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ARTICLE INFO ABSTRACT

Keywords: Understanding how we can increase the resilience of forest systems to future extreme drought events is
Global change ecology increasingly important as these events become more frequent and intense. Diversifying production forests using
Resilience

intimate mixtures of trees with complementary functional traits is considered as one promising silvicultural
approach that may increase drought resilience. However, the direction and magnitude of the drought response of
mixed-species stands relative to monospecific stands of the same species can vary with species identity, relative
abundance and levels of competition in a focal tree’s immediate neighbourhood. Using a long-term experiment
where tree-level mortality and the neighbourhood composition of each tree was known, we assessed the radial
growth response of 24-year-old Scots pine (Pinus sylvestris) and Sitka spruce (Picea sitchensis) trees in intimately
mixed and monospecific stands to a short-duration, high-intensity spring drought in Scotland. Mixing proportions
included 25:75, 50:50 and 75:25 of P. sylvestris and P. sitchensis. At the species level, Scots pine was more drought
resistant and resilient than Sitka spruce, while Sitka spruce showed higher recovery. Surprisingly, neither pre-
drought tree size nor neighbourhood competition were significantly associated with resistance or resilience to
drought, and trees of both species within monospecific stands showed higher recovery and resilience than trees
growing in mixed stands. Our study suggests intimate mixtures of these two species may not be an effective way
to mitigate the negative impacts of future extreme spring drought events. Given that these two species comprise
almost 70% of coniferous forests in the UK, our results highlight the pressing need to better understand their
vulnerability to drought and the conditions under which intimate mixtures of these species could be beneficial or
detrimental. Such knowledge is essential if we are to enable forest managers to effectively plan how to adapt
these forests to the challenges of a changing climate.

Extreme drought
Pinus sylvestris
Picea sitchensis
Mixed forests

1. Introduction et al., 2021) and reduce drought-linked losses in biomass accumulation.

This approach includes the use of intimate mixtures, where the term

With the intensity, duration and frequency of extreme drought
events expected to increase in the coming decades across many parts of
the world (Dai, 2013; McDowell et al., 2018; Trenberth et al., 2014),
understanding how forest managers can increase the resilience of forest
systems to future extreme drought events is critically important (Field
et al., 2020; Sohn et al., 2016). Diversifying species composition at a
range of scales has been proposed as a promising approach to increase
the drought resilience of planted forests (Bauhus et al., 2017a; Messier

‘intimate’ indicates that some or all of a given tree’s immediate neigh-
bours are of a different species. However, a growing body of evidence is
highlighting that the existence and nature of any mixing effects on both
forest growth and drought resilience are both species and context-
dependent (Gillerot et al., 2021; Grossiord, 2019; Grossiord et al.,
2014; Jactel et al., 2017; Van de Peer et al., 2018). For example, Munoz-
Galvez et al. (2020) demonstrated higher growth for Pinus sylvestris in
mixtures with Quercus pyrenaica under drought conditions compared to
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monospecific stands, but also observed a resistance/recovery trade-off
in both these species. Such trade-offs between the different compo-
nents of tree resilience (Lloret et al., 2011) have now been documented
across gymnosperm species both spatially (Gazol et al., 2017) and
temporally (Li et al., 2020) in some of the most abundant and
economically important tree species in Europe (Vitasse et al., 2019),
possibly reflecting different ecophysiological strategies for dealing with
drought (Gazol et al., 2020; Li et al., 2020).

The ecological theory proposing better performance of mixed-species
forests under drought relative to monospecific stands of the same species
relates in part to processes such as niche differentiation or facilitation,
collectively referred to as ‘complementarity’ (Loreau and Hector, 2001).
Niche differentiation can occur when differences in the physiological or
morphological traits of admixed species increases access to, or exploi-
tation of available resources, potentially acting to reduce direct tree-to-
tree competition under stressful conditions (Bauhus et al., 2017b). Niche
differentiation can result from variability in tree architecture above and
below ground and vary over time. Stratification of the canopy can lead
to greater total light capture and create favourable microclimates (De
Frenne et al., 2021), while differences in rooting depth can increase
access to water in mixed-species stands compared to monospecific
stands of the same species. Facilitative processes such as hydraulic
redistribution (where water is moved from deeper, moister soil layers to
dryer surface soils via plant roots) has also been shown to mitigate
against the negative effects of drought on individual trees (Neumann
et al., 2012; Pickles and Simard, 2017).

Studies that look at the composition of individual tree neighbour-
hoods to understand the relationship between species diversity,
competition and forest productivity highlight the importance of in-
teractions between species and individual trees at fine spatial scales
(Fichtner et al., 2020, 2018, 2017). Vitali et al. (2018) demonstrated
that the drought response of Norway spruce (Picea abies) in mixtures
could be positive or negative depending on the identity of the species in
a tree’s immediate neighbourhood, while Jourdan et al. (2020) showed
that the proportion of heterospecific neighbours could have a positive,
negative or neutral effect on drought resilience depending on the iden-
tity of the focal species. Furthermore, Fichtner et al. (2020) provided
evidence that the functional traits of the species occupying a tree’s im-
mediate neighbourhood play a dominant role in mediating individual
tree drought response, with drought sensitive species benefiting from
more functionally diverse neighbourhoods. Specifically, Fichtner et al.
(2020) highlighted how species with low cavitation resistance particu-
larly stand to benefit from growing in diverse neighbourhoods. In
addition to the functional characteristics of admixed species, individual
tree size can be a strong predictor of tree growth response to drought,
with larger trees commonly reported to be more susceptible to drought
(Bennett et al., 2015; Martinez-Vilalta et al., 2012; Ovenden et al.,
2021b). This pattern has been found to be particularly evident in
P. sylvestris (Merlin et al., 2015) and is likely associated with, but not
limited to differences in stomatal control on photosynthesis (Zang et al.,
2012) and the fact that larger trees are often exposed to higher solar
radiation and leaf-to-air vapour pressure deficit than sub-canopy trees
(Bennett et al., 2015).

