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*Highlights (for review : 3 to 5 bullet points (maximum 85 characters including spaces per bullet point)

e Native silver fir is more resilient and regenerates better than introduced pines

e Growth decline of introduced pine species is related to high sensitivity to
drought

e Silver fir dependence on precipitation is compensated by winter-spring
temperatures

e Introduced pines are being replaced by native broadleaf species

e Legacies of past forest management underlie tree mortality and regeneration

rates
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ABSTRACT

Worldwide increases in droughts- and heat-waves-associated tree mortality events are
destabilizing the future of many forests and the ecosystem services they provide. Along
with climate, understanding the impact of the legacies of past forest management is key
to better explain current responses of different tree species to climate change. We
studied tree mortality events that peaked in 2012 affecting one native (silver fir;
growing within its natural distribution range) and two introduced (black pine and Scots;
growing outside their natural distribution range) conifer species from the Romanian
Carpathians. The three conifers were compared in terms of mortality events, growth
trends, growth resilience to severe drought events, climate-growth relationships, and
regeneration patterns. The mortality rates of the three species were found to be
associated with severe drought events. Nevertheless, the native silver fir seems to
undergo a self-thinning process, while the future of the remaining living black pine and
Scots pine trees is uncertain as they register significant negative growth trends. Overall,
the native silver fir showed a higher resilience to severe drought events than the two
introduced pine species. Furthermore, and unlike the native silver fir, black pine and
Scots pine species do not successfully regenerate. A high diversity of native broadleaf
species sprouts and develops instead under them suggesting that we might be witnessing
a process of ecological succession, with broadleaves recovering their habitats. As native
species seem to perform better in terms of resilience and regeneration than introduced
species, the overall effect of the black pine and Scots pine mortality might be
compensated. Legacies of past forest management should be taken into account in order
to better understand current responses of different tree species to ongoing climate

change.
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1. INTRODUCTION
Climate models predict an increase in the severity, frequency, and duration of droughts
and heat-waves mainly due to the effects of human-induced climate change and natural
climatic variability (Easterling et al., 2000; Schér et al., 2004; IPCC, 2013). In line with
global climate trends, worldwide forests are already showing worrisome drought- and
heat-waves-associated decline and mortality events (Allen et al., 2010, 2015; Hartmann
et al., 2018). Such scenarios destabilize the capacity of the forests to mitigate climate
change as they might be turned into carbon sources rather than carbon sinks (Lindner et
al., 2010; Naudts et al., 2016). Understanding tree decline and mortality within this
context is thus of upmost importance as forests provide essential ecosystem services

(Bonan, 2016; Castro-Diez et al., 2019).

Legacies of past forest management as e.g. planting and favouring introduced tree
species at the expense of naturally regenerated native ones, thinning intensities, tree
species mixtures, horizontal structuring, but also forest pasturing or litter racking etc.,
may play a critical role in determining how forests respond to severe droughts and heat-
waves (Gimmi et al. 2010; Munteanu et al., 2016; Perring et al., 2018). Throughout
history, extended areas of Europe have been reforested and afforested, these plantations
being mainly conversions from broadleaf to conifer forests (McGrath et al., 2015;
Bonan, 2016). This was done because conifer species are fast-growing, production-
orientated, and thus economically profitable (Naudts et al., 2016). Accordingly, legacies
of past forest management are imprinted in the current structure of most European

forests affecting their contemporary patterns (Munteanu et al., 2016). Nevertheless,
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legacies of past forest management have been less considered as potential factors
involved in current tree decline and mortality trends, although they may also be
included as long-term predisposing factors (Camarero et al., 2011; Vila-Cabrera et al.,
2011; Sanchez-Salguero et al., 2013) within the slow-decline framework on tree
mortality (Manion, 1991). The information regarding legacies of past forest
management is therefore of outermost importance to understand current drought
associated tree decline and mortality processes and to draw adaptation guidelines to
increase the resilience and the climate change mitigation capacity of our forests (Naudts
et al., 2016). Indeed, introducing non-native species might involve ecological
consequences that often become obvious when global climate change is putting forests

under enormous pressure (Bonan, 2016; Castro-Diez et al., 2019).

