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Abstract: Farmland abandonment has been a widespread land-use change in the Iberian Peninsula
since the second half of the 20th century, leading to the establishment of secondary forests across
the region. In this study, we aimed to address changes in the recent (1985-2014) emergence patterns
of these forests and examine how environmental factors affected their growth by considering dif-
ferences in leaf-habit types. We used a combination of Landsat-derived land-cover maps and above-
ground biomass (AGB) maps from the European Space Agency to assess the secondary forest estab-
lishment and growth, respectively, in the study region. We also obtained a set of topographic, cli-
matic and landscape variables from diverse GIS layers and used them for determining changes over
time in the environmental drivers of forest establishment and AGB using general linear models. The
results highlight that secondary forest cover was still increasing in the Iberian Peninsula at a rate
above the European average. Yet, they also indicate a directional change in the emergence of sec-
ondary forests towards lower and less steep regions with higher water availability (mean rainfall
and SPEI) and less forest cover but are subjected to greater drought events. In addition, these envi-
ronmental factors differentially affect the growth of forests with different leaf-habit types: i.e.,
needleleaf secondary forests being less favoured by high temperature and precipitation, and broad-
leaf deciduous forests being most negatively affected by drought. Finally, these spatial patterns of
forest emergence and the contrasting responses of forest leaf-habits to environmental factors ex-
plained the major development of broadleaf evergreen compared to broadleaf deciduous forests
and, especially, needleleaf secondary forests. These results will improve the knowledge of forest
dynamics that have occurred in the Iberian Peninsula in recent decades and provide an essential
tool for understanding the potential effects of climate warming on secondary forest growth.

Keywords: drought; forest expansion; land-cover change; land-use change; rural abandonment

1. Introduction

Changes in land use and land cover are one of the main drivers of global environ-
mental change given that they affect the properties of land surfaces, the provision of eco-
system services [1] and, ultimately, the Earth’s energy balance and biogeochemical cycles
[2,3]. Although deforestation is still one of the main manifestations of changes in land use
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and land cover, the net rate of forest loss decreased substantially worldwide during 1990-
2020 due to a reduction in deforestation in certain countries and active and passive affor-
estation in others [4]. The expansion of secondary forests, i.e., forests that are established
in areas with another previous land use, is a phenomenon that has occurred especially in
the Northern Hemisphere during the last few centuries [5]. Secondary forests that have
been established on former farmland may constitute a large proportion of the total for-
ested area in many regions, e.g., 20-25% in Spain [6,7] and more than 50% in China and
Costa Rica [8].

The expansion of secondary forests can have both positive and negative effects on
landscape structure and ecological functions. For example, forest cover increase is affect-
ing biodiversity conservation in Europe, with a generalised recovery of forest species, in-
cluding threatened species targeted in conservation initiatives [9,10], but also a rarefaction
and local extinction of species that are typical of open habitats [10-12]. The expansion of
secondary forests may also increase the functional connectivity between forests (e.g., seed
dispersal potential) and may facilitate migration and gene flow between tree populations
in response to climate change [13], while potentially increasing the propagation of large
wildfires, especially in southern Europe [14]. Apart from these environmental changes,
the expansion of secondary forests has gained much attention owing to their role in carbon
accumulation [15,16]. Fuchs et al. [17] determined that afforestation and cropland aban-
donment made the greatest contribution to carbon sequestration during 1950-2010 in Eu-
rope, while Pan et al. [16] reported that the C sink of China’s forests increased by 34%
during 1990-2007 primarily due to newly planted forests. Finally, Vila-Cabrera et al. [6]
showed that secondary forests that were established from 1956 onwards represent 22% of
the total C pool in Iberian forests. Furthermore, it was suggested that forests established
on former agricultural land may differ from long-established forests in terms of species
composition and their structural and functional characteristics [18]. These forests may
benefit from land-use legacies since their soils tend to be richer in nutrients [19] and ex-
hibit greater enzymatic activity [20], which could explain why some secondary forests
have higher growth rates than long-established forests: 35% greater plant biomass [21]
and 25% higher growth [6], but they may also be more sensitive to climate changes due to
differences in functional attributes (lower wood density [22] and finer root morphology
[21,23]). This may be of special relevance under climate change, as drought and heat-in-
duced stress in trees could lead to a reduction in tree growth [24], an increase in mortality
rates [25,26] and an increase in forest vulnerability [27,28]. Ultimately, this may cause di-
rectional changes in forest composition towards forests with a greater abundance of
drought-tolerant species [29,30], e.g., an increase in broadleaf over needleleaf forests
[31,32]. On the other hand, the spatial pattern of forest expansion is mostly determined by
farmland abandonment, which is supposed to be concentrated in marginal and low
productivity areas [33]. Ultimately, the biophysical conditions involving forest expansion
may influence the recruitment, growth and mortality of tree species affecting the whole
plant community [34-36], which may determine secondary forest productivity and its ca-
pacity for carbon accumulation [15,16,34,37]. Although some studies have suggested that
the expansion of secondary forests may contribute in a relevant way to carbon sequestra-
tion [6,15-17], little is known about the influence of the expansion patterns on the extent
of secondary forest growth.