How processes at the level of individual trees and their neighbour-
hoods interact and scale up to patterns of drought resistance and resil-
ience at the stand level is an equally important but under-explored
aspect of forest drought studies, often due to sampling designs that fail to
record the full range of tree sizes or capture the influence of tree mor-
tality (Bottero et al., 2021). However, understanding how different
species, trees growing in different species mixtures, mixing proportions
or pre-drought tree and stand characteristics influence drought response
is particularly important for informing forest management decisions
targeted at increasing the drought resilience of both economically and
ecologically important tree species (Thurm et al., 2016).

In the UK, Sitka spruce (Picea sitchensis Bong. Carr.) and Scots pine
(Pinus sylvestris L.) are the two most economically important timber
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species, collectively making up > 68 % of all coniferous forest area, with
P. sitchensis alone comprising 51 % (Forest Research, 2020). P. sitchensis
is considered to be a drought-susceptible species (Grant et al., 2018;
Green et al., 2008; Huang et al., 2017) and often has a shallow rooting
architecture in Scotland on upland sites (Coutts and Philipson, 1987),
sometimes due to planting on seasonally waterlogged soils (Quine and
Gardiner, 2007). In contrast, P. sylvestris is a widely distributed (Matias
and Jump, 2012), more drought resistant species due to its ability to root
deeper and access deeper water sources (Faulkner and Malcolm, 1972;
Mickovski and Ennos, 2002), its higher cavitation resistance than
P. sitchensis (Jackson et al., 1995) and ability to increase both fine root
biomass of absorptive fine roots in mixed- relative to monospecific
stands (Wambsganss et al., 2021). Similarly, differences in growth rates
and the nutritional requirements of P. sylvestris and P. sitchensis has
meant that these two species are sometimes planted in nursing mixtures
where the pine facilitates the growth of the spruce through improved
nitrogen availability on nutrient poor soils (Mason et al., 2021; Mason
and Connolly, 2018). This in turn means that intimate mixtures of these
two species likely result in structural variability, canopy stratification
and differences in site microclimate (e.g. through shading). Conse-
quently, these two species potentially express complementary functional
traits that may also act to reduce drought stress when planted in intimate
mixtures. However, little is known about the radial growth response of
mature trees of either species to drought and to our knowledge, no study
has yet compared the relative performance of these two species under
drought conditions in both monospecific and mixed-species stands.

In this study, we set out to determine whether P. sitchensis and
P. sylvestris differed in their resistance, recovery, and resilience to an
extreme spring drought event in 2012 using an experimental forest of
these two species containing both mixed and monospecific stands. We
examined whether pre-drought tree size modulated individual drought
response and how patterns at the tree level change depending on the
species, neighbourhood composition at establishment and proportion of
each species in intimate mixtures. Specifically, we aimed to test the
following hypotheses:

1. P. sitchensis will exhibit lower resistance but higher recovery and
resilience than P. sylvestris to a commonly experienced extreme
drought event, reflecting the greater drought susceptibility of
P. sitchensis and the observed trade-off in the components of tree
resilience noted in other gymnosperms.

2. As more drought-susceptible species have been shown to benefit
from the presence of more drought adapted species (Fichtner et al.,
2020), P. sitchensis resistance and resilience will increase with the
numbers of P. sylvestris trees in their immediate neighbourhood. In
turn, this difference is expected to result in the highest drought
resistance and resilience in those mixtures with the highest pine-to-
spruce ratio.

3. Larger trees will show lower resistance and resilience to drought than
smaller trees, reflecting the findings of other recent work across a
range of species (Bennett et al., 2015).

2. Materials and methods
2.1. Site description and management history

Our study site was established in 1988 as a nursing experiment to
investigate the long-term differences in growth and yield between inti-
mate mixtures of Pinus sylvestris and Picea sitchensis. Trees were planted
in different proportions alongside monospecific stands of the same two
species (Fig. 1, Table 1) (Mason et al., 2021). The experiment is located
in the north of Scotland (57°47'05.0"N, 4°08'53.5”W) at an elevation of
213 m a.s.l. with the soil classified as a podzolic ironpan with a peaty
surface horizon (i.e. a peaty layer of 15-45 cm across much of the site).
The site was cultivated to 60 cm with a double mould-board plough and
tine to break the ironpan at the time of establishment. The planting
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Fig. 1. Experimental layout depicting the location of every tree and whether each tree was dead or alive in 2018. (a) Dark and light green squares indicate live
P. sylvestris (SP) and P. sitchensis (SS) trees respectively, yellow squares indicate trees recorded as ‘dead’ during the 2018 survey and blue lines delineate the four
blocks of the randomised block design. Plots labelled as “Blank” indicate filler plots with non-experimental trees established at the same time, while translucent plots
are additional treatments which were not included in the present study. (b) Indicates the mixing proportions at establishment and resultant tree neighbourhoods used
in the present study, with (i) = pure SP, (ii) = pure SS, (iii) = 75 % SS with 25 % SP, (iv) = 50 % SS and 50 % SP and (v) = 25 % SS with 75 % SP. Orange squares in
(b) indicate the internal 6x6 sample plots from which dendrochronological data were collected from all live trees. (c) Indicates the north/south direction that tree-
cores were collected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Proportions of P. sylvestris (SP) and P. sitchensis (SS) in the three intimate
mixtures (SS25, SS50 and SS75) used in this study along with a description of
the conspecific and heterospecific neighbourhoods produced by each mixture
(or monoculture — SP and SS).

