear edge
populations (Anderegg et al. 2019). We also found a strong

relationship between TPI and both tree growth and new adult
abundance, illustrating the key role of local conditions in de-
termining plant cover and demographic performance (e.g.,
Elliott and Cowell 2015; Graae et al. 2018; Principe et al. 2022;
Rita et al. 2023).

We found that population isolation (representing geographic
marginality) was positively related to tree growth and nega-
tively related to recruitment of adults and saplings, but had
no relationship with survival. The positive relationship be-
tween population isolation and tree growth was unexpected
because fragmented populations typically have reduced per-
formance due to ecological edge effects and reduced genetic
diversity (Murcia 1995; Frankham, Ballou, and Briscoe 2010).
However, potential reasons could be that highly isolated pop-
ulations may be situated in more favourable microclimates or
are potentially locally adapted to unfavourable environmental
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conditions (Hampe and Petit 2005; Oldfather et al. 2019;
Vila-Cabrera, Premoli, and Jump 2019). The distribution
of European beech in Catalonia is also geographically clus-
tered, with more isolated patches in the northwest where the
regional climate is of Atlantic influence, which may result
in higher tree growth in this fragmented area of the species’
range (Cavin and Jump 2016). In addition, supplementary
analysis of our data showed that increasing population isola-
tion was strongly associated with smaller population counts,
so greater tree growth in highly isolated plots may also be a
result of lessened intra-specific competition if these plots are
also less dense (see Appendix S3). The negative relationship
between population isolation and recruitment of new adults
and saplings may also potentially be caused by smaller pop-
ulation sizes (and therefore reduced seed supply) in highly
isolated plots. While we found no relationship between pop-
ulation isolation and survival probability, only 2.3% of mod-
elled trees died during the inventory period. As a result, the
predicted survival probability was very high (a common issue
when modelling long-lived trees (Merow et al. 2014)), which
may have made estimation of partial effects difficult.

Historic forest management (represented by the proportion of
resprouting trees) was negatively related to survival and sap-
ling abundance, but had no significant relationship with tree
growth or new adult abundance. In rear edge beech stands,
historic management was found to result in lower basal areas
and a lack of full-size canopy trees compared to historically
unmanaged or abandoned pollard stands (Merino et al. 2007).
This could potentially lead to reduced microclimatic buff-
ering of the forest canopy, exposing saplings in the under-
story to harsher conditions (Hollunder et al. 2024; Zellweger
et al. 2020), alongside potentially lessened seed production.
Supplementary analysis of our data confirmed that increased
historic management intensity was significantly associated

with reduced stand basal areas (see Appendix S3). It should
be noted that in this study, we have assumed that all resprouts
are the result of historical felling. Although some resprouts
may be the result of natural causes, windthrow is likely to
uproot the entire tree rather than cause stem breakage (with
stem breakage at the base being particularly unusual), so it is
considered probable that the majority of tree stumps would be
the result of felling.

We found no clear relationship between forest age and any
tested demographic rate. This contrasts with previous research
showing higher tree growth in newly established forests due
to increased soil nutrient availability from previous agricul-
tural land use (Alfaro-Sanchez et al. 2019; Guerrieri et al. 2021;
Mausolf et al. 2018; Vila-Cabrera et al. 2017). However, in our
dataset, only 8% of individual adult trees were located in newly
established forest, despite 15% of forest plots being classified as
newly established in line with previous research (Vila-Cabrera
et al. 2017). We also found that newly established forest had
lower stand basal areas and higher levels of population isolation
than long established forests. The potential confounding of for-
est age with other variables, alongside the small number of trees
in newly established forest, probably accounts for the wide con-
fidence intervals associated with the marginal effects of forest
age (see Figure 2). It is therefore possible that forest age may
have had a direct impact on beech demography, but we were not
able to identify this effect in our dataset.

4.2 | Interactive Effects Between Land Use
Legacies and Climate or Population Isolation on
Beech Demography

We found that the intensity of historic land use had an interactive
effect on climate or population isolation for every demographic
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rate tested. Interestingly, each interaction was different across
the demographic rates. Overall, we found two main forms of in-
teraction: intense historic forest management either magnified
the negative relationships between climate or population isola-
tion and demography, or reduced demographic performance in
favourable climates to levels observed in unfavourable climates.

For the first form of interaction, we found that the negative rela-
tionship between VPD anomaly and tree growth was magnified
under high levels of historic management (Figure 4A). Globally,
VPD has risen sharply since the 1990s due to warming tempera-
tures which cause exponential increases in atmospheric evap-
orative demand (Grossiord et al. 2020; Yuan et al. 2019; Zhang
et al. 2015). A higher proportion of resprouting trees due to
greater historic management could potentially lead to multiple-
stemmed trees, causing increased competition for resources
and reduced growth of individual stems (Tanentzap et al. 2012),
which could potentially magnify the negative effects of in-
creased warming and drought stress resultant of climate change
on tree growth.