The purpose of this study was thus to determine the recent patterns (1985-2014) of
secondary forest establishment and growth in the Iberian Peninsula and examine how
environmental factors affect them by considering the main forest leaf-habit types. The Ibe-
rian Peninsula is an especially appropriate study area given, on the one hand, the expan-
sion of secondary forests that occurred there during the second half of the twentieth cen-
tury [6,7,33] and, on the other, its diverse topoclimatic conditions and the increasing num-
ber of drought episodes in recent decades [38]. Ultimately, this may help to evaluate the
potential of recently established forests to climate change mitigation strategies that are
aimed at maximising carbon sequestration.
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We thus established three main hypotheses: (i) the distribution and magnitude of
cropland abandonment are closely determined by the environmental characteristics that
limit their productivity and, as such, secondary forests will appear first in poorly produc-
tive areas (i.e., areas with unfavourable climatic and topographic conditions) since the
most productive areas will be the last to be abandoned; (ii) due to the recent increase in
drought frequency and severity in recent decades, a greater amount of drought-tolerant
broadleaf secondary forests than needleleaf forests will develop; and (iii) drought events
will have a greater impact on needleleaf secondary forest growth than on broadleaf sec-
ondary forest growth.

2. Material and Methods
2.1. Study Area

The study was performed in the Iberian Peninsula (202,067 km? SW Europe), a region
with great climatic and topographic diversity (Figure 1) and three biogeographic regions,
namely, Mediterranean, Atlantic and Alpine. The mean annual temperatures range from
18 °C (on the southern coast) to 1 °C (in mountainous areas), while the mean annual rain-
fall varies from 340 mm to over 2400 mm (Topoclimatic Drought Atlas of the Spanish
Iberian Peninsula; Domingo-Marimon, 2016) [39]. The large number of mountain ranges
(from sea level to more than 2600 m a.s.l.) and steep coastal-inland gradients also contrib-
ute to the great environmental heterogeneity of this region. Forests cover 35% of the Ibe-
rian Peninsula (EEA Report No. 5/2016). Broadleaf and needleleaf evergreen species are
dominant in the study area; broadleaf deciduous forests are less frequent and are mostly
found in the Atlantic region and mountainous areas (see Figure 1). The main needleleaf
evergreen species in Mediterranean areas are Pinus halepensis and P. pinea, while P. nigra
occurs in inland upland areas. Abies alba and P. uncinata are common in Alpine areas in
the Pyrenees, while P. sylvestris is found widely from upland Mediterranean to Alpine
areas. Broadleaf evergreen forests are dominated by Quercus ilex and Q. suber in lowland
sites up to the limit of montane habitats, while Q. coccifera becomes increasingly common
as continentality rises. Broadleaf deciduous forests mainly consist of Q. humilis, Q. faginea
and Q. pyrenaica in Mediterranean lowlands and uplands, and Fagus sylvatica in the Atlan-
tic region.



Land 2021, 10, 817 4 of 20

Forest leaf-habit (2010-2014): || Elevation:

|:| Needleleaf evergreen ) See

. Broadleaf deciduous . Om
. Broadleaf evergreen D Siidyares

Figure 1. Secondary forest distribution during 2010-2014 by the main forest leaf-habit types in the Iberian Peninsula.

2.2. Data Sources

To detect the secondary forest emergence, we used Landsat images that were pro-
cessed and classified by the Grumets Research Group at the Autonomous University of
Barcelona (www.ogc3.uab.cat/acapi/wms/USOS/index.htm; accessed on 10 November
2020, [40,41]). We ensured that the maps were only generated for those years with enough
good-quality data and periodicity (i.e., from the mid-1980s). In order to have enough im-
ages for map classification (i.e., images that enabled us to correctly identify phenological
variation in land cover categories), we worked with quinquennial periods, thus generat-
ing maps for every quinquennia from 1985 to 2014. From these maps, we selected a set of
available scenes from the Landsat orbits (197, 198, 200, 201 and 202) that were distributed
along both latitudinal and longitudinal gradients that were representative of the climatic
variability in the Iberian Peninsula (Figure 1).