Treatment Treatment details Neighbourhoods
code
SP Pure SP Each SP neighboured by
8 other SP
SS Pure SS Each SS neighboured by
8 other SS
SS75 A 75:25 SS and SP mixture. Mixture SS surrounded by 5 other
created by a pattern of one row of pure  SS and 3 SP
SS followed by one row with alternating ~ SS surrounded by 7 other
pairs of SS and SP. SS and 1 SP
SP surrounded by 7 SS
and 1 other SP
SS50 A 50:50 SS and SP mixture. Mixture SS surrounded by 2 other
created by a pattern of alternate rows of ~ SS and 6 SP
each species SP surrounded by 2 other
SP and 6 SS
SS25 A 25:75 SS and SP mixture. Mixture SP surrounded by 5 other
created by a pattern of one row of pure  SP and 3 SS
SP followed by one row with alternating ~ SP surrounded by 7 other
pairs of SS and SP. SP and 1 SS

SS surrounded by 7 SP
and 1 other SS

Parts of this table have been modified with permission from Mason et al.,
(2021).

scheme resulted in monospecific stands of Pinus sylvestris and Picea
sitchensis and five intimate mixtures of the two species (mixed in 25:75,
33:66, 50:50, 66:33 and 75:25 proportions), so that the eight trees
immediately surrounding each focal tree characterised its neighbour-
hood (Fig. 1). In this present study, we focused on the monospecific
stands and the 25:75, 50:50 and 75:25 mixtures only. Four replicate
plots of each treatment were established in a randomised block design,
with each plot consisting of 100 trees in a 10x10 tree grid at 1.9-2.0 m
spacing (Fig. 1) surrounded by a two- to three-deep tree buffer on all
sides (buffer trees are not shown in Fig. 1). A small amount of post-
planting mortality was replaced with the original species across the
experiment in 1989 and 1990 to ensure all plots were fully stocked. No
fertilisers were applied to the treatments used in this study, but the site
was known to be nitrogen deficient (Mason et al., 2021). No thinning
had been conducted in the stand since it was established and no wind-
throw has been recorded historically or at the time of sampling. An
experiment-wide mortality assessment was conducted visually between
October and December 2018, during which the status of each tree (dead
or alive) (Fig. 1 and Table 2) and its diameter at breast height (DBH —
1.3 m) was recorded. While all mixtures had > 99 % survival in 2000
(Mason et al., 2021), a considerable amount of mortality (predominantly
P. sylvestris) was present across many of the treatments by 2018. We
quantified neighbourhood composition based on planted species pro-
portions, not post-mortality species proportions, because the former did
not require additional assumptions to calculate, they represent a large
proportion of the lifetime of the experiment (prior to the 2012 drought)
and managers are less likely to modify tree neighbourhoods (e.g. due to
economic constraints of selective thinning in short-rotation forestry),
making the planted species proportions the treatment of more interest in
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Table 2

Total number of trees noted as dead during the 2018 mortality assessment for
each species (SP = P. sylvestris and SS = P. sitchensis) in pure (SP and SS) and
mixed (SS25, SS50 and SS75) stands, summed across all four replicates in the
wider 10x10 tree plots (Total mortality) and within the internal 6x6 tree sample
plots (Total sample plot mortality). The Total number of sample trees refers to the
number trees from which undamaged dendrochronological samples were used in
the analysis. Values in parentheses indicate the percentage mortality of each
species in each treatment across the wider experiment and in the sample plots.

Mixture  Species Total Total sample plot Total number of
mortality mortality sample trees

SP SP 113 (28 %) 36 (25 %) 40
SS SS 12 (3 %) 4 (3 %) 40
§S25 SP 153 (51 %) 49 (45 %) 50
SS25 SS 0 (0 %) 0 (0 %) 27
SS50 SP 96 (48 %) 41 (57 %) 31
SS50 SS 0 (0 %) 0 (0 %) 72
SS75 SP 54 (54 %) 20 (56 %) 15
SS75 SS 7 (2 %) 3(3%) 78
435 153 353

this study. For a more detailed description of the site and tree estab-
lishment, see Mason et al., (2021).

2.2. Dendrochronological data

In November 2019, internal 6x6 tree plots were established centrally
in each of the wider 10x10 tree plots, within which dendrochronological
samples were collected for the following mixing proportions: SP, SS,
S$S25, SS50 and SS75 (Fig. 1 and Table 1). Two cores were collected
using 5.15 mm Haglof increment borers from each live tree in the north
and south direction (parallel with the direction of the plough lines) at
1.3 m high in each of the four replicates of each mixture. In the pure
P. sitchensis and P. sylvestris plots, 10 trees of each species were randomly
selected for coring from each of the four replicates. This sampling design
resulted in 706 useable cores (a small number of cores were damaged)
from 353 sample trees. Additionally, the DBH at 1.3 m high of all live
trees from inside each internal 6x6 tree sample plot was measured. No
samples were collected from dead trees. Sampling these mixing pro-
portions produced a mirrored design, meaning that both P. sitchensis and
P. sylvestris were represented by individual trees for which the eight-tree
neighbourhood at establishment consisted of one, two, five, seven or
eight conspecific and corresponding seven, six, three, one and zero
heterospecific neighbours.

Each tree core was mounted, sanded with progressively finer sand-
paper to ensure each ring boundary could be readily identified and then
scanned at a resolution of 1600dpi. The width of each ring was subse-
quently calculated for each tree core using WinDENDRO image analysis
software (Regents Instruments, Quebec). Each core was then crossdated,
both visually and using the dplR package in R version 3.6.1 (R Core
Team, 2019), resulting in 321 confidently dated trees (of the original
353 useable samples). These 321 trees were then detrended using an
autoregressive detrending method using the dplR package to produce a
Ring Width Index (RWI) (Bunn et al., 2019) (Fig. S1). We used an
autoregressive detrending method over other methods such as cubic
smoothing splines as the use of splines did not adequately remove age
related trends in our data, likely linked to the young age of our samples.
We also calculated annual tree growth rate in terms of basal area in-
crements (BAI) following Eq. (1),

BAI = z(R} —R’)) @
where R is the radius of the tree in year t. Tree size in terms of basal area

(BA) was subsequently calculated for each year by summing annual BAI
over time for each tree (Table S1).
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2.3. Pointer year detection and climate analysis

We used the Standardised Growth Change (SGC) method to identify
negative pointer years (PYs) in the tree-ring record (representing years
of abnormally low growth) as this method has been shown to outperform
other common PY detection methods (Buras et al., 2020). PY analysis
was conducted using detrended RWI values for all trees across the
common overlap period (2001 — 2019) and considered extreme if they
lie outside the 95 % confidence interval, meaning that only abnormally
low growth episodes with a probability of occurring <0.025 are
considered as negative PYs (Buras et al., 2020).

