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Abstract: Recent drought-induced dieback alters forest dynamics, which are also shaped by past
management. In western Pyrenean silver fir (Abies alba) stands, dieback concurs in space and time
with the legacies of past management, but the impacts on forest growth, structure and composition
are unknown. We aim to disentangle how dieback interacts with the legacies of past human use
and modulates the recent dynamics of silver fir forests. To this end, we sampled eleven silver fir
forests across wide climatic gradients and included declining and non-declining sites. We measured
radial growth, structure, composition, understory cover and type and amount of deadwood. Silver
fir growth declines in response to late-summer drought. In declining sites, most defoliated stands
showed the lowest silver fir density and were those where growth depended more on water availabil-
ity. Tree death enhanced the cover of dominant understory plants such as Buxus sempervirens. Past
management activities leave an imprint in the growth of silver fir, such as releases due to past logging,
but also affect the number of stumps and snags and the current tree density. A more extensive
monitoring will be required to fully disentangle the multiple influences of past management legacies
and current climate change on forest dynamics.
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1. Introduction

Forests cover 35% of the European land area and provide a wide variety of ecosystem
services, including carbon sequestration, biomass production, biodiversity maintenance,
recreation and aesthetic experiences [1]. However, the condition of some European forests
is deteriorating due to the increase in canopy defoliation and basal mortality rates and
to the occurrence of widespread dieback episodes as a result of climate change [2-5].
Climate variability (e.g., climate extremes such as droughts) [6] and climate change [7] are
important factors driving the increase in tree mortality rates and forest dieback episodes
across Europe. The simultaneous occurrence of warm and dry summers has increased over
the past decades [8], triggering the occurrence of forest mortality events in drier regions [9].
For instance, in northeastern Spain, where many economically and culturally valuable tree
species such as European beech (Fagus sylvatica L), Scots pine (Pinus sylvestris L.) and silver
fir (Abies alba Mill.) reach their southern distribution limits [10,11], the increase in aridity
during the last years has triggered forest dieback and mortality in some locations [12-14].

Of particular interest is the situation of silver fir, an ecologically and economically
relevant tree species widely distributed in moist areas in central and eastern Europe [14-26].
Silver fir growth trajectories and responses to climate strongly differ along its distribution
range [27], and the capacity of this species to thrive under warmer and drier conditions has
been a matter of debate among scientists and foresters [28-31]. Silver fir radial growth is
sensitive to water shortage during the growing season [20,24,32], particularly in lowland
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sites [19,30]. This species reaches its southwestern distribution limit in the Spanish Pyrenees,
where it is restricted to montane and subalpine habitats, where it forms pure and mixed
stands with other species such as beech, Scots pine and mountain pine (Pinus uncinata
Ram.) [23]. In this region, silver fir radial growth is strongly limited by the occurrence of
elevated temperatures during the late summer in the year prior to growth [22,33]. Enhanced
aridity has been also found to limit silver fir recruitment and growth, particularly in low
elevated montane forests [23]. Thus, these studies point to the sensitivity of silver fir to
drought and heat, particularly in regions close to the southern limit of its distribution
range [31], which has led to vitality losses, lack of recruitment and mortality events since
the late 1980s [15-23].

The occurrence of drought-induced silver fir dieback episodes in regions close to
the southern limit of the distribution of the species, such as Croatia [34], Slovenia [35,36],
Spain [15] and France [37], have been reported over the past years. This contrasts with
the capacity of the species to recover after drought in wetter-cooler sites from central
Europe [28,29] and Italy [30]. These contrasting results suggest that rear-edge (southern)
silver fir forests, particularly those located at lower altitudes [23], are more vulnerable
to drought than those forests close to the center of the species distribution range [19,27],
increasing the interest in understanding the structure and dynamics of these forests as a
tool to better understand the persistence of silver fir with regard to climate change [38].