Secondary forest growth was estimated by using the global maps of aboveground
biomass from 2017 (100 m resolution) that were generated by the European Space Agency
(ESA) Climate Change Initiative Biomass project [42]. Aboveground biomass (AGB) is de-
fined as the amount of living biomass (organic matter) that is stored in vegetation above
the soil, including stems, stumps, branches, bark, seeds and foliage, and is expressed as
the weight of dry matter per unit ground area (i.e., Mg/ha) [43].
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2.3. Detecting Secondary Forest Establishment and Growth throughout the Study Period

We detected a new secondary forest that had appeared in the study period by com-
bining maps relating to the different quinquennia. We defined a secondary forest as a
forest that was established on cropland or grassland and is a product of forest expansion,
that is, forests established in areas that for many years previously had been dominated by
a different type of land use [44]. We did not consider the transition from shrubland to
forest as a secondary forest since this was explored by previous studies [45] and because
this transition mostly corresponds to the regeneration of previously felled or disturbed
forests [7,46].

For each quinquennium, we identified pixels belonging to forest land cover that was
cropland or grassland in the previous quinquennium (see classes in the Online Resource
1, Table S1). To avoid including pixels that had been falsely classified as new forests, we
only selected forests in a quinquennium that appeared as forests in two subsequent quin-
quennia (i.e., cropland or grassland during 1995-1999 that was classified as forest in both
2000-2004 and 2005-2009). To account for potential differences that were related to leaf-
habit types, we determined surface changes and annual rates of change for the main leaf
habit types: (i) broadleaf deciduous, (ii) broadleaf evergreen and (iii) needleleaf evergreen.

Finally, the growth of the selected secondary forests was assessed by estimating their
biomass in relation to their age. Biomass was obtained by merging the detected secondary
forests during 2010-2014 with the ESA aboveground biomass (AGB) layer. We previously
resampled the secondary forest dataset at a pixel size of 100 m (using the modal criterion
of the most represented value) to fit with the resolution of the biomass dataset. Forest age
was assessed in years as the difference between the final quinquennium (2010-2014) and
the quinquennium of forest establishment.

2.4. Environmental Drivers of Secondary Forest Establishment and Growth

To assess the environmental context of the secondary forests in the study area, we
selected a set of potential drivers of forest expansion and growth [45,47-50]. Based on
previous work (e.g., [45,50-52]), we chose a series of climatic, topographic and landscape
factors that are known to affect forest composition, structure and growth.

2.4.1. Climatic Variables

To characterise the main climatic conditions, we used the Topoclimatic Drought At-
las of the Spanish Iberian Peninsula [39], which includes monthly aggregates from 1950-
2015 at a spatial resolution of 100 m of rainfall, mean temperature and the Standardised
Precipitation Evapotranspiration Index (SPEI) as an indicator of water deficit. We calcu-
lated the mean temperature (°C) and rainfall (mm) annually and seasonally for 1950-2015
(hereafter, the historic climate) and for the time that the secondary forest grew (hereafter,
the recent climate). We used SPEI values that were calculated at a timescale of 12 months,
which is an optimal and appropriate scale for studying the long-lasting dry periods that
characterise hydrological droughts [53,54]. We defined a drought event as a period of con-
secutive months in which the SPEI values were equal to or lower than -1, as suggested in
the literature [53,55,56]. For a statistical quantification of drought episodes, we calculated
the commonly used drought parameters [55,57] for both the historic and recent climatic
periods, i.e., drought frequency (number of episodes during a period divided by period;
events/year), mean drought duration (average duration of drought events in the period;
months), mean drought intensity (average of the mean SPEI values during the period of
drought events) and mean drought severity (average of the accumulated SPEI values dur-
ing the period of drought events).
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2.4.2. Topography

We used the digital elevation model of the Iberian Peninsula at a spatial resolution
of 90 m generated by the Kraken group from the University of Extremadura [58] to char-
acterise the mean elevations (m) and slopes (degree) of emerging secondary forests.

2.4.3. Forest Cover

Previous studies have observed that the amount of forest cover in the landscape has
a positive influence on forest expansion and determines the distribution patterns of sec-
ondary forests [45,50]. Thus, we determined the percentage of forest land cover at the be-
ginning of the study period by counting the number of forest pixels in a radius of 1 km of
each secondary forest pixel. Finally, we resampled the spatial resolution of the abovemen-
tioned land-cover raster datasets from 30 m to 100 m to coincide with the resolution that
is employed in most environmental datasets generated using the majority criterion (as-
signing the value of each pixel based on the most abundant value). We overlapped multi-
ple environmental maps, after resampling and changing the coordinate systems wherever
necessary, to determine the environmental values in all cells classified as secondary for-
ests.