To identify any short term (monthly), seasonal (3 months), or multi-
seasonal (6 months) droughts in the climate record, we calculated the
Standardised Precipitation Evapotranspiration Index (SPEI) (Vicente-
Serrano et al., 2010) using the SPEI package in R (Begueria and Vicente-
Serrano, 2017). The SPEI uses a standardised climatic water balance
calculated as the difference between precipitation and evapotranspira-
tion over different timescales to give a relative measure of drought
severity (Begueria et al., 2014; Vicente-Serrano et al., 2010). We
calculated the SPEI for every month and year, integrated over one, two,
three and six months from 1988 to 2019, reflecting the dates of tree
establishment and sampling. The SPEI was calculated using interpolated
climate data at 1 km resolution, obtained from the Climate Hydrology
and Ecology Research Support System (CHESS) meteorology dataset for
Great Britain (Robinson et al., 2017). Only 2012 was identified as an
extreme drought year between 1988 and 2019 (see section 3.1 — Drought
year detection) in both the climate and tree-ring record (when the
experiment was 24 years old) and so this year became the focus of our
analysis.

2.4. Neighbourhood competition

To assess the influence of neighbourhood competition on tree-level
drought response, we calculated a distance-dependent index of neigh-
bourhood competition in the year before drought (2011) following Eq.
(2),

TotNID, 28: B4, )
o i = T
 distance;;

where TotNID; is the neighbourhood index for each tree (i), with eight
neighbours (j), BA is the basal area of the jth competitor (cm) and dis-
tance is the distance between tree i and the jth neighbour (m) (Forrester
et al., 2013; Vitali et al., 2018). Due to the sampling design and the way
in which TotNID; is calculated (requiring the BA of all eight trees in each
tree’s immediate neighbourhood), TotNID; could only be calculated for
live trees forming the central 4x4 trees inside the 6x6 tree sample plots.
Any trees noted as dead during an experiment-wide mortality assess-
ment carried out by Forest Research Technical Support Staff in 2018
were also considered to have been dead or exerting no competitive in-
fluence in 2011 and so had their BA set to zero for the purposes of
calculating the TotNID; for live trees in the year before drought. Any
sample trees that could not be confidently crossdated were excluded
from this analysis, as were any trees for which an undatable tree would
have formed part of the immediate eight tree neighbourhood (as the
presence of an undatable tree in a focal tree’s neighbourhood meant
TotNID; could not be derived), resulting in 108 trees for which TotNID; in
2011 was calculated (34 % of the crossdated trees).

2.5. Resistance, recovery and resilience

To quantify the impact of the 2012 drought, we calculated the
Resistance (Rt), Recovery (Rc) and Resilience (Rs) indices proposed by
(Lloret et al., 2011) for each tree using RWI values. Resistance is
commonly calculated as the ratio of growth in the drought year relative
to a pre-drought growth average (Dr/PreDr), recovery as the ratio of a
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post-drought growth average to growth in the drought year (PostDr/Dr),
and resilience as the ratio of a post-drought growth average to a pre-
drought growth average (PostDr/PreDr). For these calculations, Dr,
PreDr and PostDr are growth in the drought year and the pre- and post-
drought growth averages respectively. Pre- and post-drought growth
averages are normally calculated using between two- and four-years
growth before and after the drought year (Rubio-Cuadrado et al.,
2018; Steckel et al., 2020; Vitasse et al., 2019), however recent work has
demonstrated how the choice of the number of years over which growth
averages are calculated can influence estimates of these indices (Oven-
den et al., 2021b; Schwarz et al., 2020). To check our results were robust
to the choice of pre- and post-drought period, we calculated multiple
values of Rt for each tree using pre-drought growth averages derived
from two, three and four years before the 2012 drought and calculated
Rc for each tree one, two, three and four years after drought, instead of
using a post-drought growth average. Calculating Rc in this way (as
opposed to using post-drought growth averages) allowed recovery to be
assessed annually throughout the post-drought period (where climate
likely varied from year to year). We calculated Rs for each tree in the
first, second, third and fourth years after drought using pre-drought
growth averages derived from two, three and four years before
drought, resulting in 12 estimates of Rs for each tree.

2.6. Statistical analysis

We initially fit three separate linear mixed-effects models using the
Ime4 package in R (Bates et al., 2015) following Eq. (3) to assess whether
Resistance (Rt), Recovery (Rc) or Resilience (Rs) to the 2012 drought
differed between species, neighbourhood composition and tree size in
the year before drought (BA2p11). These models also allowed us to test
whether our results were sensitive to the timescales used to calculate
each index using all 321 confidently dated sample trees. Rt, Rc and Rs
(response variables) were log-transformed prior to analysis to satisfy
assumptions of normally distributed residuals.

Indexfj = i/ﬂ + bo,:/- + & 3)

In Eq. (3), Index; refers to either Resistance (Rt), Recovery (Rc) or
Resilience (Rs) for the jth tree in the ith plot, X is an n x p matrix of p
fixed effect variables (including Species, Conspecific Neighbourhood, Index
calculation and BA2p;; fixed effects) across the n measured trees, fis ap
x 1 column vector of regression estimates, b0; represents the random
effect of TreeID;;, where b; ~ N(O, G%o) and e; represents error term,
where &; ~ N(O, o). c%o and o? are estimates of variance of random
effects and residual error, respectively. Conspecific Neighbourhood stands
for the number of conspecifics in a focal tree’s immediate neighbour-
hood of eight surrounding trees at establishment, with five treatment
levels (one, two, five, seven and eight). Index calculation stands for the
different combinations of the pre-drought and post-drought period
lengths used to define the three indices. BAgp;; was globally stand-
ardised across all trees (by subtracting the mean and dividing by the
standard deviation) and represents tree size in the year before drought.
Two-way interactions between Species x Neighbourhood, Neighbourhood
x Index calculation and Species x Index calculation were included in all
models.