In the past, silver fir forests were heavily exploited for timber [25,26]. The cessation
of management practices modulated silver fir drought sensitivity and led to different suc-
cessional trajectories, depending on the region under consideration [39]. For instance, in
the Italian Apennines, silver fir forests have been replaced by mixed beech—fir multilayer
forests after management abandonment [40]. In the Spanish Pyrenees, past management
practices have been detected as a potential factor enhancing stand competition, predispos-
ing silver fir forests to pathogen attacks and drought-induced dieback [15,21,23,41]. It is
thus valuable to compare how managed and unmanaged forests differ in their structural
and ecological characteristics [42]. However, old-growth, well-preserved forests are scarce
in Europe [43], and this situation is also evident in the Pyrenees [42]. Old-growth forests
represent remnants of past forest conditions and can be used as models guiding conserva-
tion and management strategies for preserving multifunctional forests [44]. For example,
unmanaged and old-growth forests are structurally and compositionally more diverse than
managed ones [45], despite the fact that both types of forests can have similar amounts of
living biomass [46,47]. Several studies suggest that species mixing can mitigate drought
impacts [48,49], although these benefits can be site and species specific [23,50-52]. It is also
expected that mixed forests can help to maintain biodiversity at different trophic levels by
creating microhabitats [53] and that the presence of deadwood can enhance species richness
and the diversity of saprophytic fauna [54,55]. The question remains: how do legacies of
past management interact with dieback and affect the growth, structure and composition
of Pyrenean silver fir forests?

The lack of management and the occurrence of dieback in silver fir forests can enhance
replacement by more drought-tolerant species such as beech and Scots pine [23,40,56].
Inappropriate management practices such as diameter limit cutting reduce structural diver-
sity, prevent silver fir regeneration and can enhance drought-induced dieback by favoring
the persistence of less vigorous trees [15,17,26] Additionally, the death of individual trees
together with the lack of management can enhance the abundance of deadwood on the
forest floor, which might help to preserve biodiversity [57]. However, the state of these
forests suffering from drought-induced dieback in the Spanish Pyrenees remains unclear,
as does how they differ from both managed and unmanaged healthy stands [47]. With
this in mind, we studied the structure, composition and growth of silver fir forests in the
Spanish Pyrenees, including both declining and non-declining forests. Our aims were:
(i) to understand if tree growth in declining forests is more constrained by drought than
in non-declining forests; (ii) to discern if legacies of past management practices are more
evident in declining stands; and (iii) to determine if declining and non-declining stands
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differ in terms of species composition, structure and deadwood. According to previous
results [15,19], we hypothesize that silver fir dieback and growth decline is stronger in those
sites in which tree growth is more limited by drought and where stands were more heavily
exploited in the past, which are in turn composed of smaller more vulnerable trees [23]. We
also expect that silver fir dieback will induce changes in deadwood and forest composition,
enhancing the coverage of woody shrubs and increasing the amount of lying deadwood
due to the death of trees and the subsequent increase in understory light availability.

2. Materials and Methods
2.1. Study Area

The study area is located in the central and western Spanish Pyrenees and includes
mature silver fir forests that form the southwestern limit of distribution of the species in
Europe (Figure 1).
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Figure 1. Location of the studied silver fir forests in Europe (a) and the Spanish Pyrenees (b) and
defoliation degree (c) for each stand. The location of the studied site in Europe is highlighted by a red
box in (a). The background map in (a,b) represents spatial variations in mean annual precipitation
(MAP). Each stand is indicated with its code in (b). The black lines in (a,b) indicate the limits of the
distribution range of silver fir. See site codes in Table 1.

This type of montane, often mixed forest is dominant in the more mesic temperate and
cool sites of the Spanish Pyrenees, such as valley bottoms and north and north-west-facing
slopes [58]. We selected 11 silver fir forests encompassing a gradient of environmental
conditions, tree vigor and mortality rates [15-18,59]. Most of these forests were sampled
20 years ago to document the status of silver fir dieback in the western Spanish Pyrenees [15].
The selection of the forests was done according to the distribution of silver fir in the Pyrenees
(see Camarero et al. 2002 [17] for details) In general, we chose forests in which silver fir
dieback is well documented and ongoing, as well as mature, well-preserved forests where
dieback has not yet been clearly observed (Figure 1c).
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Table 1. Studied stands, and their location and main characteristics. For each stand, the latitude, longitude and elevation is shown together with the average

diameter of silver fir trees, the basal area and tree density. In addition, the percentage of trees severely defoliated (defoliation classes 3-5) and dead, as well as the

cover of the main understory plant species present in the transect, is shown.