Tree rings faithfully register the events to which the trees have been exposed to during
their lifetime, representing a valuable tool to study their historical growth trends and
responses to past climatic variability. Retrospective analyses of how trees responded in
the past to climatic events such as droughts may give us clues about how they might
respond in the future to similar climatic conditions (Fritts, 1976; Vaganov et al., 2006).
Thus, tree rings are largely used as proxies to predict tree vulnerability, decline, or
mortality (Cailleret et al., 2007). On the other hand, patterns of current regeneration and
seedling survival of a species also provide valuable information on long-term forest
dynamics (Zhu et al., 2012). Regeneration rates and seedling survival and thus forest
successional dynamics are determined by multiple factors (Verda et al., 2009), among
which legacies of past forest management also play a key role (Ruiz-Benito et al.,

2017). Combining the study of tree rings with the study of the capacity of a tree species
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to regenerate, allows for an accurate estimation of the current vulnerability patterns of

this species and its long-term ability to survive under certain habitat conditions.

Romania has an estimated forest surface of 7 million ha (IFN, 2018), 26% of it being
occupied by conifers. The Romanian forestry policy has historically promoted the
natural regeneration of native species (Munteanu et al., 2016). Still, following the
European trend (Naudts et al., 2016), plantations with non-native, fast-growing conifers
have been also established, many of them on areas naturally supporting broadleaves
(Barbu & Barbu, 2005). Conifer plantations proliferated mainly during the 1970s and
the 1980s, after World War I, but also at the end of the 19" century (i.e., following the
highest forest harvest registered in Romania), when extended pine plantations were
established (Munteanu et al., 2016). This is the case of black pine (Pinus nigra Ar.)
and Scots pine (Pinus sylvestris L.) which are mainly represented by plantations in
Romania (Sofletea & Curtu 2007; Bouriaud & Popa, 2009). In line with global climate
trends, drought is considered an important threat for the Romanian forests (Lindner et
al., 2010), high drought-related tree decline and mortality events being already observed

(Barbu & Popa, 2001; Sidor et al., 2019; Curiel Yuste et al., 2019).

Tree rings and a regeneration survey were used to investigate one native (silver fir,
Abies alba Mill.) and two introduced (black pine and Scots pine) conifer species
affected by high mortality events that peaked in 2012 in the Brasov region (Romanian
Carpathians; Fig. 1). Our aim was to compare the three conifer species in terms of
mortality events, growth trends, growth resilience to severe drought events, climate-
growth relationships, and regeneration patterns. To do so, the responses of these three

species to climatic conditions (i.e., temperature, precipitation, severe drought events)
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were analysed considering that legacies of past forest management are imprinted in their
current performance including vitality, growth trends, growth resilience to severe
drought events, and regeneration patterns. Our hypothesis was that naturally regenerated
(i.e., native) species growing within their natural distribution range would perform

better than introduced species growing outside their natural distribution range.

2. MATERIALS AND METHODS

2.1 Study sites
Three silver fir, three black pine, and three Scots pine dominated sites were used in this
study. The nine study sites were within a maximum of 40 km from each other (Fig. 1).
At these sites, high mortality rates, which extended over large areas, were observed in
2013 and estimated in 2015 to have affected 19-23% of the silver fir trees, 16-27% of
the black pine trees, and 17-22% of the Scots pine trees (Curiel Yuste et al., 2019).
Silver fir sites were all natural, of high productivity, and located within the natural
distribution range of this species (Forest Management Plans of the Forest Districts
Sacele, Kronstadt, and Rasnov). Black pine and Scots pine sites instead were all
planted, of middle to low productivity, and established in areas naturally supporting
broadleaves (Forest Management Plans of the Forest Districts Kronstadt, Teliu, Codlea,
and Intorsura Buzaului). Black pine’s natural distribution follows the Mediterranean
Basin (Farjon & Filer, 2013), being planted at the sites considered for this study (Schei,
Lempes, and Racadau; Forest Management Plans of the Forest Districts Kronstadt and
Teliu; Fig. 1). Although Scots pine is a species that occurs naturally in Romania
(Sofletea & Curtu, 2007), it has been planted at the sites considered for this study (i.e.,
Codlea, Lempes, and Teliu; Forest Management Plans of the Forest Districts Codlea,

Teliu, and Intorsura Buzaului; Fig. 1). Once the plantations had been established, using



125  seeds of unknown origin, the level of interventions has been low and consisted mainly
126  of sanitation harvesting according to the Forest Management Plans. All black pine and
127  Scots pine sites have an easy access, while the silver fir sites are less accessible.