We subsequently re-fit the same three mixed-effects models for Rt, Rc
and Rs detailed in Eq. (3) with the restricted dataset of 108 trees for
which the 2011 neighbourhood competition index (TotNID;) could be
calculated but including TotNID; as an additional predictor variable to
test for the influence of neighbourhood competition on Rt, Rc and Rs. No
significant interactions between Species x TotNID; and Neighbourhood x
TotNID; were found for any of the three models and so these interactions
were dropped from the final models that included TotNID;.

Finally, we fit three mixed effect models, again following Eq.3, to
investigate the differences in all three indices between the different
mixtures (SS, SP, SS25, SS50 and SS75, Table 1, Fig. 1), rather than
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between neighbourhoods. In this case, each index (Rt, Rc and Rs) was the
response variable and Species, Mixture, Index calculation and BAzp;; were
fixed effects and Tree ID was a random effect. For all models, we checked
for multicollinearity between predictor variables using the Variance
Inflation Factor (VIF < 3 in all cases). We subsequently used the
emmeans package in R (Lenth, 2016) to conduct post-hoc pairwise
comparisons on all fitted mixed-effects models, and corrected for mul-
tiple comparisons using the Tukey method.

3. Results
3.1. Drought year detection

Standardised Growth Change analysis identified a single negative
pointer year in the tree-ring record in 2012 (p = 0.015) and so this year
became the focus of our analysis. The 1-month (SPEI of -2.22) and 2-
month (SPEI of — 2.41) SPEI analysis showed that March 2012 corre-
sponded to an extreme drought event (where extreme is defined as an
SPEI < -2 (Hoffmann et al., 2018; Potop et al., 2014)). In contrast, SPEI
values for April with a one-, two-, three- or six-month integration period
in 2012 ranged from — 0.63 to 1.96, suggesting that drought conditions
did not persist into April 2012. These SPEI values indicate that the
extreme drought of 2012 at our study site can be characterised as a short
duration, high intensity event in early spring. This assessment is re-
flected in the raw climate data which shows a combination of both
abnormally low precipitation and abnormally high temperatures in
March 2012, which in turn corresponds to the start of the growing
season for the two study species in Scotland (Adams, 2014; Grace and
Norton, 1990). March 2012 precipitation was > 2SD below the 1988 —
2011 average while the mean monthly temperature in March 2012 was
> 2SD above the 1988 — 2011 average. In contrast, January 2012 was
relatively wet with above average precipitation (2012 = 130 mm
compared with a 1988 — 2011 mean of 82 + 43 mm (1SD)) and average
temperatures (2012 = 2.5 °C compared with a 1988 — 2011 mean of 3 +
1.3 °C (1SD)) while both November and December 2011 were not
abnormally dry (within 2SD of the 1988 — 2010 average). Collectively,
this analysis suggests that it is unlikely that any growth depression in
2012 was due to an abnormally dry winter of 2011/12. Similarly, mean
daily temperatures did not drop below zero during March, April, or May
2012, suggesting there were no late spring frosts in 2012 at this site that
might have impacted tree growth.

3.2. Resistance, recovery, and resilience

Results from the mixed-effects modelling and post-hoc analysis using
estimated marginal means revealed a significant difference in resistance
(Rt), recovery (Rc) and resilience (Rs) between P. sitchensis and
P. sylvestris in response to the 2012 drought event (Fig. 2 and Table 3).
Pinus sylvestris displayed significantly higher Rt (P. sylvestris = 0.924 +
0.032 (1SE), P. sitchensis = 0.687 + 0.020 (1SE), p < 0.001; Fig. 2a),
while P. sitchensis displayed higher Rc (P. sylvestris = 1.06 4+ 0.034 (1SE),
P. sitchensis = 1.32 £+ 0.036 (1SE), p < 0.001; Fig. 2b) regardless of the
years used to calculate each index (Fig. 2b), though the existence of
significant interactions between Species and Index calculation (Table 3)
indicated that the relationships between Species and Rt, Rc and Rs varied
depending on the method used to calculate these indices. The interac-
tion between Species and the Index calculation was more complex for Rs.
The significant differences in resilience observed between P. sylvestris
and P. sitchensis were dependent on the number of years used to calcu-
late the pre-growth average (Fig. 2¢). For example, when using a two-
year pre-drought growth average to calculate Rs, we found evidence
that P. sylvestris had significantly higher Rs than P. sitchensis in the first,
second, third and fourth years after the 2012 drought (Fig. 2c). How-
ever, if pre-drought growth averages were calculated using four pre-
drought years rather than two pre-drought years, P. sylvestris was only
significantly more resilient than P. sitchensis in the second year after
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Fig. 2. Differences in Resistance (a), Recovery (b) and Resilience (c) between
P. sylvestris (SP) and P. sitchensis (SS) to the 2012 drought averaged across all
conspecific neighbourhoods. Pre- or post-drought year(s) reflect the number of
years used to calculate each index. Error bars represent 95% unadjusted con-
fidence intervals and values were back-transformed onto the original scale.

drought. We found no evidence that P. sitchensis was ever more resilient
to drought than P. sylvestris, regardless of the approach to calculating Rs
(Fig. 2¢).

Estimated marginal means indicated that monospecific stands (eight
conspecific neighbours) had significantly higher Rc (p < 0.04) than
neighbourhoods consisting of one or five conspecifics in the second year
after drought only (Fig. 3b), but these differences between neighbour-
hoods were not significant in the first or third year after drought. No
other pairwise comparisons between other neighbourhood combina-
tions were significant for Rc (Fig. 3b). No significant interaction between
Species and Neighbourhood was documented for Rc, Rt or Rs (p > 0.07 in
all cases) (Table 3). Comparing estimated marginal means between
neighbourhoods for each species separately showed that the only sig-
nificant differences in Rs for both P. sylvestris and P. sitchensis were be-
tween the monospecific neighbourhoods and other neighbourhood types
considered. Monospecific neighbourhoods were always associated with
higher Rs compared to all other conspecific neighbourhoods or mixtures
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Table 3

Type 2 ANOVA for the mixed-effects models of Resistance (Rt), Recovery (Rc)
and Resilience (Rs) for all 321 sample trees. Df = degrees of freedom, in-
teractions are denoted by a x and significant effects (p < 0.05) are highlighted
in bold. Species was either P. sitchensis or P. sylvestris while Neighbourhood in-
dicates the number of conspecifics (one, two, five, seven or eight) in the im-
mediate eight tree neighbourhood of every tree while BAyo;; represents tree size
(basal area) in the pre-drought year (2011).