Site (Code) Latitude Longitude  Elevation Diameter at Basal Area of Silver Density of Silver Fir/Other Percentage of Understory Plant
N) (—W, +E) (m a.s.l.) 1.3 m (cm) Fir/Other Species ! (m? ha—1) Species ! (inds. ha—1) Severely Defoliated (Dead) Trees Cover ! (%)
Fago (FA) 42.730 —0.870 918 33.79 + 15.68 68.7/1.6 (Ps) 1273/20 (Fs, Ps) 7.7 (0.0) 2.30 (Bs), 0.90 (Hn)
Paco Ezpela (PE) 42.741 —0.827 1232 27.84 +10.23 21.7/17.3 (Fs)/16.8 (Ps) 659/119 (Fs, Ps, Qs) 26.3 (10.6) 9.20 (Bs), 1.80 (Ia)
Gamueta (GA) 42.880 —0.800 1400 62.07 £ 17.17 37.6/18.1 (Fs) 775/1867 (Fs) 0.0 (0.0) —
Selva de Oza (SO) 42.830 —0.716 1195 35.67 +£9.31 34.0/9.1 (Fs) 1939/470 (Fs) 0.0 (0.0) —
Paco Mayor (PM) 42.700 —0.640 1353 23.48 +9.77 22.0/14.4 (Ps)/4.2 (Fs) 454/20 (Ps, Fs, Qs) 24.1(17.2) 8.00 (Bs), 0.50 (Ia)
Lierde (LI) 42.691 —0.545 1222 43.18 £21.23 109.2/16.5 (Ps) 910/68 (Ps) 9.1(0.0) 6.60 (Bs), 0.50 (Ia)
Castiello de Jaca (CA) 42.639 —0.534 1175 39.35+9.71 71.6/1.3 (QSf) 564 /47 (Ps, Qs) 23.7 (21.1) 8.40 (Bs), 0.60 (Ia)
Peiia Oroel (PO) 42.520 —0.520 1604 29.05 + 8.59 47.9/9.2 (Ps) 1948/9 (Ps) 18.2(9.1) 33.10 (Bs), 1.48 (Hn)
Paco de Villanda (VI) 42.680 —0.510 1270 3348 +£9.43 68.0/2.1 (Ps) 578/50 (Ps) 18.2 (15.9) 4.20 (Ia), 2.10 (Bs)
Diazas (DI) 42.630 —0.080 1528 31.41 +12.53 53.4/7.3 (Ps) 917/35 (Ps, Sa) 0.0 (0.0) 4.20 (Bs), 0.30 (DI)
Ballibierna (BA) 42.630 0.560 1600 36.42 + 1441 88.1 927 0.0 (0.0) 1.45 (Bs)

1 Species abbreviations: Ps, Pinus sylvestris; Fs, Fagus sylvatica; Qs, Quercus subpyrenaica; Sa, Sorbus aria; Bs, Buxus sempervirens; la, llex aquifolium; Hn, Hepatica nobilis; D1, Daphne laureola.
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2.2. Field Sampling and Climate Data

For each one of the studied sites, we measured and recorded its latitude, longitude
and altitude. Additionally, the average slope and orientation of the sampled stand was
annotated. We also described the dominant vegetation, the type of lithology and soil, and
the presence of disturbances or related signs (stumps, remains of chains or trails related to
old felling, logging, old tracks, etc.).

To quantify the relationships between radial growth and climate, monthly climatic
data (average maximum temperature, total precipitation) were obtained for the period
1963-2016 (Appendix A, Figure A1). These data were extracted from grids that included
some of the sampled fir forests corresponding to the 1.1 km? gridded homogenized database
developed for Spain [60]. This database also contains estimated evapotranspiration data,
which made it possible to calculate the Standardized Precipitation-Evapotranspiration
Index (SPEI), which allows estimating the severity and duration of droughts at different
temporal resolutions [61]. We obtained SPEI values at the scale of 3 months to reflect how
growth responded to drought. Negative and positive SPEI values indicate dry and humid
conditions, respectively (Figure Al).