128

129  Terrains are steep (17 to 37°) and slopes are S-, SE-, or SW-facing, except Rasnov

130  where the slope is NW-facing. The elevation varies between sites (Table 1). Soil pH is
131 acidic for all nine sites, while the soil type varies: Eutricambisols (Dambu Morii,

132 Kronstadt, Rasnov, Lempes and Codlea), Lytic-Rendzina (Schei), Leptosol (Racadau),
133 and Regosol (Teliu) (Curiel Yuste et al., 2019). The climate of the Bragsov region, where
134  all nine study sites are located, is Dfb (i.e., wet and warm continental; Koppen-Geiger
135  map on climate classification; link). Mean annual temperatures and mean annual

136  precipitations (CRU TS v. 4; Harris et al., 2020) are relatively low and vary little

137  between sites, ranging from 6.3°C to 7.8°C and from 637 mm to 875 mm, respectively.
138

139 2.2 Tree rings

140  Tree rings were used to reconstruct past secondary growth rates (Fritts, 1976) of dead
141 and living silver fir, black pine, and Scots pine trees that were co-occurring, adult, and
142 dominant (i.e., canopy-level; see height in Table 1). At each of the nine study sites, 30
143 pairs of standing dead and living trees, with neither signs of biotic attacks (e.g., insects,
144  fungi) nor wind or snow damage, were selected. We used a paired sampling design

145  (Bigler & Bugmann, 2004), trying to assure that dead and living trees would have

146  similar DBH (diameter at breast height; Table 1), height (Table 1), competition level
147  (Clhegyi; Table 1), apparent microsite conditions (Curiel Yuste et al., 2019), and a

148  distance of > 5 m between them. From each of the 540 selected trees, two radial wood

149  cores were extracted from opposite directions and perpendicular to the slope to account
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for growth variability and to avoid reaction wood, respectively (Fritts 1976). Wood
cores were extracted at breast height (i.e., 1.3 m above ground) using increment borers
with an inner diameter of 5 mm (Haglof, Sweden). Field sampling campaigns were
conducted in 2015 (early winter) and completed in 2016 (spring). Sampling started at
random locations and progressed until the required number of trees had been obtained.
Tree-ring chronologies ended in 2015 for all living trees, while the last assigned year for
the dead trees varied depending on their year of death (cf. Section 2.3). Following field
sampling, wood cores were air-dried, glued, and polished using a series of sand-paper
grits so tree-ring boundaries were clearly visible. Wood cores of both dead and living
trees were then visually crossdated using wide and narrow pointer years (Stokes &
Smiley, 1968), scanned to 1200 dpi (Epson Expression 11000XL), and measured to the
nearest 0.01 mm using the CooRecorder software (Cybis Elektronik & Data,
Saltsjobaden, Sweden). Crossdating accuracy (Table 1) was repeatedly checked using
COFECHA, a program that calculates moving correlations between the mean site
chronology and each individual tree-ring chronology (Holmes, 1983). In total, 84 living
silver fir, 71 living black pine, and 81 living Scots pine trees were accurately crossdated

(Table 1). Different chronologies, one for each species and site, were obtained.

The cambial age (i.e., total number of tree rings at 1.3 m above ground) of all dead and
living silver fir, black pine, and Scots pine trees, was also estimated (Table 1). If the
centre of the tree was not hit, then the number of tree rings that were missing to the pith
was estimated using the “distance to pith (DTP)” function available from the

CooRecorder software (Cybis Elektronik & Data, Saltsjobaden, Sweden).

2.3 Dating of dead trees
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The years of tree mortality were established by attributing calendar years to the
outermost tree rings that could be measured on the previously visually crossdated wood
cores of the dead trees (cf. Section 2.2). This was done individually for each dead tree of
the three species using COFECHA (Holmes, 1983). Specifically, the individual tree-
ring series of the dead trees were run against the master chronologies built from the
accurately crossdated tree-ring series of living trees (cf. Section 2.2), separately for each
site. COFECHA suggested possible dating years for the outermost tree rings of the dead
trees (i.e., years of death; Grissino-Mayer, 2001). If different calendar years were
suggested for the two wood cores of each tree, the most recent one was considered as
the year of death (Bigler & Rigling, 2013). In total, 78 dead silver fir, 54 dead black
pine, and 71 dead Scots pine trees were accurately dated (Table 1). The confidence of
the dating process may have been influenced by the conservation status of the wood,
and by the fact that trees sometimes do not develop tree rings several years before death
(Amoroso & Daniels, 2010; Bigler & Rigling, 2013). Thus, we considered the year of

death to be year when the last tree ring was formed.