2.5. Statistical Analyses

As for the secondary forest establishment, we first performed ANOVA tests to deter-
mine whether the environmental conditions of established secondary forests differed be-
tween forest leaf-habit types (broadleaf deciduous, broadleaf evergreen and needleleaf
evergreen). Data were log-transformed when necessary to meet the assumptions of nor-
mality. Where significant differences occurred (p < 0.05), comparisons between means
were performed using Tukey’s HSD multiple comparison test.

We then performed a general linear model (GLM) to test the association of the time
(quinquennium) of the establishment of secondary forests with the environmental varia-
bles described above. For this analysis, we took the historic climatic variables from the
period 1950-2015 as being representative of the climatic conditions in the area. We de-
cided to work with the absolute value of the severity and intensity of drought factors (all
values were negative) so that the higher the value, the greater the severity or intensity of
the drought, which facilitated the interpretation of the effect in the model. To prevent
multicollinearity, we produced a correlation matrix with a Spearman rank test (Electronic
Supplementary Materials 2, Figure S1) to avoid using highly correlated variables (r <
[0.71). Thus, when variables were correlated, we chose the best variable by selecting the
one with the strongest effect on the response variable. The simplest general linear models
were selected following a dredge procedure using the MuMIn R package [59], which re-
moved non-significant variables from the general model, to assess significant changes in
model predictions using the Bayesian information criterion (BIC). From the models with
a difference in BIC relative to BICmin < 2, we chose the most parsimonious model by se-
lecting the model with the fewest predictor variables following the procedure described
in Crawley [60]. Then, we tested for spatial autocorrelation of the model residuals using
Moran’s I Autocorrelation Index [61] to ensure sampling independence (Electronic Sup-
plementary Materials 1, Table S2; [62]).

As for forest growth, we first performed ANOVA tests for each forest quinquennium
to determine whether AGB differed between forest leaf-habit types and performed pair-
wise comparisons of means using Tukey’s HSD tests wherever significant differences oc-
curred (p <0.05).

We also performed a GLM to test the association of AGB with environmental varia-
bles and age (midpoint of each quinquennium). For this analysis, we used the recent cli-
matic variables calculated from the year the secondary forest became established to the
end of the study period (2015) to describe the climatic conditions in which secondary for-
ests grew. In this case, we also used absolute values of the drought severity and intensity
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factors. We employed the same criteria to prevent multicollinearity and avoid highly cor-
related variables used in the abovementioned model (Electronic Supplementary Materials
2, Figure S2). Furthermore, we considered forest leaf-habit as a factor and the environ-
mental interactions with the forest leaf-habit. The simplest general linear model was se-
lected using the same criterion as described above. Then, as for the model analysing forest
establishment, we tested for spatial autocorrelation of the model residuals using Moran’s
I Autocorrelation Index (Electronic Supplementary Materials 1, Table S3).

3. Results
3.1. Secondary Forest Establishment

The total forest area (i.e., the balance between gains and losses) increased by 7.7%
during 1985-2014, which represents a mean annual increase of 0.31%. Broadleaf decidu-
ous (BD) forests showed the highest increase from their initial area (30.3% during the
study period, 1.21% annually). Broadleaf evergreen (BE) forests increased by 5.2% (annual
increase 0.21%), while needleleaf evergreen (NE) forests showed no changes in their area.

Secondary forest establishment occurred at an annual rate of 0.60 + 0.15% (mean + SE
of quinquennia). BD forests had the highest annual establishment rate (1.09 + 0.21%), fol-
lowed by BE (0.81 + 0.32%) and NE (0.24 + 0.11%) forests. By the end of the study period,
14.8% of the forest area corresponded to secondary forests that had emerged during the
1985-2014 period (54.2% of BD, 31.1% of BE, and 14.7% of NE forests; see Figure 2 for the
spatial distribution of secondary forests by forest leaf-habit.
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Figure 2. Secondary forest distribution and area (percentage of 10 km pixels) during 1985-2014 for the main forest leaf-
habit types in the Iberian Peninsula: broadleaf deciduous, broadleaf evergreen and needleleaf evergreen.