In each of the studied forests we located at least one transect of 100 m in length, which
was placed diagonally in front of the maximum slope; we located the position of the points
at 0 and 100 m using GPS with a resolution of £ 5 m. Every 10 m along the transect the
distance and diameters at breast height of 1.3 m of the four closest neighboring trees located
in four different quadrants were measured, annotating also the species identity. In total,
44 trees were considered per transect. With these data, we estimated the basal area and the
density of silver fir and accompanying tree species in accordance with [62].

In addition, we also characterized the tree vigor status by quantifying crown defo-
liation [63]. We used a semi-quantitative scale of five levels of defoliation [64]: class O,
defoliation 0-10%; class 1, defoliation 11-25%; class 2, defoliation 26-50%; class 3, defolia-
tion 51-75%; class 4, defoliation 76-90% (Figure 1c). Recently dead trees were considered
those with defoliation greater than 91% (class 5) and that were not forming the last ring
corresponding to the sampling years (2019 or 2020). Crown defoliation has been shown to
be a reliable indicator of tree vigor in other studies and species [65,66].

In each transect, we sampled two mature and dominant or co-dominant firs of the four
selected trees, which were separated by at least 10 m. For each tree, two radial cores were
taken at 1.3 m and perpendicular to the maximum slope using 5 mm diameter Pressler
borers (Haglof, Sweden). Cores were dried at room temperature, glued on grooved wooden
guides prepared for study, and sanded with different sandpapers until the annual growth
rings were perfectly distinguished.

2.3. Measuring Lying Deadwood, Stumps and Snags

To estimate the volume of lying deadwood, we used an intercept method [67]. We
noted the cutoff points of intersection and the length of any pieces of deadwood greater
than 15 cm that intersected the vertical projection of the 100 m long transect. The pieces of
deadwood were classified according to their degree of decomposition into five categories or
degrees: grade 1, intact bark and attached to wood that does not appear decomposed, with
twigs persisting; 2, bark is shed but wood is intact, though it may show incipient decay,
with twigs absent; 3, there is hardly any bark, the wood separates like chips, especially the
sapwood, and its surface is elastic or spongy, with twigs and bark absent; 4, the wood is
broken into large pieces in the form of splinters or sawdust, twigs and bark are absent, and
little remains of sapwood; and 5, the wood breaks down as dust, leaving few intact pieces,
mostly heartwood [68].

The stumps and standing dead trees (snags) located 2.5 m from each side of the
transect, that is, in an area of 500 m?, were located, and their basal diameter was measured
at 1.3 m. Their relative position along the 100 m transect, the distance to the center line of the
transect and their degree of decomposition were noted. In the case of standing dead trees,
their height was also measured. This allowed us to quantify the stand density and basal
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area of stumps and snags as well as the total volume of deadwood in the transect. When
possible, due to the decomposition of wood, stumps and snags were classified according to
their species.

2.4. Processing Tree Ring Data

The processed samples were visually cross-dated [69], and growth rings were mea-
sured with 0.01 mm resolution using a Lintab-TSAP semi-automatic device. Visual dating
was verified using the COFECHA program [70], which calculates correlations between the
individual series and the average series of each fir forest. Once the rings were measured
and their dating verified, their widths were converted into basal area increment (BAI),
assuming that the rings were concentric and that the wood sample contained the pith or
internal rings close to the pith.

We detrended tree ring series to eliminate the influence of changes in tree size and age
or disturbances using a cubic smoothing spline with a length of 30 years and a 0.5 response
cutoff. Note that the same spline length was used for all samples in order to facilitate the
comparison of the chronologies [71]. After that, bi-weight robust averages were determined
to obtain residual chronologies or mean site series after removing temporal autocorrelation
of ring-width indices (pre-whitening).

To detect potential growth releases related to natural (e.g., windstorm) or anthro-
pogenic (e.g., logging) disturbances, we used the percentage growth change method [72]
based on comparing running 10-year ring-width means of individual tree ring width series.
We focused on major releases as proxies of past logging, which were defined as growth
changes higher than 50% of the average growth in the previous 10 years. For each stand,
we quantified the frequency of trees showing major releases per year as well as the total
frequency of releases in the period 1900-2016.