2.4 Growth of silver fir, black pine, and Scots pine trees
Only silver fir, black pine, and Scots pine trees for which both wood cores could be
accurately crossdated were considered for further analyses. The average of the two tree-
ring width (RW) series was used to represent growth of each dead and living tree. To
limit the juvenile effect (Richter, 2015), the first 20 years of growth of each accurately
crossdated dead and living tree were eliminated from further analyses. If the centre of
the tree was not hit, then the estimated number of tree rings that were missing to the pith
(cf. Section 2.2) was first rested and only the difference to the first 20 years of growth

was eliminated from further analyses.
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Measured RW values of all dead and living trees were transformed into residual ring-
width index (RWl,esiquar) values that were used to estimate climate-growth relationships.
RWl,esiqual Values were calculated to remove low-frequency fluctuations associated with
increasing stem size and tree age over time, and to have a better estimate of the overall
tree growth (Cook & Kairiukstis, 1990). To obtain RWI values, the spline detrending
method, available from the dpIR package (Bunn, 2008; Bunn et al., 2020) in the
software R (v. 4.0.0, 2020, R Core Team), was used by considering a 0.50 frequency
response cutoff and 30 years to define the rigidity of the smoothing spline. Then, the
resulting individual RWI values were prewhitened using an autoregressive model in
order to obtain residual chronologies (RWl,siqual) separately for each species, site, and

tree condition (i.e., a total of 18 RW;esiguar series).

For the rest of the analyses, we used raw RW data as we wanted to detect when dead
and living trees diverged in terms of growth, which would have not been possible using

RWIresidual-

2.5 Climatic data and severe drought events
Monthly temperature (T, °C), precipitation (P, mm), and Standardized Precipitation-
Evapotranspiration Index (SPEI) data were available from 1901 to 2015 at 0.5°
resolution. T (°C) and P (mm) were obtained from the Climatic Research Unit (CRU TS
v. 4; Harris et al., 2020) and SPEI from the Global SPEI database (link; Vicente-Serrano
et al., 2010; Begueria et al., 2010, 2014). Dambu Morii, Kronstadt, Schei, Lempes,
Racadau, and Teliu sites fell within the same grid, so they all had the same T (°C), P

(mm), and SPEI datasets. Rasnov and Codlea sites instead fell within two different
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grids, so they had separate T (°C), P (mm), and SPEI datasets. The 0.5° resolution of the
CRU climatic dataset may be considered relatively coarse as topography and elevation
induce local climatic patterns. Still, in order to produce the CRU T (°C) and P (mm)
data of the three grids used in this study, meteorological data recorded at both low (i.e.,
Ghimbav meteorological station; 534 m a.s.l.; 45°41'44.55"N; 25°31'33.75"E) and high
(i.e., Predeal meteorological station; 1093 m a.s.l.; 45°30'21.98"N; 25°352.15"E)
elevations (Fig. 1), was also considered in the methodological process (Harris et al.,
2020). Accordingly, CRU provides reliable T (°C) and P (mm) data starting in 1901

across the nine study sites situated at different elevations.

SPEI is a multiscalar drought index that accounts for both T (°C) and evapotranspiration
effects on the water balance. It may take negative and positive values, indicating dry
and wet periods, respectively (Vicente-Serrano et al., 2010; Begueria et al., 2010, 2014).
Mean SPEl, . values were calculated from monthly SPEIO1 (i.e., 1-month time scale)
and used to identify the most severe drought events, common to all nine sites, registered
since 1901 (i.e., SPEI nnuar values lower than -0.3). One such severe drought event was
selected per decade, if present. When two or more such events were identified per
decade, we selected the year with the lowest SPEI, .. This was done to avoid
overlapping periods when calculating the components of resilience (cf. Section 2.6).
Accordingly, the following eight years were considered as being characterized by severe

drought events: 1903, 1929, 1934, 1948, 1953, 1986, 2000, and 2011.

2.6 Components of resilience
To quantify the growth responses of the three species to severe drought events, the

following indices (Lloret et al., 2011) were calculated: (1) resistance (Rt), which

10
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estimates the capacity of the trees to overcome the effect of drought events; (2) recovery
(Rc), which estimates the capacity of the trees to recover after the damage undergone
during drought events; and (3) resilience (Rs), which estimates the capacity of the trees
to reach pre-drought growth rates. These indices were calculated separately for each
species using the annual RW values of the dead and living trees. Specifically, five (i.e.,
1934, 1948, 1953, 1986, and 2000) out of the eight defined severe drought events (cf.
Section 2.5) were used to calculate them. Rt, Rc, and Rs were calculated considering
four years before and after the selected severe drought events in agreement with
Anderegg et al. (2015). The first year of severe drought that entered the analyses was
1934 as RW series of black pine were shorter (Table 1). Also, the 2011 severe drought

event was not used for these analyses as most trees died in 2012.