Secondary forest establishment occurred in areas with a mean (+ SE) elevation of 667
+ 0.8 m, a slope of 6.2 + 0.0% and a previous tree cover of 30.3 + 0.05%. The mean climatic
conditions of these areas were: annual temperature: 13.6 + 0.01 °C, annual precipitation:
710 + 0.49 mm, 0.46 = 0.00 droughts/year with 4.74 + 0.00 months of duration, intensity of
SPEI values: -1.30 = 0.00 and severity of SPEI values: -6.91 + 0.00. BD secondary forests
became established in areas with higher average annual precipitation rates, steeper slopes
and more forest cover but with a lower mean annual temperature than BE and NE forests
(Table 1). They also became established in areas with lower elevations, on less steep slopes
and lower average annual precipitation, but with higher mean annual temperatures and
greater drought intensity and severity than BD and NE forests. NE forests became estab-
lished in areas of greater environmental variability with less drought duration, intensity
and severity than either BD or BE forests.
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Table 1. Mean (+SE) values of environmental variables for sites with secondary forests and differ-
ences between secondary forest leaf-habit: broadleaf deciduous (BD), broadleaf evergreen (BE) and
needleleaf evergreen (NE). Letters show significantly different means at p < 0.05.

Secondary Forest Environment

All

BD
BE
NE

All

BD
BE
NE

All

BD

BE

NE

All

BD

BE
NE

Elevation (m)

Slope (%)

Forest cover (%)

667 0.8

681+1.5
666 + 1.1
684+1.8

6.17 £ 0.01

8.26 £0.02
5.25+0.02
6.05+0.03

30.3 £0.05

36.7 +0.10 a
27.6 £0.06 b
29.2+0.11 b

Mean annual temperature

Annual precipitation (mm) Drought frequency (event/year)

(°C)
13.6 +0.01 710 £ 0.49 0.46 + 0.00
12.5+0.01 a 895 +0.87 0.46 + 0.00 a
14.0 +0.01 b 654 +0.59 0.46 +0.00 a
13.7 +0.01 c 623 +1.00 0.48 +0.00 b
Drought duration (months) Drought severity Drought intensity
4.74 £ 0.00 -6.910.00 -1.30 £ 0.00
4.72 £0.00 a -6.88 +0.00 -1.29 +0.00 a
4.79 £0.00 b -6.98 +0.00 -1.31+0.00 b
4.60 +0.00 c —6.74 +0.00 -1.30+0.00 c
SPEI Longitude Latitude
0.004 = 0.000 435901 + 440 4453824 * 369
0
0.005 + 0.000 a 552225 + 786 4604454 + 642 a
0.005 + 0.000 b 349954 + 535 4401588 + 436 b
0.004 + 0.000 c 526596 + 899 4404518 + 733

The best model describing the environmental factors that were associated with the

time of establishment of the secondary forests during 19852014 is shown in Figure 3. The
time of establishment of the secondary forests (quinquennial) was positively associated
with the mean summer precipitation, mean SPEI and mean drought intensity, but nega-
tively associated with slope and forest cover. Significant interactions of forest leaf-habit
with some environmental factors in the model indicated that, over time, both BE and NE
were established in areas with lower elevation, lower forest cover areas and lower drought
intensity compared with BD forests, while BE forests were established in less steep areas
than both NE and BD forests. An autocorrelation test (Electronic Supplementary Materials
1, Table S2) detected very low yet significant values of the Moran’s Index on the study
sample and its model residuals (0.071 and 0.027, respectively).
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Secondary forest time of establishment
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Factor association with time of establishment
(GLM scaled estimates)

Figure 3. General linear model (GLM) parameter estimates of the relationships between the time
(quinquennium) of secondary forest establishment and elevation (m), slope (°), annual precipita-
tion (mm), mean annual SPEI values, drought intensity, forest cover in a 1 km radius (%) and in-
teraction with secondary forest leaf-habit broadleaf evergreen (BE) and needleleaf evergreen (NE)
forests compared to broadleaf deciduous (BD) forests. Climatic values were calculated from the
mean of the period 1950-2015. Significance is indicated using the following p-values: *: 0.05, ***:
0.001.

3.2. Secondary Forest Growth

The aboveground biomass (AGB) of the secondary BD forests had mean values (+SE)
ranging from 61.3 + 1.1 Mg ha™ in the youngest forests (5 years) to 101.5 + 0.9 Mg ha™ in
the oldest (25 years). These values were higher than those of BE and NE forests for most
age groups (Figure 4). By contrast, secondary BE forests had the lowest AGB values for
most age groups, ranging from 35.0 + 0.7 Mg ha™ to 58.3 + 0.6 Mg ha. Finally, NE sec-
ondary forests had mean AGB values ranging from 37.3 + 1.4 Mg ha to 77.9+ 0.9 Mg ha.
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Figure 4. Average aboveground biomass (AGB) of secondary forests by age for the different forest leaf-habit types. Differ-
ent letters indicate significant differences in AGB between forest leaf-habit types for the same age according to Tukey’s

test (p < 0.05).