Resistance (Rt)

Chisq df p-value
Species 64.033 1 <0.001
Neighbourhood 2.821 4 0.588
Index calculation 65.632 2 <0.001
BAso11 1.140 1 0.286
Species x Neighbourhood 2.071 4 0.722
Species x Index calculation 100.929 2 <0.001
Neighbourhood x Index calculation 32.452 8 <0.001

Recovery (Rc)
Species 42.558 1 <0.001
Neighbourhood 10.304 4 0.356
Index calculation 25.181 3 <0.001
BAso11 4.297 1 0.038
Species x Neighbourhood 6.300 4 0.178
Species x Index calculation 32.443 3 <0.001
Neighbourhood x Index calculation 25.411 12 0.013
Resilience (Rs)

Species 22.992 1 <0.001
Neighbourhood 44.464 4 <0.001
Index calculation 113.030 11 <0.001
BA2o11 3.355 1 0.670
Species x Neighbourhood 8.526 4 0.074
Species x Index calculation 152.565 11 <0.001
Neighbourhood x Index calculation 99.749 44 <0.001

for P. sitchensis (Fig. 3c and Fig. 4c). In addition, P. sylvestris had
significantly higher Rs than P. sitchensis when focal tree neighbourhoods
contained one or two conspecifics (p= < 0.005 in both cases), but
P. sitchensis never displayed higher Rs than P. sylvestris in any of the
considered neighbourhood compositions. No other significant differ-
ences in Rs between species based on neighbourhood composition were
detected.

Significant two-way interactions were identified between the
approach used to calculate all three indices (Index calculation) and the
conspecific Neighbourhood (Table 3 and Fig. 3), indicating that the
relationship between neighbourhood composition and all three indices
varied depending on the post-drought year and/or the number of years
used to calculate each index. Post-hoc analysis using estimated marginal
means found no significant differences in Rt between different neigh-
bourhood compositions, regardless of the number of years used to
calculate pre-drought growth averages and Rt (Fig. 3a). Significant dif-
ferences within neighbourhoods for Rc were only detected between
methods that used two and four post-drought years to calculate post-
drought growth averages in neighbourhoods consisting of one or two
conspecifics, with a similar pattern found for Rs.

When considering average tree response in the different mixtures, a
similar pattern emerged. No significant differences in Rt were found
between any combinations of pure or mixed stands (Table 4 and Fig. 4a)
but significant differences between monospecific and mixed stands were
detected for both Rc and Rs (p < 0.002 in both cases, Table 4, and Fig. 4b
and 4c). For Rc, pairwise comparisons of estimated marginal means
show that monospecific stands of P. sylvestris and P. sitchensis were not
significantly different from one another (p = 0.246, Table 4) and pure
stands of P. sylvestris did not display significantly different values for Rc
than any of the other mixtures (5525, SS50 and SS75, p > 0.417 in all
three cases). However, pure stands of P. sitchensis displayed significantly
higher Rc than all three mixed stands (p < 0.006 in all three cases)
(Fig. 4b). Pairwise comparisons also showed that monospecific stands of
both P. sitchensis and P. sylvestris displayed significantly higher Rs than
all three mixed stands (p < 0.006 in all cases) but were not significantly
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Fig. 3. Differences in Resistance (a), Recovery (b) and Resilience (c) between
conspecific neighbourhoods (one, two, five, seven or eight conspecifics) to the
2012 drought, averaged across species (P. sylvestris and P. sitchensis) and the
number of years used to calculate each index. Error bars represent 95% unad-
justed confidence intervals.

different from each other (p = 0.204) (Fig. 4c).

Finally, pre-drought tree size (BAzp;7) was not a significant predictor
of Rt or Rs (but marginally significant for Rc) (Table 3) and neither was
TotNID; (Tables S2, p > 0.21 in all cases), indicating that neither tree size
nor neighbourhood competition were likely associated with differences
in the resistance or resilience of the trees in this experiment to the spring
drought of 2012.

4. Discussion

In this study, we investigated whether the number of conspecifics in
a focal tree’s immediate neighbourhood, the degree of neighbourhood
competition or species identity was associated with differences in the
resistance (Rt), recovery (Rc) or resilience (Rs) of P. sylvestris and
P. sitchensis to a short-duration, but high-intensity spring drought.
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= pure P. sitchensis, SS25 = 25 % P. sitchensis and 75 % P. sylvestris, SS50 = 50 %
P. sitchensis and 50 % P. sylvestris and SS75 = 75 % P. sitchensis and 25 %
P. sylvestris, see Fig. 1 and Table 1 for a more detailed description) to the 2012
drought, averaged across Species and Index calculation. Error bars represent 95
% unadjusted confidence intervals.

Additionally, we investigated whether any relationship between
neighbourhood composition and these three indices varied between the
two species or with pre-drought tree size, whether any trade-off between
these indices existed and how average tree response varied based on the
mixing proportions at establishment. We found evidence that P. sylvestris
was significantly more resistant and resilient to spring drought than
P. sitchensis, but P. sitchensis exhibited greater recovery. In contrast to
our expectations, monospecific neighbourhoods of both species dis-
played higher recovery and resilience than other neighbourhood com-
positions we considered. Pure stands of both species were also
associated with greater levels of resilience than all mixed species stands,
and pre-drought tree size and neighbourhood competition had little
effect on drought resistance or resilience.

In support of our first hypothesis, we found evidence for a trade-off
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Table 4

Type 2 ANOVA for the mixed-effects models of Resistance (Rt), Recovery (Rc)
and Resilience (Rs) for all 321 sample trees in the different mixtures. Df = de-
grees of freedom, Species was either P. sitchensis (SS) or P. sylvestris (SP), Mixture
indicates the mixing proportions of the two species (SP, SS, SS25, SS50 and
SS75) while BAjp11 represents tree size (basal area) in the pre-drought year
(2011). Significant results (p < 0.05) are highlighted in bold.