2.7 Competition and regeneration surveys
Competition and regeneration data were collected during the 2016 (spring) field
campaign. Both were estimated within a 5 m radius around each sampled dead and
living tree (i.e., reference trees for the competition and regeneration surveys). To
estimate the competition level, all trees with a DBH > 10 cm (i.e., competitor trees)
were counted around each reference tree, and their species, DBH, and distance to the
reference trees were recorded. These variables were then used to calculate competition

indexes separately for each competitor tree, which were then summed in order to have a

_ Z(DBHcompetitor tree *

competition index for each reference tree (Clyegy;
DBHreference tree

1
distance to the reference tree

); Hegyi, 1974). To estimate the regeneration, all trees with a

DBH < 10 cm and a minimum height of 10 cm, and shrubs were counted around each
reference tree and identified at species level. All present species were considered,

including the studied species (i.e., silver fir, black pine, and Scots pine).

11
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2.8 Statistical analyses
T (°C) and P (mm) trends were analysed through simple linear regressions. Within-site
differences in DBH, height, age, RW, and Cly.g,i between vigour classes (i.e., living
and dead trees) were analysed through t-tests or Mann-Whitney U tests depending on

whether the data followed a normal distribution or not.

Pearson's chi-square tests followed by a Fisher’s exact test were performed separately
for each species to investigate associations between severe drought events and years of
death. A five-year period (i.e., the severe drought year plus the four years following it)
was considered to account for lagged effects. As the earliest year of tree mortality was

1990, the severe drought events included in these analyses were 1986, 2000, and 2011.

A linear mixed-effects model (LME; “nlme” R package, Pinheiro et al., 2020) was run
to analyse the growth (RW) trends of the dead and living silver fir, black pine, and
Scots pine trees. The fixed part of the model included Year, and the interactions Year
age, Year x DBH, and Year x vigour class * species. Age and DBH were included in
the fixed part of the model to control for ontogenetic and tree-size effects. Tree
identities nested within sites were introduced as random effects. RW was log
transformed (log(RW+1)) prior to analyses in order to meet normality assumptions. A
first-order autoregressive covariance structure was used to account for temporal
autocorrelation. To look for differences between vigour classes (i.e., dead and living
trees) the “Ismeans” R package (Lenth 2016) was used to run least-squares means with a
Tukey correction. The selection of the final model was based on the Akaike's

information criterion (AIC) (i.e., minimal models with the lowest AIC). The final

12



300 coefficients of the model were estimated using the restricted maximum likelihood
301  method (REML).

302

303  Climate-growth relationships were evaluated through Spearman correlations (“Hmisc”
304 R package, Harrell et al., 2020) between monthly T (°C) and P (mm) values and

305 RWlieigua data of dead and living trees of all species and sites. To do so, a 17-months
306  window of time (i.e., from June of the previous-to-growth year (t-1) to October of the
307 growth year (t)) was considered.

308

309 To test for differences in resistance (Rt), recovery (Rc), and resilience (Rs) indices

310  across species, we run generalized least squares models (GLS; “nlme™ R package,

311  Pinheiro et al., 2020). Separate GLS were built for each of the three indices. To do so,
312  the values of each of the three indices were averaged over the five severe drought events
313  considered for these analyses (cf. Section 2.6). These averaged values were included in
314  the GLS as response variables, while species was introduced as an explaining factor.
315  When significant effects of species were found, least-square means based on Tukey
316  HSD tests (Lenth 2016) were used to analyse the differences between them.

317

318  All statistical analyses, if not otherwise mentioned, were carried out in R (v. 4.0.0,

319 2020, R Core Team). Statistical relationships were considered significant at p < 0.05

320 and marginally significant at p <0.1.

