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Abstract

Unprecedented tree dieback across Central Europe caused by recent global change-
type drought events highlights the need for a better mechanistic understanding of
drought-induced tree mortality. Although numerous physiological risk factors have
been identified, the importance of two principal mechanisms, hydraulic failure and
carbon starvation, is still debated. It further remains largely unresolved how the local
neighborhood composition affects individual mortality risk. We studied 9435 young
trees of 12 temperate species planted in a diversity experiment in 2013 to assess
how hydraulic traits, carbon dynamics, pest infestation, tree height and neighborhood
competition influence individual mortality risk. Following the most extreme global
change-type drought since record in 2018, one third of these trees died. Across spe-
cies, hydraulic safety margins (HSMs) were negatively and a shift towards a higher
sugar fraction in the non-structural carbohydrate (NSC) pool positively associated
with mortality risk. Moreover, trees infested by bark beetles had a higher mortality
risk, and taller trees a lower mortality risk. Most neighborhood interactions were ben-
eficial, although neighborhood effects were highly species-specific. Species that suf-
fered more from drought, especially Larix spp. and Betula spp., tended to increase the
survival probability of their neighbors and vice versa. While severe tissue dehydration
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1 | INTRODUCTION

Worldwide, most forested biomes are exposed to rises in tempera-
ture, atmospheric vapor pressure deficit and intensity and frequency
of severe droughts (Dai, 2013; Yuan et al., 2019), resulting in large-
scale tree dieback (Allen et al., 2015; Hammond et al., 2022). In the
aftermath of extreme tree mortality events such as the 2018 sum-
mer drought in Central Europe (Peters et al., 2020; Schuldt et al.,
2020), large forested areas rely on regeneration or reforestation
with trees that have to be adapted to drier and/or hotter future cli-
mates. This underlines the urgent need for a more robust mechanis-
tic understanding of the processes involved in drought-induced tree
mortality in general (Brodribb et al., 2020; Choat et al., 2018) and the
drought response of young and small trees in particular (Crouchet
et al., 2019; van Mantgem et al., 2009; Nolan et al., 2021; Peng et al.,
2011). Forecasting post-drought regeneration determines the struc-
ture and function of future forests and constitutes a key challenge to
forest managers. Observations of mortality events in controlled ex-
perimental settings, therefore, constitute an excellent study object
to observe mechanisms of drought-induced mortality and evaluate
its impact on forest demographics to derive management strategies
for climate change impacts.

Two interrelated physiological mechanisms are thought to
be central for drought-induced tree mortality: hydraulic failure,
which is the partial or complete loss of xylem functionality due
to embolism formation, and carbon starvation driven by the de-
pletion of non-structural carbohydrates (NSC, consisting of starch
plus soluble sugars) due to negative drought impacts on photosyn-
thesis (McDowell et al., 2008). Although there is clear evidence
that hydraulic failure is a universal component of the processes
preceding tree death under drought (Adams et al., 2017; Anderegg
et al., 2016; Li et al.,, 2020; Nolan et al., 2021), the role of NSC
reserves in these processes is still controversially debated (Adams
et al., 2017; Blackman et al., 2019a; Kannenberg & Phillips, 2020;
O’Brien et al., 2020). Both processes interact with biotic agent de-
mographics (McDowell et al., 2008, 2011), as drought effects on
the water and carbon balance may additionally predispose trees to
pathogen or insect attacks (Hart et al., 2014; Huang et al., 2020),

marks the final stage of drought-induced tree mortality, we show that hydraulic fail-
ure is interrelated with a series of other, mutually inclusive processes. These include
shifts in NSC pools driven by osmotic adjustment and/or starch depletion as well as
pest infestation and are modulated by the size and species identity of a tree and its
neighbors. A more holistic view that accounts for multiple causes of drought-induced
tree mortality is required to improve predictions of trends in global forest dynamics

and to identify mutually beneficial species combinations.

carbon starvation, climate change, embolism resistance, hydraulic failure, IDENT,
neighborhood interactions, non-structural carbohydrate dynamics, pest infestation, species
mixture, tree mortality, TreeDivNet

exacerbating climate-driven forest mortality (McDowell et al.,
2020; Seidl et al., 2017).