Resistance (Rt)

Chisq df p-value
Species 32.39 1 <0.001
Mixture 5.43 4 0.246
Index calculation 54.60 2 <0.001
BA2011 0.58 1 0.448

Recovery (Rc)
Species 14.49 1 <0.001
Mixture 19.37 4 0.001
Index calculation 24.01 3 <0.001
BAzo11 2.37 1 0.124

Resilience (Rs)
Species 25.43 1 <0.001
Mixture 118.86 4 <0.001
Index calculation 106.57 11 <0.001
BAgo11 1.87 1 0.172

between resistance and resilience with recovery in P. sitchensis and
P. sylvestris (Fig. 2). Resistance (Rt) values for P. sylvestris were consis-
tently higher than P. sitchensis across all neighbourhoods, reflecting the
relatively greater drought resistance of P. sylvestris. In contrast to Rt and
as expected, P. sitchensis displayed higher recovery (Rc) than P. sylvestris
in each of the four post-drought years considered (Fig. 2), in keeping
with our first hypothesis and the trade-off reported by Gazol et al.
(2017). However, in contrast to Gazol et al. (2017) and the analysis of
gymnosperm responses to wet season droughts by Li et al. (2020), we did
not find evidence of a resistance (Rt)/resilience (Rs) trade-off between
the two species, as P. sylvestris was both more resistant and resilient than
P. sitchensis. It is worth noting that trade-offs between resistance and
recovery might be expected due to the way in which these indices are
calculated. Resistance is a measure of growth reduction in the drought
year relative to a pre-drought growth average, but recovery is a measure
of post-drought growth relative to growth in the drought year. As a
result, trees that show the greatest growth reductions in the drought
year (i.e. least resistance) might also be expected to display the highest
recovery values when recovery is rapid, resulting in an apparent trade-
off while actually reflecting differences in initial drought resistance.

The high Rt of P. sylvestris to the early spring drought of March 2012
is in keeping with the findings of Merlin et al. (2015) who also found
high resistance in this species to spring drought. However, Castagneri
et al. (2015) found that successive periods of low precipitation in late
spring (May) were associated with multi-year growth declines in
P. sylvestris growing in north-western Italy. While the multidimension-
ality of drought (timing, duration, intensity, frequency, etc.) and other
site factors (e.g. soil type) complicates the direct comparison of tree
response to different events in different locations, a growing body of
work is highlighting how species-specific vulnerabilities to drought are
intimately linked to the timing of a given event (D’Orangeville et al.,
2018; Forner et al., 2018; Huang et al., 2018; Kannenberg et al., 2019;
Vanhellemont et al., 2018). This differential response of P. sylvestris to
early and late spring droughts might indicate that the drought suscep-
tibility of P. sylvestris is more temporally specific than previously
thought, implying the need to explore drought vulnerability at an intra-
seasonal resolution.

Despite its importance as a commercial timber species, very little
research has assessed the growth response of P. sitchensis to drought
using the resilience framework of Lloret et al. (2011) employed here.
Huang et al. (2017) also noted P. sitchensis as having relatively low
drought resilience but slightly higher drought resistance than found in
our study, however Huang et al. (2017) focused on summer drought and
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did not consider the influence of neighbourhood composition. In a study
of five major European tree species, Vitasse et al. (2019) found low
resistance to extreme spring drought events in Norway spruce (Picea
abies (L.)), a similarly drought-susceptible spruce species to P. sitchensis.
However, Vitali et al. (2017) showed that the impact of drought on
P. abies in Germany differed between drought events, being least resis-
tant and resilient to the summer drought of 2003. Collectively, this ev-
idence demonstrates the pressing need to understand the historic
drought response of P. sitchensis under a range of both drought and site
conditions and highlights the need to consider the interactions between
the various dimensions of drought when making cross-study compari-
sons. Understanding these interactions will be key to ensuring forest
managers can make informed decisions on how to increase the resilience
of this commercially important species under global change.

While the between-species comparison of all three indices (Rt, Rc and
Rs) in our study was often robust to the number of years used in the
calculation (e.g. P. sylvestris consistently had higher Rt than P. sitchensis,
regardless of the method used to calculate Rt), in many cases the abso-
lute value for each index changed significantly depending on the pre- or
post-drought period considered. Significant two-way interactions were
observed for both Neighbourhood and Species with Index calculation for all
three indices (Table 3) and through post-hoc comparisons using esti-
mated marginal means (Fig. 2). These findings echo other recent studies
which demonstrate the risks of the often subjective a priori selection of a
single pre- and post-drought period over which growth is averaged and
these indices calculated (Ovenden et al., 2021b; Schwarz et al., 2020),
whilst also highlighting how the lack of consistency in the choice of
these periods seriously hampers cross-study comparability. In turn,
these issues mean that we should be cautious in the use of meta-
analytical approaches that attempt to synthesise studies on forest resil-
ience (Castagneri et al., 2021), as the values for these indices may not be
directly comparable where different approaches to calculating them
have been used.