The GLM model for the effect of local environmental factors on the growth of sec-
ondary forests explained 42% of the variance (Figure 5). The growth of secondary forests
was positively associated with age, slope, forest cover, summer precipitation and mean
annual temperature, but negatively associated with drought frequency and intensity. Ad-
ditionally, BE forests had the lowest AGB, while NE forests had the highest AGB. In ad-
dition, the GLM revealed significant interactions between the forest leaf-habit and climatic
factors, that is, the positive effect of summer precipitation was higher for BE forests than
for NE and BD forests, the positive effect of temperature was lower in NE forests than in
BE and BD forests, while the negative effect of drought frequency and intensity was lower
in BE and NE forests than in BD forests. Finally, both slope and summer precipitation had
a negative interaction, which indicates that the greater the slope, the lower the positive
effect of summer precipitation. The autocorrelation test (Electronic Supplementary Mate-
rials 1, Table S3) showed large decreases in the Moran’s I values from the study sample
(0.252) to the residuals of the GLM model with the explanatory variables (0.005), with both
values being significant.
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Secondary forest growth
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Figure 5. General linear model (GLM) parameter estimates of the relationships between secondary
forest growth (aboveground biomass; Mg ha™) and several explanatory variables, including the
logarithm of the secondary forest age (y), slope (°), forest cover in a 1 km radius (%), mean precipi-
tation in summer (mm), mean annual temperature (°C), drought frequency (events/year), drought
intensity and forest leaf-habit (broadleaf evergreen (BE) and needleleaf evergreen (NE) compared
to broadleaf deciduous (BD)). Climatic factors were calculated using the mean of the secondary
forest establishment periods (from the quinquennium of establishment up to 2015). Significance is
indicated using the following p-values: ***: 0.001.

4. Discussion
4.1. Forest Expansion in the Iberian Peninsula

Results show that forest area in the Iberian Peninsula is increasing at an average net
rate of 0.31% year, which is a rate that is much higher than the European average in
recent decades (0.08% year during 1990-2015 [63] and 0.06% year! during 1992-2015
[45]) and closer to the European rate for the twentieth century (0.50% year~! during 1950-
2000 [64] and 0.42% year™ during 1900-2010 [65]). This reflects the current great forest
dynamism in the Iberian Peninsula [66], which may continue in the near future [67], com-
pared to other regions of Europe where forest cover is stabilising [4,64,68]. This phenom-
enon can be attributed to the massive cropland abandonment that occurred in southern
(and eastern) Europe during the application of the Common Agricultural Policy (CAP)
during 1988-2008, which forced agriculture to be more competitive in global markets
[33,64,69,70] and prompted the afforestation of former croplands (e.g., the program Pro-
grama de Forestacion de Tierras Agrarias (FTA) in Spain [71]).

The gross rate of secondary forest establishment determined in this study (0.60%
year) during 1985-2014 is generally consistent with the results reported by Vila-Cabrera
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et al. [6] for 1956-2007 (0.75-0.43% year™). Moreover, our results show that the secondary
forest establishment rate differed according to the main forest leaf-habit types: NE had the
lowest rate (0.24 % year™) and represented only 14.7% of the total secondary forests, while
BD and BE had higher rates (respectively, 1.21% and 0.81% year-!) and represented 31.1%
and the 54.2% of total secondary forests, respectively. This may be attributed to the prior-
itisation of broadleaf species (i.e., Quercus spp.) in the FTA program: monospecific stands
of broadleaf species have represented 50% of the total afforested area in Spain since 1992,
while stands of needleleaf species have represented only 15% [71]. Nevertheless, it could
also be due to the different responses of broadleaf and needleleaf species to the biophysi-
cal attributes of abandoned land, which is a consideration that is discussed in more detail
below.

4.2. Patterns of Secondary Forest Establishment

According to our first hypothesis, the establishment of secondary forests is increasing
over time in more favourable biophysical conditions, as shown by the GLM model. There
is a directional change over time of secondary forest emergence towards lower elevation
and less steep regions with higher water availability (i.e., higher average summer precip-
itation and annual SPEI values; Figure 3). However, directional change in areas with
greater drought intensity was also detected. These changes over time suggest that, while
global or external causes may trigger the abandonment of croplands and pastures, local
or regional factors constrain the degree and location of the abandonment [5,33]. Thus, in
those regions where crop and pasture abandonment occur, the first areas to be abandoned
are the sites of least quality (e.g., in terms of climate limitations and slope steepness) that
limit productivity and hamper the mechanisation of tasks. Conversely, the directional
change of forest expansion towards regions with a higher average drought intensity is
difficult to interpret due to the heterogeneous spatiotemporal patterns of drought occur-
rence in the Iberian Peninsula [72]. Furthermore, although the average annual tempera-
ture and precipitation determine climatic conditions and thus the potential agricultural
productivity and land abandonment [5,33], drought events may not have this effect be-
cause of their episodic occurrence over both space and time [73]. In any case, the positive
relationship with drought intensity could be a collateral effect of the directional trends of
forest emergence towards lower elevation areas with higher annual temperatures, given
that temperature plays a key role in drought intensity in the Iberian Peninsula [74].