Past work on drought-induced mortality has identified a multi-
tude of risk factors associated with drought-induced tree mortality
(O'Brien et al., 2017). Specifically, tree size is often closely associated
with individual mortality risk, although a higher drought vulnerability
was both reported for tall adult trees that operate close to physical
constraints for water transport (Bennett et al., 2015; Stovall et al.,
2019) and for small trees with limited access to soil water reserves
(Crouchet et al., 2019; van Mantgem et al., 2009; Nolan et al., 2021;
Peng et al., 2011). Furthermore, water shortage may intensify inter-
specific tree competition, depending on species-specific patterns of
water use strategies and above- and belowground niche partitioning
(Ammer, 2019; Grossiord, 2019), thus affecting individual mortality
risk via variation in local neighborhood composition (Fichtner et al.,
2020; Vitali et al., 2018).

Recent studies have predominantly focused on one of the num-
ber of distinct mechanisms of drought-induced tree mortality and
have documented responses of a variety of tree species from differ-
ent biomes (Adams et al., 2017; Brodribb et al., 2020; Choat et al.,
2018; O'Brien et al., 2017). Although such studies provide insights
into emerging patterns, examining multiple mechanisms at play
during tree death under drought is argued to be critical to advanc-
ing future process-based models of tree mortality (McDowell et al.,
2019; Trugman et al., 2021). Consequently, field-based studies that
jointly analyze multiple potential causes of drought-induced tree
mortality across a range of functionally different tree species are
urgently needed.

In 2018, Central Europe experienced an extreme summer
drought, followed by a non-typical dry winter and spring. This global-
change type drought event resulted in the highest average growing
season temperature and vapor pressure deficit ever recorded for
this region (3.3°C and 3.2 hPa above the long-term average for the
reference period from 1961 to 1990, respectively) and caused un-
precedented drought-induced tree mortality in adult trees of several
species (Schuldt et al., 2020). Aggravating this situation, millions of
saplings planted over the past years were lost (Schuldt et al., 2020
and references therein). Similar patterns of high sapling mortality
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following severe drought have been observed in Mediterranean cli-
mates (Herrero et al., 2013; Young et al., 2020).

To address the complexity of interrelated mechanisms be-
hind drought-induced tree mortality, we used observations from
9435 young trees belonging to six angiosperm and six coniferous
species from Europe and North America grown in a tree diver-
sity and nutrient enrichment experiment established in 2013 in
Central Europe (Wein et al., 2016). Based on a Bayesian hierar-
chical modeling approach, we predicted the individual mortality
risk following the drought using data on hydraulic traits, carbon
dynamics, pest infestation, tree height, and interactions with
neighboring trees. We examined (i) how hydraulic traits and NSC
dynamics shape a tree species’ susceptibility to drought-induced
mortality and (ii) how the probability of dying on the individual
level is modulated by tree height and the influence of biotic and

abiotic factors.

2 | MATERIAL AND METHODS

2.1 | Study site

The data set for this study was collected in 2018/2019 in Freiburg,
Germany (48°01'10"N, 7°49'37"E; 240 m a.s.l). The study site has a
mean annual temperature of 11.6°C and a mean annual precipitation
of 881.8 mm (long-term average from 1989 to 2019). In the wake of
the exceptionally hot and dry conditions that affected large parts of
Central Europe in 2018 (Schuldt et al., 2020), the study site was sub-
jected to the most severe summer drought ever recorded in the re-
gion. The mean temperature from June to August in 2018 was 2.0°C
above (20.9 vs. 18.9°C) and precipitation rates 62% below (118.2 vs.
314.2 mm) the long-term average from 1961 to 1990, respectively
(DWD Climate Data Center, 2020).