321
322 3. RESULTS
323 3.1 Climatic conditions
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Mean annual T (°C) increased significantly (R* = 0.13, p < 0.001) at the nine study sites
between 1901 and 2015, while mean annual P (mm) did not show any significant
temporal trend (p > 0.05) for the same time period (data not shown). Among the eight
severe drought events registered since 1901, the 1986 drought was the most severe,
being characterized by mean SPEI,nua values of -0.68 (Rasnov), -0.83 (Codlea), and -
0.74 (the other sites). Additionally, 2000 (mean SPEI,yn. value of -0.67) was the
second driest year in Rasnov, while 2011 was the second driest year in Codlea (mean

SPEl nnua Value of -0.56) and at the other sites (mean SPEI,,n, value of -0.57).

3.2 Mortality and severe drought events
Tree mortality occurred between 2001 and 2015 for silver fir, between 2000 and 2014
for black pine, and between 1990 and 2015 for Scots pine, with a peak of mortality in
2012 for all three species (Fig. 2). High mortality was also registered in 2013, but only
for silver fir and Scots pine (Fig. 2). A clear association was found between the
registered severe drought events and the years of death of silver fir (5* (1) = 22.48, p <
0.001), black pine (3* (1) = 6.82, p < 0.05), and Scots pine (x (1) = 10.57, p < 0.01)

trees.

3.3 Growth (RW) trends
According to the LME results, dead and living silver fir, black pine, and Scots pine trees
showed different RW trends (Table S1, Fig. 3). Specifically, dead silver fir trees showed
a significant negative RW trend, while living silver fir trees showed a significant
positive RW trend (Fig. 3). The results of the least-square means with a Tukey
correction further confirmed significant differences between the RW trends of dead and

living silver fir trees (p < 0.001). Black pine and Scots pine trees instead showed
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significant negative RW trends independent of the vigour class (i.e., dead and living
trees) (Fig. 3). The results of the least-square means with a Tukey correction further
confirmed that there were no significant differences between the RW trends of the dead

and living black pine (p = 0.999) and Scots pine trees (p = 0.879).

3.4 Climate-growth relationships
Overall, silver fir (Fig. S1) showed a strong negative growth response to the previous
year summer and autumn temperature (i.e., July (t-1), August (t-1), and September (t-1))
and a positive growth response to precipitation during July (t-1) and August (t-1).
Instead, during the late autumn and winter period (i.e., from November (t-1) to February
(t)), the growth response of silver fir to temperature was constantly positive. This
positive growth response to temperature continued until spring (i.e., March (t)), when a
positive growth response was also found with precipitation (i.e., March (t) and April
(t)). Silver fir growth response to May (t) temperature was negative, while responses to

May (t) and July (t) precipitation were positive.

Black pine (Fig. S1) also showed a negative growth response to the previous year
summer and autumn temperature (i.e., August (t-1) and September (t-1)) and a positive
growth response to precipitation for the same period. During winter (i.e., December (t-
1) to February (t)), its response to temperature was also positive and remained positive
until March (t). Nevertheless, most of the climate-growth relationships of black pine
concentrated during the spring and summer seasons (i.e., from April (t) to August(t)),
when this species responded positively to precipitation. Negative climate-growth

relationships were found for temperature in May (t) and August (t).
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The climate-growth relationships of Scots pine (Fig. S1) concentrated mainly during
spring and summer of the growth year. Specifically, growth of Scots pine responded
positively to precipitation from March (t) to July (t). Growth responses to temperature
were spread over the previous-to-growth and growth years: positive (December (t-1),

February (t), and March (t)) and negative (April (t), May (t), and August (t-1)).

3.5 Components of resilience
No significant differences were found between the native silver fir and the two
introduced pine (i.e., black pine and Scots pine) species in terms of resistance (Rt)
(Table 2, Fig. 4). In terms of recovery (Rc), only one marginally significant (p <0.1)
difference was found between silver fir and black pine (Table 2, Fig. 4), with silver fir
showing a better recovery than black pine. In terms of resilience (Rs) instead, silver fir
differed statistically significant from black pine (p < 0.05; Table 2, Fig. 4) and
marginally significant from Scots pine (p < 0.1; Table 2, Fig. 4). In both cases, silver fir
showed higher resilience than the two pine species. No significant differences were

found between black pine and Scots pine in terms of Rt, Rc, and Rs (Table 2, Fig. 4).