In contrast to our second hypothesis, we found that monospecific
neighbourhoods exhibited both higher Rc than individuals with one or
five conspecifics in their immediate neighbourhood (in the second year
after drought only) and higher Rs than all other considered neighbour-
hoods, while no differences in Rt were detected between any of the
neighbourhoods (Fig. 3). Similarly, average tree response in mono-
specific plots of both species was consistently more resilient than any of
the mixed-species plots we considered, while none of these mixtures
were significantly different from one another for any of the three indices
(Fig. 4). We therefore found no evidence that increasing the proportion
of P. sylvestris in the neighbourhood of P. sitchensis increased the resis-
tance, recovery, or resilience of P. sitchensis to spring drought (or vice
versa). Whilst we cannot rule out that some P. sylvestris mortality
occurred due to drought, the relatively small impact of the 2012 drought
on sampled P. sylvestris trees compared to P. sitchensis suggests this is
unlikely. Similarly, we did not find any evidence that mixed-species
stands of these two species displayed higher Rt, Rc or Rs than pure
stands under drought, reflecting findings of no positive mixing effect for
the Rc or Rs of P. abies to drought in similar studies (Gillerot et al., 2021;
Vitali et al., 2018). Our findings appear to contrast with the proposal by
Fichtner et al. (2020), that drought sensitive species with lower cavi-
tation resistance (e.g. P. sitchensis) may benefit from more diverse
neighbourhoods that include less drought sensitive species (e.g.
P. sylvestris). However, our study was limited to comparisons of only one
and two species mixtures and only considered the radial growth under a
short but intense spring drought. Similarly, we acknowledge that while
our study focused on the relative response to spring drought between
these two species, the absolute impact on tree growth was small for
P. sylvestris, suggesting the 2012 drought conditions may not have been
severe enough to cross any threshold in this species (Ovenden et al.,
2021a). Future research should investigate how intimate mixtures of
these two species respond to different types of drought (i.e. differences
in timing, duration or intensity) across a range of sites to build a more
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comprehensive understanding of the conditions under which these
mixtures might be beneficial or detrimental.

That monospecific stands were more resilient to drought than inti-
mate mixtures of two species which potentially exhibit complementary
functional traits (e.g. rooting depths) reflects other recent work showing
negligible neighbourhood diversity effects on drought resilience (Gil-
lerot et al., 2021). While our results agree with Bello et al. (2019), who
documented faster growth in P. sylvestris monocultures than when mixed
with Quercus petraea, they contrast with our second and third hypotheses
as well as other work on both P. sylvestris (Merlin et al., 2015; Steckel
et al., 2020) and other spruce species (P. abies) (Ding et al., 2017). This
difference between studies is unlikely to be linked to differences in tree
age, as both Ding et al. (2017) and Merlin et al. (2015) examined the
drought response of P. sylvestris and P. abies trees that were of a similar
age to those used in this present study when drought occurred.

At the stand level, the lowest total stand basal area observed in the
year before the 2012 drought was in the pure stands of P. sitchensis, with
the second lowest total basal area being in the pure stands of P. sylvestris.
These results reflect the findings of Mason et al. (2021), who present
evidence of significant overyielding in all mixtures relative to the
monocultures at this same site both 15 and 30 years after they were
planted in 1988. Mason et al. (2021) suggest that the overyielding of
these mixtures is due to the initial facilitation of spruce growth due to
the nutritional benefits of being mixed with pine on nitrogen deficient
soils. As the canopy closes, Mason et al. (2021) suggests that these
facilitative mechanisms then give way to intense competition, with the
faster-growing spruce outcompeting the light-demanding pine, causing
pine mortality and subsequently a reduction in inter-tree competition.
Neighbourhood competition was not a significant predictor of Rt, Rc or
Rs, suggesting that these stands might have been in a developmental
phase where facilitative processes rather than competitive ones were
still dominant when the 2012 drought occurred, or that sufficient pine
mortality had already occurred for inter-tree competition to be of min-
imal importance for regulating tree drought response. While it is
possible that neighbourhood composition and competition were
confounded in our analysis, VIF values < 3 suggested low collinearity
between predictor variables.

In our study, the SS25 and SS50 mixtures (Table 1) had both the
lowest mean resilience values (Fig. 4c) and the highest levels of mor-
tality (all of which was P. sylvestris) in both the internal 6x6 tree sample
plots and the wider 10x10 tree plots (Fig. 1 and Table 2). As we calcu-
lated neighbourhood competition using only those eight trees in a focal
tree’s immediate neighbourhood, such high levels of P. sylvestris mor-
tality would likely result in an index of low neighbourhood competition
but need not necessarily be reflected by a low stand basal area, as those
remaining live trees grow larger due to competitive release following the
mortality (or heavy suppression) of their neighbours. Indeed, when the
experiment was 30 years old, Mason et al. (2021) estimated the largest
mean P. sitchensis DBH (28.7 c¢m) to be in the mixture with the lowest
proportion of P. sitchensis (SS25). These results may indicate that, while
individual tree basal area or estimates of competition derived from the
basal area of local neighbourhoods were not significant predictors of any
of Rt, Rc or Rs, (Table S2), higher total stand basal area might influence
recovery and resilience at both the tree and stand level, reflecting the
hypothesis that mixtures may require more resources to sustain above-
ground productivity (Wambsganss et al., 2021). This result is particu-
larly interesting as tree size itself was not a significant predictor of tree
level resistance or resilience, highlighting the need to consider the in-
fluence of tree mortality and facilitative/competitive processes at both
the tree and stand scales when assessing forest drought response (Bot-
tero et al., 2021).

Collectively, our results demonstrate the importance of inter-species
differences in drought tolerance and how intimate two-species mixtures
do not automatically confer greater drought resistance or resilience.
Instead, our findings suggest there is a need to more precisely under-
stand the drought conditions, species composition, tree age and

Forest Ecology and Management 521 (2022) 120448

developmental stage at which species mixtures might become beneficial
if we are to increase forest resilience to drought.

5. Conclusion

Understanding how to adapt our planted forests to deal with the
challenges of a changing climate is of critical importance if we are to
ensure the continuity of these habitats and the products and services we
derive from them. Despite the call by Messier et al., (2021) to diversify
the species composition of our planted forests to increase their resil-
ience, these authors also suggest that the strength of evidence regarding
the susceptibility of monospecific vs mixed-species plantations to
drought is low. In our study, we found that monospecific neighbour-
hoods of both P. sitchensis and P. sylvestris were more resilient to spring
drought than any of the intimate mixtures we considered, highlighting
the need to better understand the complexity of diversity-resilience
relationships.

To our knowledge, this is the first study to assess both the historic
drought response of P. sitchensis in the UK and the first study to evaluate
the relative drought response of intimate mixtures of key commercial UK
species. Considering the economic and ecological importance of these
two species alongside the overyielding in these species mixtures re-
ported by Mason et al., (2021), developing a more comprehensive un-
derstanding of how these (and other) species have responded to a range
of historic drought conditions in both mixed and monospecific stands
will be essential if we are to inform effective management decisions that
balance a range of objectives.
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