TABLE 1 Listof the 12 studied species

S i ey

The experiment, part of the International Diversity Experiment
Network with Trees (IDENT; Tobner et al., 2014) and a global net-
work of tree diversity experiments (TreeDivNet; Paquette et al.,
2018), is focused on effects of species richness, functional diver-
sity and variation in resources, and uses high planting density to
accommodate multiple gradients. The study site comprises 415
plots of 13 m?, each containing 7 x 7 = 49 trees planted on a 0.45
m x 0.45 m grid, resulting in a total of 20,335 trees. A buffer zone of
0.9 m separates neighboring plots. The experiment manipulates tree
diversity (richness: monocultures and two, four, six species; func-
tional diversity: mixtures of varying similarity in functional traits),
geographic origin (European, North American), and species composi-
tion (different species mixtures per diversity level) in a factorial ran-
domized block design with four replicate blocks, using a species pool
of six congeneric species pairs native to North America and Europe
(Table 1). Mixtures comprising European species (with the exception
of 6-species mixtures) were replicated for a tree species richness x
fertilization sub-experiment with nitrogen (100 kg ha™ yr'%), phos-
phorus (50 kg ha™ yr'?) and N + P addition, respectively. All trees
were planted in 2013 as 1-3 years old saplings on shallow sandy-
loamy Cambisol (0.4 m) with a high gravel content bedrock (1.0 m).
Details about the design can be found in Wein et al. (2016).

2.2 | Tree mortality and height

We surveyed the survival and health status of all 20,335 planted trees
at pre-drought (2017/2018 inventory), directly after the drought in
autumn 2018, and post-drought in early summer of 2019. In 2018,
trees were classified as healthy, damaged (leaf browning or leaf loss),
severely damaged (partial canopy dieback) or dead. In the census in
2019, which our model is based on, it was only recorded whether trees

were alive, dead, or resprouted after death of the aboveground part of

Height Diameter
Acronym Species Origin Group (m) (cm)
ACPL Acer platanoides L. EU Angio 43+1.4 3.3+1.6
ACSA Acer saccharum Marsh. NA Angio 47 +1.4 3.0+1.0
BEPA Betula papyrifera Marsh. NA Angio 49 +1.0 43+14
BEPE Betula pendula Roth. EU Angio 53+1.2 50+21
LADE Larix decidua Mill. EU Gymno 3.8+1.2 40+17
LALA Larix laricina (Du Roi) K. Koch NA Gymno 3.2+1.2 28+14
PIAB Picea abies L. EU Gymno 21+0.6 27+0.7
PIPU Picea pungens (Engelm.) var. NA Gymno 1.2+0.3 2.3+0.7

glauca

PIST Pinus strobus L. NA Gymno 25+0.8 3.3+1.0
PISY Pinus sylvestris L. EU Gymno 2.7+09 37+15
QURO Quercus robur L. EU Angio 22+1.0 19+11
QURU Quercus rubra L. NA Angio 35+1.5 24+11

Note: Given are the acronyms, species names, origin (EU: Europe; NA: North America), group
(angio- or gymnosperm), pre-drought tree height and stem diameter at 10 cm height (mean + SD).
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the tree (which we counted as dead, as the original stem was function-
ally dead in these cases). Our analysis was based on the subset of the
inner 25 trees of each plot that were alive during the pre-drought in-
ventory, resulting in a total of 9435 trees. These trees represent 90.9%
of the 10,375 initially planted individuals in central positions. Because
boreholes of the bark beetle Pityogenes chalcographus were observed
on several trees in early July 2018, we additionally recorded the state
of beetle infestation (bark beetles present/absent) for all conifers.

Pre-drought tree height (stem base to the apical branch) was
measured during December 2017 and January 2018 for the 25 cen-
tral trees of each plot as part of a yearly inventory. Additionally, a
remote sensing campaign was carried out in July 2018 using a drone
(Octo8XL, Mikrokopter GmbH, Saldenburg, Germany) equipped with
an optical RGB camera with a 16-mm lens (Sony A5000, Stuttgart,
Germany). The heights of the edge trees (for computation of neigh-
borhood effects) were then imputed based on these remote-sensing
derived aggregate and rescaled by the average height of the corre-
sponding species in each plot to account for species differences (see
Supplementary Material S1 for details).

2.3 | Hydraulic traits

For measuring xylem embolism resistance, 100-150 cm long branch
samples were collected from 12-19 living trees per species with the
exception of the two ring-porous Quercus species (3-5 trees x 4
plots x 10 species = 171 samples in total) in late summer 2019, im-
mediately wrapped in moist towels and stored in black plastic bags
to prevent dehydration during transport. Samples were recut under
water directly before xylem vulnerability curves were constructed
according to standard protocols for short-vesseled coniferous and
diffuse-porous species using the flow-centrifuge technique (Cochard
et al., 2005). Vulnerability curves were fitted in R v4.0.0 (R Core Team,
2020) with nonlinear least squares using a sigmoidal model based on
the raw conductance measurements (Ogle et al., 2009) (see details
in Supplementary Material S1). Values for the long-vesseled Quercus
species were obtained from literature (Lobo et al., 2018). Midday leaf
water potential (¥ ,, MPa) was measured for four trees per species in
all 48 monocultures at the peak of the drought (12-14 August, 2018)
using a Scholander pressure chamber (1505D-EXP, PMS Instruments,
Corvallis, USA). HSMs were computed as the difference between ¥, ,