The negative relationship between population isolation and
sapling abundance was also magnified with high forest man-
agement intensity (Figure 4F). As saplings are located in the
understory, a possible explanation for this interaction may be
reduced microclimatic buffering of the forest canopy due to
greater historic management (Zellweger et al. 2020). Forest can-
opies buffer harsh temperatures, creating a cooler microclimate
for understory vegetation (De Frenne et al. 2019; De Lombaerde
et al. 2022; Frey et al. 2016). In the growing season, the shading
effect of canopy cover greater than 50% has been found to reduce
VPD by 1.1kPa (Davis et al. 2019). Since population size was
lower in more isolated plots (see Appendix S3), it is possible that
canopy microclimatic buffering may be reduced in these loca-
tions (especially since beech trees cast heavy shade). As historic
management may result in reduced stand basal area and fewer
full-sized canopy trees (Merino et al. 2007), the reductions in
microclimatic buffering in isolated plots may be exacerbated
due to intense historic management, which could therefore have
the potential to magnify the negative impacts of population iso-
lation on sapling abundance.
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For the second form of interaction, we found that intense historic
management modified the survival response of beech along the
temperate-Mediterranean transition zone, as indicated by the
biome transition index (Figure 4B). In more temperate climates,
survival probability was higher when historic management in-
tensity was low. When historic management intensity was high,
however, survival was reduced to (or even slightly worse than)
levels observed in harsher, more Mediterranean climates. This
finding suggests that intense historic management has a greater
negative influence on survival in temperate climates that are
typically more favourable for beech.

Similarly, the abundance of juveniles in more favourable (tem-
perate) climates was also reduced to the levels of less favourable
(temperate-Mediterranean transitional) climates under high
management intensity. For new adults, high historic manage-
ment reduced abundance in temperate climates to the levels
in areas of biome transition (Figure 4D). For saplings, high
historic management reduced abundance in locations of low
VPD anomaly to the levels of locations of high VPD anomaly
(Figure 4E). As juvenile trees are located in the understory, a
possible explanation for these interactions may be reduced mi-
croclimatic buffering of the forest canopy due to greater his-
toric management (Zellweger et al. 2020), reducing juvenile
abundance even to the levels of less favourable climates. As the
modification effect of historic management intensity was lost in
transitional Mediterranean climates or locations of high VPD
anomaly, this suggests the impact of harsher conditions might
be unbuffered by the degree of canopy shading in extreme cli-
mates. The future climatic buffering capacity of forest canopies
may be threatened by water resource limitations due to climate
change (Davis et al. 2019), a possibility that could be particularly
likely in rear edge beech given our finding that rising VPD was
associated with reduced growth of adult trees. As the study re-
gion is predicted to experience temperature increases of 1.4°C
by 2050 (Government of Catalonia 2017), canopy decline result-
ing from climate change could potentially limit the future shad-
ing protection afforded to juvenile beech, particularly in stands
with high levels of historic management. This could potentially
lead to a positive feedback mechanism whereby climate stress
reduces canopy buffering (De Frenne et al. 2021), which exacer-
bates climate stress for the understory.

Finally, we also found evidence that the intensity of historic
management has the potential to change the direction of the
relationship between climate and demography. For new adult
abundance, increasing mean VPD (a warmer, drier climate)
had a positive relationship when historic management was
low, but a negative relationship when historic management was
high (Figure 4C). This could imply that when canopy shad-
ing is plentiful, increasing mean VPD may be beneficial for
new adult abundance, perhaps due to higher growth rates or
increased reproductive output of adults due to warmer condi-
tions (Bogdziewicz et al. 2020). However, when the intensity of
historic management is high, increasing VPD may negatively
impact new adult abundance due to the reduced microclimatic
buffering of the forest canopy due to fewer full-sized canopy
trees (Hollunder et al. 2024; Merino et al. 2007). However, this
interaction should be interpreted with caution due to the high
confidence interval overlap between high and low historic man-
agement intensities at all values of mean VPD.

5 | Conclusions

Understanding the drivers of heterogeneous demographic per-
formance at rear edge margins is critical to improving future pre-
dictions of species distributions (Hampe and Jump 2011; Hampe
and Petit 2005). Recent work has led to the appreciation that the
geographic limits of species distributions do not necessarily also
represent the environmental range limits of that species, which
may—at least in part—help explain observed heterogeneity in
demographic performance across rear edge margins (Oldfather
et al. 2019; Vila-Cabrera, Premoli, and Jump 2019). However,
our results also show that legacies of human land use have the
potential to interact with gradients of marginality such as cli-
mate and population isolation to further impact population dy-
namics (Perring et al. 2016; Vila-Cabrera et al. 2023).

Overall, our findings underscore two key insights. First, differ-
ent demographic rates may respond differently to climate, pop-
ulation isolation and land use legacies, which may potentially
lead to complex spatio-temporal shifts in future population dy-
namics under climate change. Second, the impact of climate and
population isolation on forest demography may depend on the
human land use legacies of the forest. We identified two main
forms of interactive effects: intense historic forest management
either magnified the negative relationships between demogra-
phy and climate or population isolation, or reduced demographic
performance in favourable climates to levels observed in unfa-
vourable climates. Through both forms of interaction, historic
forest management appears to negatively impact demography,
which has the potential to compromise carbon stocks (through
reduced tree growth and survival) and long-term population vi-
ability (through reduced juvenile recruitment). This could po-
tentially lead to a positive feedback mechanism in which canopy
decline reduces microclimatic buffering (De Frenne et al. 2021),
leading to further forest decline through reduced juvenile abun-
dance, which may be particularly grave in rear edge populations
given their important role in a species’ long-term persistence
(Hampe and Petit 2005). Overall, we show that disentangling
human and environmental factors can enable us to better un-
derstand heterogeneous demographic population performance
across the rear edge of species distributions.
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