2.5. Statistical Analyses

To quantify the relationships between climate and growth, we calculated Pearson
correlation coefficients between monthly maximum temperatures and the SPEI drought
index calculated at a 3-month resolution (Figure A1) against the radial growth indices (mean
site series). In the correlations between growth (RWI) and climate, the common period of
1963-2016 was considered. Correlations were calculated from the previous September to
October of the year of formation of the ring. To estimate the significance of the correlations,
we used the bootstrapping method [73].

Correlation analyses based on the Spearman rank correlation coefficient were done
to test for the relationship between number of releases, responses of growth to climate,
stand structure, deadwood volume and characteristics between sites. In particular, we
considered the following variables: percentage of severely defoliated and dead trees, silver
fir basal area, stand density, average percentage of releases, stump density, stump basal area,
correlation between growth and previous September maximum temperature, correlation
between growth and 3-month SPEI in July, deadwood volume, deadwood cover, and the
cover of Buxus sempervirens L., the most abundant shrub, in the understory.

Statistical analyses were performed in the statistical environment of R 4.2.0 [74]. The
dpIR package [75-77] was used to manage tree ring width files, transform them to basal
area increment series and to obtain site chronologies. The TRADER package [78] was
used to quantify the number of releases per site; the package treeclim [79] was used to
estimate the relationship between climate and growth; the corrplot package was used to
create correlation plots [80]; the raster package [81] was used to manage spatial files and
create maps.

3. Results
3.1. Silver Fir Stand Characteristics

The degree of defoliation, structure of the forests and silver fir growth varied consid-
erably between sites (Figure 1, Table 1). The declining stands with a higher percentage
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of severely defoliated and dead trees were Paco Ezpela (PE), Castiello de Jaca (CA), Paco
Mayor (PM) and Paco de Villanua (VI), whilst no defoliation was observed in Ballibierna
(BA), Diazas (DI), Selva de Oza (SO) and Gamueta (GA). The diameter of silver fir trees
was two times as large in GA than in DI. Two sites showing dieback, PE and PM, showed
the lowest density and basal area of silver fir, which was five times lower than that found
in non-declining sites such as Lierde (LI) (Table 1). In contrast, the cover of B. sempervirens
in the understory was higher in Pefia Oroel (PO) and in declining sites showing more
defoliation (PE, CA, PM and VI) than in GA and SO non-declining sites, among others.

3.2. Legacies of Past Management: Major Growth Releases

The number of major growth releases and their frequency varied among sites (Figure 2).
Generally, releases were more frequent in declining stands such as PE and PM, but they
were also detected in mature well-preserved stands such as GA. It is important to note
that the distribution of these releases and their intensity varied over time, with some sites
showing a very high frequency of releases sparsely distributed in the study period (e.g.,
PM), while in other cases releases were concentrated in some particular periods (e.g., the
1940s and 1950s in FA, the 1970s in DI).
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Figure 2. Number of major growth releases per site during the period 1900-2016 (a—k) and average
number of releases per year in each site (1). The colors in the last chart are proportional to the average
percentage of releases. See site codes in Table 1.
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3.3. Tree Growth and Response to Climate

The mean age at 1.3 m of sampled trees was 179 years, with a wide range from
98 (LI) to 462 years (GA). The mean £ SD of RW and BAI were 1.93 £+ 0.92 mm and
15.67 + 0.62 cm?, respectively. The growth trend of GA, SO and DI (non-declining sites)
was positive and significant (p-value < 0.001) (Table 2). We found that the growth of
silver fir trees positively responded to April temperature and precipitation from June to
August (Figure 3). Conversely, high temperatures during the previous September had
a negative impact on silver fir growth. The extreme 1986 drought, which was preceded
by high temperatures during September 1985, resulted in a very low silver fir growth

(Figures 3 and A1l).
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Figure 3. Growth and responses to climate of silver fir trees. The correlations between growth and
maximum temperature (a) and the 3-month long SPEI (b) are shown as grey lines (red symbols
indicate significant correlations). The panel in (c) shows how the average growth (BAI, basal area
increment; symbol size is directly proportional to BAI) of trees in each stand depends on year (color
scale), 3-month July SPEI (x axis) and previous September maximum temperature (y axis). Note that
the 1986 year, with an extremely hot drought, resulted in the formation or extremely narrow rings
(orange circles in the upper left corner).
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Table 2. Tree ring width data of the sampled silver fir sites. Abbreviations: AR1, first-order autocorre-
lation; BAI, basal area increment; SD, standard deviation, TRW, tree ring width.