and averages of the critical xylem pressure (P__.), which was assumed

crit
to be equivalent to the pressure at 88% loss of conductivity for angio-
sperms and 50% for conifers (Brodribb & Cochard, 2009; Urli et al.,
2013). To account for the uncertainty in the estimated vulnerability
curve parameters, this uncertainty was propagated into the calculated

HSM values (see Supplementary Material S1).

2.4 | Non-structural carbohydrates

The change in relative sugar content (i.e., in the relative contribution of
soluble sugars to the total non-structural carbohydrate content, TNSC)

over the course of a drought event can be expected to act as an indi-
cator for the amount of starch-to-sugar conversion (He et al., 2020;
Schonbeck et al., 2020). The latter is a process associated with osmotic
adjustment as well as with starch depletion for respiratory needs, both
of which indicate a metabolic response to adverse drought conditions.
To monitor changes in NSC pools, leaf samples for the analysis of
non-structural carbohydrate contents were taken during pre-drought
(21 May to 18 June 2018) after leaf enfolding was completed in mono-
cultures (48 plots), and post-drought (1-4 October 2018) on the full
design. Sampling was conducted on three trees per plot, yielding
~1,000 sampled trees in total, which were pooled per plot and species
for chemical analyses. Leaves were sampled from a random subset of
the inner 5 x 5 trees (representing the most common tree size) when-
ever possible, but buffer trees were sampled if less than three trees
per species were available for sampling in the core area. Each three
to five leaves or 50-100 needles from a vital branch of the upper and
middle part of the canopy were pooled, immediately stored at 4°C in
the field and, within the same day, oven-dried at 60°C for 48 h to stop
enzymatic activity (Landh3usser et al., 2018).

The low-molecular-weight sugars (glucose, fructose, and su-
crose) and starch were analyzed following the protocol of Wong
(1990), modified according to Hoch et al. (2002) (see Supplementary
Material S1 for details). The change in relative sugar content over the

growing season (A was then calculated as the difference in the

sugar)
percentage of soluble sugars measured in May and in October 2018
in 48 unfertilized plots in the monocultures as Agygar = (sugar/TNSC

May) - (sugar/ TNSC Oct) (see Figure S2.1 for raw NSC contents).

2.5 | Neighborhood effects

The influence of the up to eight immediate neighbor trees on each
of i in | central trees was expressed in form of a | x J neighborhood
matrix N containing the sum of the heights hj of the trees of species
j of J species divided by the height h; of the central tree, weighted by
their relative distance d'.]. (i.e., with a weight of 1 for first and 1/ \/5

for second order neighbors; see Supplementary Material S1):

N i (1)

In this formulation, the computed value can be interpreted as a
partial Hegyi competition index (Hegyi, 1974) for the corresponding
neighbor species, thus effectively decomposing the contribution of

different competitor species to the total neighborhood effect.

2.6 | Statistical modeling

In a hierarchical Bayesian modeling framework based on the Stan
probabilistic programming language Stan v. 2.21.0 (Carpenter et al.,
2017), we described the observed tree mortality status in 2019 as a
function of the individual mortality risk.
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FIGURE 1 Average estimated mortality rates for each species ordered by magnitude (posterior mean + 95% highest posterior density
interval [HDI]). Dashed line with grey ribbon: overall predicted average + 95% HDI. Red: risk credibly elevated over average level; blue:
risk credibly below average; grey: not credibly different from average (based on 95% HDI). For species acronyms, see Table 1. Black circles:

observed average mortality rates

We assumed that the observed state of a tree (Y, O: tree alive,
1: tree dead) for each tree i belonging to species j in plot k for a total
of | trees, J species and K plots is subject to observation errors with a
species-specific probability of erroneously classifying a living tree as
dead (e.g., because of leaf shedding). To account for this misclassifica-
tion, we modeled the observed mortality state of individual trees as a
one-inflated Bernoulli process with a tree-specific probability of dying

pj and a species-specific misclassification probability ¢;.