In addition, the effects of topographic factors interact with forest leaf-habit, as indi-
cated above (Figure 3). A decrease in forest establishment over time with elevation was
detected in BE and NE forests but not in BD forests. We attribute this to the fact that the
BD forest distribution in the Iberian Peninsula is mostly constrained to mountain ranges
with higher precipitation rates than surrounding lowland areas enjoying a typical Medi-
terranean climate [75]. By contrast, NE secondary forest emergence decreased most with
elevation over time, probably because this forest leaf-habit has the widest altitudinal dis-
tribution, ranging from the Abies alba and P. uncinata stands at high elevations to the P.
halepensis forests that dominate in lowlands. On the other hand, the directional change of
secondary forest emergence towards less steep areas was far more evident in BE forests
than in NE and BD forests. This may be due to the fact that a large proportion of BE forests
(i.e., those dominated by Quercus ilex) were historically restricted to non-cultivated steep
areas in mountain ranges where they were exploited for charcoal production [76], while
NE and BD forests often persisted while intermingled with croplands and pastures in the
plains. Moreover, as these BE forests are distributed from near the coast to the upper mon-
tane limit, their establishment pattern may be better described by slope than by elevation.

We also detected that the time of establishment of secondary forests was negatively
related to forest cover in the surrounding area, probably due to the change in forest emer-
gence towards lowland, less steep areas. This may also explain why the negative effect of
forest cover on secondary forest emergence was more negative in BE and NE forests than
in BD secondary forests, given that the latter are mostly found in northern and upland
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areas in the Iberian Peninsula (corresponding to a temperate biome). In previous studies,
we detected a positive relationship between previous forest cover percentage and forest
expansion [45], which we attributed to the concentration of land abandonment in land-
scapes that were dominated by agroforestry mosaics [45,63]. In addition, reforestation is
more likely to occur in regions with low forest cover and poor land suitability for agricul-
ture but good connections to wood markets [5].

4.3. Secondary Forest Growth

The GLM assessing the effects of the diverse factors on forest growth explains 42% of
the variability of secondary forest growth (Figure 5). As expected, age had the greatest
effect on forest growth, although environmental and forest leaf-habit factors also had im-
portant implications for forest growth.

Summer precipitation seems to be a key element in forest growth in the study area
[77], which is very dependent on the cumulative spring and summer water deficit [78].
This also depends on the forest leaf-habit, with the effect being higher in broadleaf forests,
especially evergreen forests, than in needleleaf forests. Our results corroborate the finding
that under warm climatic conditions, broadleaf species tend to be much more competitive
than needleleaf species if soil moisture is available [79], as their roots are able to penetrate
into the deep water table [80]. In addition, secondary forest growth was also positively
related to mean annual temperature, with this effect being greater in broadleaf forests than
in needleleaf forests. This agrees with previous studies [81,82] and can be attributed to the
contrasting water economy strategies in broadleaf and needleleaf species [83]: broadleaf
species, mainly oak species, have less strict stomatal control, which allows them to assim-
ilate carbon for longer during warmer and drier periods; on the other hand, needleleaf
species, i.e., pine species, typically have more isohydric behaviour and reduce their sto-
matal conductance to a minimum during the warm and dry seasons [84,85].