Site No. Trees No.Radii Ageatl3m(y) TRW (mm) SD (mm) BAI (cm?) SD (cm?) Ffz::zdy]iﬁl AR1
FA 25 50 137 2.50 1.01 17.38 0.84 —0.35 0.75
PE 39 70 188 1.35 0.74 8.81 0.55 0.05 0.81
GA 29 59 462 1.52 0.76 21.16 0.65 0.13 0.86
SO 20 40 201 2.38 1.10 21.26 0.43 0.04 0.84
PM 38 74 170 1.53 0.93 12.94 0.55 —0.57 0.81
LI 34 67 95 3.11 1.36 31.59 0.55 —0.05 0.71
CA 17 34 225 1.14 0.68 7.51 0.37 —0.14 0.83
PO 12 24 150 1.45 0.58 8.87 0.20 —0.03 0.79
VI 33 55 140 1.82 0.85 12.22 0.71 -0.31 0.84
DI 16 27 112 2.88 1.22 19.50 0.97 0.33 0.83
BA 32 54 173 2.36 1.05 24.33 0.53 -0.15 0.81
3.4. Deadwood Type, Volume and Coverage
The quantity and type of lying deadwood also varied between sites (Figures 4 and A2,
Table 3). The volume of deadwood was the highest in site VI, and the deadwood cover
peaked in site PE. Lower values of the two variables were found in sites LI, GA and
FA (Figure 4). Snags were present in all forests, excluding LI and BA (Table 3). The
decomposition grade was around 2-3 in all sites, excluding PM, where it was the highest
(4) and LI where it was the lowest (1). In half of the sites, only stumps of silver fir were
found, while in the rest of sites stumps of European beech and Scots pine were also found.
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Figure 4. Distribution of deadwood volume (black bars) and the density of stumps and snags (brown
bars) per site.
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Table 3. Characteristics of deadwood according to the degree of decomposition and basal area, and
density of stumps. The site codes are as in Table 1. The presence of snags was recorded in each site,
and the lying deadwood was classified according to the degree of decomposition, into five categories
(see Methods). In addition, the lying deadwood volume and cover were calculated using the line
intercept method, and we also quantified the density and basal area of stumps, considering both
silver fir as well as other species. The density and basal area and stumps were classified to the species
level when possible due to the decomposition grade.

P Average Deadwood Stump Basal Area of All Stump Density of All
. resence of . Deadwood . . . . . .
Site Snags Decomposition Volume Cover (%) Species—Silver Fir/Other Species—Silver Fir/Other
& Grade (1-5) (m3 ha-1) Tree Species 1 (m? ha-1)  Tree Species ! (No. ha—1)

FA Yes 2 51.2 3.8 9.9-5.2/3.7 (Ps) 140-80/40 (Ps)

PE Yes 2 93.8 3.2 40.1-12.8/27.2 (Ps) 400-180/200 (Ps)

GA Yes 3 83.5 2.5 70.9 160

SZ Yes 3 29.9 1.7 27.2-14.7/1.29 (Fs) 320-180/120 (Fs)

PM Yes 4 21.0 0.7 21.7-7.8/1.9 (Ps) 300-120/20 (Ps)

LI No 1 23.1 1.2 104 60

CA Yes 2.5 175.5 4.6 18.8 160

PO Yes 2.5 81.1 3.0 5.6 300

VI Yes 2 214.1 4.4 144 100

DI Yes 3 85.4 3.1 37.55-2.0/26.4 (Ps) 360-20/200 (Ps)

BA No 3 41.2 2.7 16.9-14.8/2.1 (Ps) 320-220/100 (Ps)

! Species abbreviations: Ps, Pinus sylvestris; Fs, Fagus sylvatica.