Pr (Yobsgiig = OlPj &) = (1= ¢;) - (1 = py) (2)

Pr (Yousiiig = Upjo 1) = + (1 = @) - (1 = py) 3)

We further included observation models for the two species
level traits in the focus of our main hypotheses, namely the HSM and
Agigar (see details in Supplementary Material S1).

We expressed the probability of dying py of each tree as a logit-

linear function of the true species-level A and HSM values, a

sugar
term specifying species-specific intercept and effects of tree height,
bark beetle infestation and nutrient treatment (I x L predictor matrix
X), a term specifying neighborhood effects (I x J neighborhood ma-

trix N, elevated to a power of c), and species-specific plot effects 6.

logit(pj) = HSMyyeljy - @hsm + ASUGAry ey - @s + XiB; + Niy; + 6

(4)

sugar

The J x L species-specific regression coefficients g were described

by a multivariate normal distribution with covariance matrix 2/,:

Bj ~ MVN (fo, Z) (5)

To account for a possible correlation between the directed
neighborhood effects within a pair of species, the J x J neighbor-
hood effects matrix y for focal species m and neighbor species n was

parameterized as follows:

Ympn Yorn .
~MVN ,rfﬂy forall y with m#n 6)

yan 70[m]

7

Ymn~Normal (yqp,z,) forall y withm=n

where Q, is a 2 x 2 correlation matrix allowing for a correlation of the
directed neighborhood effects in pairs of non-identical species (the
off-diagonal elements of y).

The design effects & for each plot and species were modeled by
a normal distribution centered around zero with standard deviation
75, that is, as a varying intercept for each combination of plot and

species:

8y ~ Normal (0, z;) (8)

Modeling was performed via R using rstan v. 2.19.3 (Stan
Development Team, 2020). The model reached a R statistic of under
1.002 and effective sample sizes above 1500 for all estimated param-
eters, indicating full model convergence (Table S2.2). The estimated
species-specific misclassification rates ¢ were low (on average 0.9%;
Supplementary Material S1), although higher rates of up to 4.3% of
trees erroneously classified as dead were found for some species
(Table S2.2, Figure S2.2), resulting in a visible mismatch between ob-
served and predicted mortality for these species in Figure 1. Details
about model structure, prior specification, model implementation
and model fitting are provided in Supplementary Material S1. The
model code and raw data are available as a repository on Github
(https://github.com/r-link/mutually_inclusive_mechanisms).

3 | RESULTS
3.1 | Interspecific variation in drought-induced tree
mortality

Inresponse to the severe drought of the year 2018 and the prolonged
dry conditions that followed throughout the winter and spring of
2019, 34% of the 9435 trees present in our experimental planta-
tion died. Tree mortality increased dramatically, given cumulative
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mortality from 2013 to before the drought was 9% (see Section 2).
Mortality over the period from 2017 to 2019 varied strongly across
the 12 studied species, ranging from 0.6% for A. saccharum to 79.5%
for L. laricina (Figure 1, Table S2.1). The average probability of dying
predicted by our model (full output in Table $2.2) closely resembled
the species-level mortality observed in the field (Figure 1) and ex-
plained 51.8% of the variance in the observed individual and 91.7%
in the plot-level mortality (Figure 2). Mortality was elevated above
the average mortality rate for Larix spp., Betula spp. and P. abies,
whereas it was much lower than average specifically for Acer spp.
and Q. rubra (below 10% in all three cases).

3.2 | Hydraulic safety margins and non-structural
carbohydrates

Both hydraulic traits and carbohydrate dynamics differed consid-
erably among species, with observed HSMs ranging from 0.63 to
3.65 MPa, and changes in the fraction of soluble sugars (glucose,

fructose and sucrose) to total leaf NSC (A ) over the grow-

sugar

ing season ranging from -33.2 to +17.0% (Figure 3). The observed
differences in HSM and A

sugar
species-level mortality risk, which was lower for species with a wider

were both strongly associated with

HSM and higher for species with a more pronounced increase in rel-

ative leaf sugar content over the vegetation period (Figures 3 and 4).