3.6 Regeneration
The native silver fir showed relatively high regeneration rates (Fig. 5A). Nevertheless,
black pine and Scots pine species showed either no regeneration (Fig. 5B) or very low
regeneration rates (Fig. 5C). The rest of the species that regenerated under silver fir,
black pine and Scots pine reference trees were mainly native broadleaves and shrubs.
Specifically, species such as Fagus sylvatica L., Fraxinus ornus L., or Fraxinus
excelsior L. predominated among the broadleaf tree species. Species such as Crataegus

monogyna L. or Sambucus nigra L. predominated among the shrub species (Fig. 5).
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Nevertheless, the diversity of broadleaves and shrubs that regenerated under silver fir
reference trees was low compared with the diversity of broadleaves and shrubs that

regenerated under black pine and Scots pine reference trees (Fig. 5).

4. DISCUSSION
We studied one native (i.e., silver fir) and two introduced (i.e., black pine and Scots
pine) conifer species affected by high drought-associated mortality events that peaked in
2012. These mortality events, registered in the Brasov region, have been previously
reported by Curiel Yuste et al. (2019) and are in line with global trends of forest decline
and mortality events following severe droughts and heat-waves (Allen et al., 2010,
2015; Hartmann et al. 2018). Indeed, the peak of mortality registered in 2012 followed a
succession of years characterized by droughts and heat-waves (2010, 2011, and 2012;
Barriopedro et al., 2011; Ionita et al., 2016; Marcu & Borz, 2013; Sidor et al., 2019).
Nevertheless, to the best of our knowledge, this is the first study in the Romanian
Carpathians that compares native with introduced tree species in terms of mortality
events, growth trends, growth resilience to severe drought events, climate-growth
relationships, and regeneration patterns. As both introduced pine species register high
mortality events, significant negative growth trends among the living trees, low
resilience, as well as no regeneration, we suggest that we might be witnessing a process
of ecological succession through which native broadleaves are recovering their habitats
(Ruiz-Benito et al., 2016). The observed increase in broadleaves at the expense of
conifers in temperate forests (Alfaro Reyna et al., 2018) might be therefore, at least
partially explained by the fact that many native broadleaves have been replaced in the
past with introduced conifer species (McGrath et al., 2015; Bonan, 2016; Naudts et al.,

2016). Thus, it becomes evident that understanding the role of legacies of past forest
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management on current forest growth, resilience, and seedlings establishment could
help us better explain climate-associated impacts on forests (Gimmi et al., 2010;
Camarero et al., 2011; Vila-Cabrera et al., 2011; Sanchez-Salguero et al., 2013;

Munteanu et al., 2016; Perring et al., 2018).

Black pine and Scots pine showed significant negative growth trends for both dead and
living trees. Silver fir instead showed a significant negative growth trend for the dead
trees and a significant positive trend for the living trees (Fig. 3). This indicates that
living black pine and Scots pine trees might not be healthy and that they might face a
higher risk to succumb to death in the coming years (Cailleret et al., 2017), while silver
fir seems to undergo a self-thinning process. The significant negative growth trends of
the living black pine and Scots pine trees might be explained by the fact that these two
introduced species showed a high sensitivity to drought. Indeed, both pine species
showed a common and strong response to spring and summer precipitation during the
growth year (t), indicating their dependence on this climatic variable. These results are
in agreement with Bouriaud & Popa (2009) and Sanchez-Salguero et al. (2013) who
also showed that Scots pine and black pine, respectively, largely depend on
precipitation during the growth year. Silver fir growth also showed dependence on the
previous-to-growth (t-1) summer precipitation (i.e., when temperature had a strong
negative effect) and on the spring and summer precipitation of the growth year (t),
otherwise forming extremely narrow tree rings (Gazol et al. 2015). However, this spring
and summer drought sensitivity gets compensated by the strong positive responses to
winter and early spring temperatures, as previously found for silver fir (Popa, 2003;
Kern & Popa, 2007; Bouriaud & Popa, 2009; Gazol et al., 2015). Thus, it seems that

silver fir might benefit from the significant increase of temperature (Gazol et al., 2015)
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at least on the short- to medium-term. All these results may be further explained by
factors such as elevation (Barbu & Barbu, 2005), although this local contingency of
climate-growth relationships may also be related to legacies of past forest management
(Gazol et al., 2015). In spite of their different elevations, all species responded
negatively to May (t) temperatures. For Scots pine, such negative responses were also
found with April (t) and August (t) temperatures, results that are in line with those
found by Sidor et al. (2019) who reports that warm conditions from April to August

may reduce Scots pine growth and trigger its decline and mortality.