3.5. Relationship between Variables across Stands

We found that in those stands showing a high correlation between growth and the
3-month July SPEI, the proportion of severely defoliated and dead firs was higher, and the
cover of understory shrubs (mainly B. sempervirens) was also high (Figure 5). As expected,
the stands with a higher proportion of defoliated and dead trees presented lower density of
living trees. The basal area of stumps and snags was higher in sites that displayed a greater
proportion of releases, which in turn also had a lower density and basal area of living silver
fir trees (Figure 5). These results suggest that those sites more heavily exploited in the past
present a structure different from less managed stands and are also more vulnerable to
defoliation and mortality due to climate change. Finally, the volume of deadwood and the
cover of deadwood were positively related.
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Figure 5. Correlation between the studied variables. Abbreviations are as follows: defoliation, per-
centage of severely defoliated and dead trees; silver-fir BA, silver fir basal area; density, stand density;
Releases, average percentage of releases; stumps BA, stumps basal area; T. Sept. cor., correlation be-
tween growth and previous September maximum temperature; SPEI cor, correlation between growth
and 3-month July SPEIL; deadwood vol., deadwood volume; deadwood cov., deadwood cover; and
Bs cover, cover of B. sempervirens in the understory. The color scale indicates the value of Spearman
correlation coefficients with circle values corresponding to significant correlations (p < 0.05).

4. Discussion

The results of this study support the hypothesis that silver fir dieback in the western
Spanish Pyrenees is caused by climate change, as we found higher growth sensitivity to
drought in stands with a higher proportion of dead and defoliated trees. We also found
that legacies of past human activities, identified as growth releases, leave an imprint on
forest structure and composition, inducing changes in understory vegetation and the type
and quantity of lying deadwood. That is, those forests more heavily exploited in the past
were dominated by smaller silver fir trees, which were more prone to defoliation and
mortality. In contrast, we failed to connect legacies of past management activities with
silver fir growth responses to drought and current vigor status. These results can be a
consequence of the reduced number of stands considered, pointing to the importance of
monitoring silver fir forests in the Pyrenees as a tool to understand how these rear-edge
forests respond to climate change and historical use.
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Our results confirm that silver fir growth is sensitive to summer drought but also
to the occurrence of elevated temperatures in September in the year prior to tree ring
formation [22,33]. Further, we show that the relationship between silver fir growth and the
SPEI drought index is stronger in stands showing a higher degree of defoliation, pointing
to stronger growth decline in more arid stands [19]. The dependency of silver fir growth
on previous September temperature also varied between sites, but without a clear pattern.
The concomitant occurrence of high temperatures during the previous summer and a
summer drought in the year 1986 (Figure 3) are assumed to be the trigger of the observed
dieback processes of silver fir in the Spanish Pyrenees [16-20]. Overall, our results point
to the vulnerability of silver fir to climate change in the study area, i.e., in the species
rear edge [12,15,23,26,31,38], in contrast with what is observed in other forests from the
Pyrenees [23] as well as in other sites from central Europe [28-30]. If compound climate
events such as heat waves and droughts become more frequent, as has been suggested [8,9],
the persistence of silver fir in low-elevation montane forests from the western Pyrenees will
be compromised [31].

We found a strong variation in the number and the occurrence of releases between
sites (Figure 2). The elevated number of releases found during the past century, particularly
during periods of strong timber extraction such as the 1950s, suggests that these forests
were heavily exploited in the past [15,16,21]. This is not surprising, given that silver fir
is an economically profitable species in Europe [25,26]. Those stands that presented a
higher number of releases also had a lower basal area of silver fir (Figure 5), but we could
not detect significant relationships between the number of releases and the number of
defoliated trees or the response of growth to drought, as was expected [39,41]. The number
of releases can be indicative of both human-induced but also natural disturbances, and the
reduced number of stands, this makes difficult to find differences between them. In any
case, the links between the number of releases, stand attributes and deadwood evidence
that past management leaves an imprint on forest structure and composition [44—46]. In
terms of structure, more heavily exploited stands, primarily by the removal of large trees,
reduces structural diversity and predisposes stands to drought-induced dieback [15]. In
terms of composition, the lack of management in the last years has enhanced the increase
of understory shrubs and the dominance of other species, such as beech, in declining
stands [56].