3.3 | Determinants of individual mortality risk

On the individual level, the species-specific mortality risk of a tree
was modulated both by intrinsic variables and by interactions with
the biotic and abiotic environment. Within species, there was a posi-
tive effect of tree height, resulting in a lower individual mortality risk
for taller trees in all species except for Q. rubra, though the magni-
tude of that height effect varied strongly among species (Figure 4;

Observed a pre ed plot-leve orta
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FIGURE 2 Posterior mean species-wise plot average mortality
rate vs. observed proportion of dead trees per species and plot
(explained variance in individual tree mortality: 51.8%; explained
variance in species-wise plot averages: 91.7%)

Figure S2.3). In addition, individuals diagnosed with bark beetle in-
festation in 2018 had a much higher probability of dying (Figure 4).
The prevalence of bark beetles differed greatly between species,
with stronger outbreaks only for the native conifers L. decidua and
P. abies (Table S2.1). Although the overall prevalence of bark beetle
infestation was relatively low with 15.8 and 12.8% infested trees
for L. decidua and P. abies, respectively, in both species infested in-
dividuals died with a high probability. The presence of bark beetles
in neighboring trees had no overall effect on mortality (Figure 4),
although on species level it was associated with higher mortality risk
for P. abies (Figure S2.3), one of the two species with strong bee-
tle infestation. None of the nutrient-enhancement treatments (N, P,
or NP addition) affected mortality risk compared with the control
treatment for any of the analyzed species (Figure 3, Figure 52.3).
However, the variance explained by the species-wise plot effects
(Figure S2.4, Figure S2.6) highlight systematic differences in mortal-
ity risk between plots and, hence, the presence of small-scale pat-
terns driven by unobserved environmental variables.

3.4 | Neighborhood effects on mortality risk

Our model for neighborhood interactions captured the effect of
the relative height of each of the eight immediate neighbor trees
on the mortality risk of focal trees (Equation (1), Figure S1.1) while
accounting for all possible inter- and intraspecific pairs of neighbor
species. The number of neighbors of a particular species surround-
ing each focal tree varied depending on the species mixture in the
plot and pre-drought background mortality. The presence of more
and larger neighbors of a given species was associated with a re-
duced mortality risk for the focal tree in the majority of possible
combinations, resulting in a negative overall neighborhood effect
on the mortality risk of a focal tree for the majority of neighbor
species (Figure 5a).

A. platanoides was the only species whose presence credibly
increased the average mortality risk of its neighbors (Figure 5a).
Across pairs of tree species, beneficial interactions were much
more common than detrimental ones (Figure 5b). There was a
tendency for interactions between neighbor species to be either
one-sided or mutually beneficial, whereas not a single combina-
tion resulted in an increased mortality risk for both species (Figure
S2.5). In general, species that suffered more from drought in-
creased the survival probability of their neighbors and vice versa.
Although A. platanoides, the species that most strongly increased
the mortality of its neighbors, was among the species least af-
fected by drought, four of the five species with positive effects
on the survival of their neighbors suffered losses of more than
50% (Figure 1, Figure 5a). Besides an increased mortality risk of
P. pungens in the neighborhood of P. abies, the only species that
reduced the survival of any of their neighbor species were A. pla-
tanoides and Q. rubra. The presence of these two dominant over-
story species increased the mortality especially for suppressed,
subordinate species (Figure 5b).
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4 | DISCUSSION

4.1 | Hydraulic failure or carbon starvation?

According to our model, species-level mortality risk was not only
lower for trees with wider HSMs, but also strongly associated with
changes in relative leaf sugar contents over the vegetation period,

that is, the relative contribution of soluble sugars to total non-

). The observed increase in A in

structural carbohydrates (A sugar

sugar:
more strongly drought—affectged species is indicative of starch de-
pletion and higher need of soluble sugars for osmotic adjustment
(Hartmann et al., 2021; Thalmann & Santelia, 2017). Accordingly,
drought-induced mortality risk in the studied species was jointly in-

fluenced by both variables associated with hydraulic failure and with

Asugar
Beetles
N
P
NP

Neigh. w/ beetles

carbon starvation (McDowell et al., 2011; Mencuccini et al., 2015;
Sapes et al., 2019).