The high sensitivity to drought of the two introduced pine species is further supported
by the fact that they showed lower growth resilience to severe drought events than the
native silver fir. In line with these results, in a study that included Scots pine forests
across whole Romania, Sidor et al. (2019) also found that this conifer species has a low
capacity to recover pre-drought growth rates, and a low resilience. These results are of
outermost importance given that climatic models predict an increase in the severity,
frequency, and duration of heat-waves and droughts (Easterling et al., 2000; Schér et al.,
2004; IPCC, 2013). Reduced resilience to droughts has been further related to an
increased risk of mortality (DeSoto et al., 2020). Indeed, Scots pine has been found to
be more vulnerable to severe drought events, showing a reduced growth resilience when

growing at mid-elevation sites characterized by low productivity (Bose et al., 2020).

The significant negative growth trends of the living black pine and Scots pine trees
might also be explained by the fact that these species face non-optimal growth
conditions as they have been introduced at these sites. Legacies of past forest

management may be thus considered as a predisposing factor within the slow-decline
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framework on tree mortality (Manion, 1991; Sanchez-Salguero et al., 2013). Indeed, for
black pine, it has been found that it performs much better in natural (i.e., less vulnerable
and more drought resilient) than in planted stands, even within its natural distribution
range (Sanchez-Salguero et al., 2013). Also, the resilience of Scots pine to drought
events largely depends on where it grows (i.e., the type of site) and on how it performs
in terms of growth during the pre-drought period (Bose et al., 2020). Although we
acknowledge that we did not directly analyse legacies of past forest management, we do

have indirect evidence regarding them through the regeneration survey.

Unlike the native silver fir, a very-shade tolerant species (Sofletea & Curtu, 2007) that
showed relatively high regeneration rates, both introduced black pine and Scots pine
species showed absent or very low regeneration rates (Fig. 5; Curiel Yuste et al., 2019).
Most of the species that regenerated well under silver fir, black pine, and Scots pine
reference trees are native broadleaves (e.g., Fagus sylvatica L., Fraxinus ornus L., or
Fraxinus excelsior L.) and shrubs (e.g., Crataegus monogyna L. or Sambucus nigra L.).
Nevertheless, their diversity is low under silver fir comparing with the high diversity of
species that sprouts and develops under black pine and Scots pine. At the silver fir sites,
Fagus sylvatica L. is the most abundant species in terms of regeneration, but this pattern
is not surprising as the natural distribution areas of those two species overlap (Sofletea
& Curtu, 2007). At the black pine and Scots pine sites instead, the native broadleaves
that regenerate are likely to be the local species, as both pine species have been planted
at sites naturally supporting broadleaves, which now seem to register a steady increase
of their advance regeneration (Zlatanov et al., 2010). Black pine and Scots pine
regeneration in plantations is known to be limited by the advance regeneration of native

broadleaves which outcompete pine seedlings (Zlatanov et al., 2010). Low regeneration
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rates associated with high levels of decline and mortality have been previously reported
for black pine and Scots pine, interactions between structural and climatic factors being
also considered as a possible cause (Vila-Cabrera et al., 2011; Rigling et al., 2013;
Ruiz-Beniro et al., 2016). All pine sites considered for this study are mainly located on
S-facing slopes, summer droughts being previously found to lead to high mortality rates
among pine seedlings growing on slopes with south exposure (Zlatanov et al., 2010).
Finally, both black pine and Scots pine are light demanding species (Sofletea & Curtu,

2007), their regeneration in plantations largely depending on silvicultural interventions.

To conclude, the results of this study show that the naturally regenerated silver fir
growing within its natural distribution range performs better in terms of resilience and
regeneration rates than the two introduced black pine and Scots pine species growing
outside their natural distribution range. Although high mortality rates have been
registered for all three species, silver fir seems to undergo a self-thinning process, while
living black pine and Scots pine trees, given their significant negative growth trends,
might face a higher risk to succumb to death in the coming years. Indeed, and unlike
silver fir that showed dependence on spring and summer precipitations compensated by
winter and spring temperatures, black pine and Scots pine showed a high sensitivity to
drought. Moreover, the absent or very low regeneration rates of the two introduced pine
species and the high regeneration rates of native broadleaves suggest that we might be
witnessing a process of ecological succession, with broadleaves recovering their
habitats. Thus, the overall effect of the black pine and Scots pine mortality might be
compensated by native species, which seem to cope better with challenging climate
change conditions. Along with climate, legacies of past forest management should be

taken into account in order to better understand current responses of different tree
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species to climate change as the decisions taken in the past affect the future of the

forests and the ecosystem services they provide.
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