Our best model also revealed the negative effects of the drought frequency and in-
tensity parameters on secondary forest growth. The magnitude of this effect depends on
the forest leaf-habit, where the response to drought in BD secondary forests is more pro-
nounced than in BE and NE forests. This may be caused by the fact that BD secondary
forests in the study area are mainly found in the north of the Iberian Peninsula and consist
in part of species at the southernmost limits of their ranges (e.g., Fagus sylvatica and Quer-
cus humilis) that may have a lower buffering capacity than drought-tolerant species [54].
Moreover, recent studies suggest that beech forests established on former agricultural
land have higher growth rates due to better soil attributes (i.e., higher N and P content
and mineralisation rates), which also implies lower wood density [22,23]. This may also
mean that BD secondary forests may be particularly vulnerable to drought-induced cavi-
tation [86]. On the other hand, our model indicates that the growth of BE secondary forests
was the least affected by drought frequency, while the growth of NE secondary forests
was the least affected by drought intensity. Once again, variations in water-use strategies
between the different leaf-habits may be key for understanding the response of ecosys-
tems to average climate and drought episodes [83]. Needleleaf species typically avoid
drought by drastically reducing stomatal conductance at the first sign of water deficit
[87,88], which implies that their growth is affected by drought frequency [25,78] but not
by intensity given that they will stop growing when water deficit is present, thereby
avoiding the adverse effects of intensity. Conversely, BE species usually maintain higher
stomatal conductance, even at low leaf water potentials [87,88], which may explain the
higher effect of drought intensity on BE secondary forest growth.

In addition, our results suggest that slope had a strong effect on secondary forest
growth. Different effects of slope on forest growth have been reported [82,89-92] and at-
tributed to associated biophysical properties (i.e., soil depth, solar radiation and mean
elevation). Our results indicate a positive effect of slope on secondary forest growth,
thereby suggesting that there was more growth in upland areas than in lowland plains.
This may be because land abandonment was mostly prompted by low productivity (i.e.,
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climatic limitation or soil degradation) in the plains and by topography (i.e., difficult ac-
cess and a constraint on mechanisation), and not necessarily by productivity in upland
areas [33,93]. Our findings also reveal that the positive effect of summer precipitation on
growth decreases as slope gradients increase, which suggests that forests in plains may
grow under arid and semiarid conditions [94] and, thus, that forest growth was most de-
pendent on summer precipitation. Finally, the model shows that growth was higher in
needleleaf forests than broadleaf secondary forests, which was probably due to the lower
wood density and faster growth rates in the former forest type [81,95].

These results highlight that the spatial patterns of recent forest expansion in the Ibe-
rian Peninsula may be compromising needleleaf growth and establishment and favouring
the establishment of broadleaf forests, as the latter may cope better with warm tempera-
tures, benefit more from summer precipitation and its dispersal mediated by vertebrates,
which facilitates the colonisation of less forested landscapes [31,48,96]. This may have ad-
vantages for forest functioning under the context of climate change, as broadleaf ever-
green species have a more stable production in wet and dry periods [30] and are highly
resilient to droughts [83] and wildfires due to their ability to reshoot [97,98]. However,
this may entail that there will also be a global reduction in the rate of carbon fixation by
secondary forests in the Iberian Peninsula, as forests that are more tolerant to drought are
less productive [30,99].

5. Conclusions and Future Implications

We can then conclude that forests continue to expand in mainland Spain at a rate that
is above the European average. Although the analysed period was not very long (25-30
years), changes in the conditions under which these secondary forests were being estab-
lished were observable over time, i.e., in sites with greater water availability, lower eleva-
tions, less steep slopes and less forest cover. The growth trends of the forests that emerged
reveal the key role of summer precipitation, temperature, slope and forest cover, and the
lesser role of drought events. Finally, the results highlight the contrasting response of the
diverse forest leaf-habits to these environmental factors that changed over the study pe-
riod: they constrained the establishment and growth of needleleaf forests, which were
most affected by warm temperatures, and favoured broadleaf secondary forests, which
profited more from summer precipitation.

We consider that the general trends in secondary forest establishment and growth
detected here may be extrapolated to other Mediterranean regions (e.g., Italy, Greece, Por-
tugal) with similarities in the forest species, the biophysical conditions and their current
socioecological forest situation and forestry policies [4,100,101]. The study area contains a
large range of climatic, topographic and landscape conditions in the Iberian Peninsula,
which in turn, is a good representative for environmental variation in the Mediterranean
regions. Furthermore, autocorrelation tests confirmed the reliability of the results due to
the lack of spatial structure in the models’ residuals. Yet, it may be of interest to add other
factors (e.g., soil properties and forest functional composition) that may contribute to in-
creasing the precision of the model [30,81,83,92,102] when data becomes available for
global spatial and temporal analyses.

The results from this study can help to design appropriate management policies re-
garding forest expansion in former agricultural lands because they provide valuable in-
formation about which sites should be prioritised, e.g., where afforestation can better con-
tribute to carbon sequestration or where it would be necessary to apply sylvicultural prac-
tices (e.g., early selective thinning) to ensure both forest productivity and long-term resil-
ience [30,103-107]. Future research should also be aimed at studying the environmental
factors that are associated with forest expansion in other climatic regions (e.g., temperate
or boreal) and their effects on secondary forest establishment and growth to help with
addressing the global impacts of climate change.
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