We found evidence suggesting that the quantity and type of deadwood vary between
sites and that this variation partially depends on past management. By contrast, we
did not find an increase in the cover or volume of lying deadwood in forests showing
dieback (Figures 4 and 5). Silver fir is an economically important species [26], and several
studies have evaluated the variation in stand characteristics and deadwood between
forests subjected to different management intensities [40,42,45,46]. The higher density of
stumps and snags in sites that were more intensively managed in the past (i.e., with a
higher number of releases) points to the importance of past management in determining
deadwood type [55]. We could have also expected a higher deadwood volume and cover
in well-preserved and less managed forests [40]. However, it is important to note that
the studied forests are not managed nowadays [15] and that current stand vigor is an
important factor determining the accumulation of deadwood in the understory [82]. It is
expected that large trees are more prone to offer suitable microhabitats for biodiversity
maintenance [44]; thus, further studies should deepen knowledge of the differences in
deadwood quantity and quality between silver fir forests with different management
histories and levels of vigor.

It is also important to note that the death of trees can create canopy gaps, modulat-
ing tree species composition and diversity in the understory [83,84]. In the short term,
reductions in canopy closure enhance the establishment of light-demanding species [83],
but species composition changes when tall shrubs and saplings become dominant [84].
However, the effect of canopy openings on understory attributes depends on the functional
group considered, e.g., bryophytes or vascular plants [85,86], and it is contingent on human
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activities and site conditions [40,85-87]. In this study, we did not consider understory
diversity directly, but we observed a higher presence of B. sempervirens in the understory of
forests showing dieback (Table 1, Figure 5). We interpret this as a response of the understory
layer to the increase in light availability due to increased canopy defoliation and the death
of dominant trees. This contrasts with the lack of plants in the understory of well-preserved,
old-growth silver fir forests, such as GA and SO sites (Table 1). Local conditions strongly
determine understory composition [82], and thus understory composition and diversity
will vary considerably between sites. However, monitoring the dynamic of the understory
of silver fir forests showing dieback will be of great utility to determine its potential trajec-
tories, given the low silver fir recruitment in these forests in comparison to other species,
such as European beech [23,40,56].

5. Conclusions

Dieback processes affecting silver fir stands in the western Spanish Pyrenees started
in the late 1980s and left an imprint in the growth, structure and composition of these
forests. The decline and subsequent death of individual trees concur in time with the
legacies of prolonged management practices during the past century, creating novel, human-
shaped forest ecosystems as a consequence of warmer and drier conditions and past timber
extraction. Here we studied the structure, composition and tree growth of silver fir forests
that were previously assessed two decades ago. We found that low elevation, montane
forests, particularly those located in the western Pyrenees and heavily exploited in the
past, show evident signs of drought-induced dieback. These forests are composed of trees
with smaller diameter, likely as a consequence of the removal of large trees in the past,
and are suffering a process of understory encroachment and canopy colonization by other
species such as European beech. We advocate for the monitoring of these forests, as they
are dynamic ecosystems that can help us to understand how climate change can affect
human-shaped forests in the future and to assess how management legacies influence
post-drought resilience. Questions that remain open are how deadwood differs between
well-preserved, old-growth forests and forests showing dieback, and how this deadwood
contributes to maintain biodiversity.
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Figure A1l. Mean maximum temperature and 3-month July SPEI in the 1963-2016 period in the
studied silver fir stands. The black solid line indicates the average value, and the shaded area the
95% confidence interval. The vertical line in the upper plot indicates the 1985 warm year.
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Figure A2. Presence and type of deadwood in the studied stands. The line-intercept method was
used to quantify the cover and volume of deadwood in each site. The symbols located along the
straight line represent deadwood with different degradation class (color scale). In addition, the
position of stumps and snags was recorded up to 2.5 m away from the 100 m long transects. The
symbols of varying size and form represent the position of snags and stumps with respect to transects.
Colors indicate the deadwood degree of decomposition (1-5), and the size is proportional to the
diameter of the stump or snag. The symbol type indicates the tree species of deadwood (circle, silver
fir; diamond, other species).
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