The lower mortality we observed in species with wider HSM is
in line with reported cross-species patterns in all forested biomes
(Anderegg et al., 2016; Li et al., 2020; Powers et al., 2020; Trugman
et al., 2021), and supports the hypothesis that hydraulic traits
capture proximate mechanisms determining tree death (Adams
et al., 2017). After the loss of hydraulic connectivity at the soil-root-
interface during prolonged drought (Carminati & Javaux, 2020), the
amount of internally stored water and its loss via leaky stomata, the
cuticle and the bark determine the timing of lethal tissue dehydra-
tion (Blackman et al., 2016; Choat et al., 2018; Lépez et al., 2021).
Reaching critical desiccation thresholds inducing meristematic cell
death (de la Mata et al., 2017; Guadagno et al., 2017; Mantova et al.,
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2021) may, thus, mark the final step in the dying process of trees
rather than being the cause of death.

The diverse physiological responses of NSC reserves at the time
of death observed in previous studies indicate that, in contrast to
hydraulic failure, carbon starvation is not a universal phenomenon
of tree death during drought events (Adams et al., 2017; Hartmann
et al., 2013). However, partial canopy dieback and/or the loss of
xylem functionality will result in a reduction of leaf area, which in
turn affects whole-plant net photosynthesis and carbon allocation in
post-drought years. Moreover, recent evidence suggests that embo-
lism repair under tension, that is, restoration of xylem functionality
concurrent with transpiration, is either a rare phenomenon or even

completely absent in many tree species (Charrier et al., 2016; Choat
et al., 2019; Rehschuh et al., 2020, but see Tomasella et al., 2021).
This might explain commonly observed legacy effects of reduced
vigor and increased mortality rates up to several decades after a
drought event (Cailleret et al., 2017; Trugman et al., 2018), as well
as different patterns of post-drought recovery (Li et al., 2020). The
mechanisms governing drought-induced tree mortality and recovery
might, therefore, be closely linked to carbon dynamics (Trugman
et al., 2018). Noteworthy, Larix spp. and Betula spp., two of the most
strongly drought-affected genera, showed signs of leaf browning
and defoliation already in early July 2018. Although leaf shedding
can mitigate drought effects on a plants’ water balance via reduction



HAJEK ET AL.

of the transpiring surface (Blackman et al., 2019b), the high A

in these genera (Figure 3) indicates that the reduced carbon gain

sugar

caused by this strategy may have contributed to their high mortality
rates.

Both access to carbohydrate reserves and their utilization rate
have been reported to be controlled by water availability (Sevanto
et al., 2014), providing evidence that carbohydrate use is controlled
by the functionality of the water transport system rather than by
photosynthetic carbon gain. This is consistent with a hydraulic con-
straint on NSC consumption (McDowell et al., 2011; McDowell &
Sevanto, 2010). The role of carbohydrates in osmotic adjustment
constitutes a central link between carbon metabolism and hydraulic
functioning (Hartmann et al., 2021; Pantin et al., 2013). Experimental
manipulation of NSC storage has been shown to affect osmotic reg-
ulation and shift the turgor loss point towards substantially less neg-
ative water potentials even in the absence of drought (Sapes et al.,
2021). This is consistent with a recent meta-analysis providing ev-
idence for a decrease in starch and rise in soluble sugars over the
course of extreme drought events (He et al., 2020). The observed
decrease of the relative starch fraction in the more drought-affected
species is a strong indication for starch-to-sugar conversion to meet
the trees’ metabolic and osmoregulatory demands during drought.
The use of stored starch to produce osmotically active sugars indi-
cates that the supply with recent assimilates was not sufficient for
osmotic regulation. For example, extreme drought led to a strong
conversion of starch to sugars in needles and other plant tissues in
Scots pine before a mortality event, while the starch-to-sugar ratios
did not change during a milder and non-lethal drought (Schénbeck
et al., 2020). The use of local storage for osmotic regulation thus
seems to be an indicator of carbon starvation and does enable sur-
vival under extreme drought. If plants indeed increase the concen-
trations of soluble sugars to maintain turgor under declining water
potentials, the NSC depletion often seen in dying trees (Adams et al.,
2017)is likely to act as an underlying cause of hydraulic failure rather
than a separate process. This direct link between the two processes
may explain the often-divergent explanations of the proximate

causes of plant death under drought.

4.2 | Tree size effects

The observed positive effect of tree height on survival contrasts with
the mounting evidence that larger trees tend to be more susceptible
to drought-induced mortality across biomes (Bennett et al., 2015;
O’Brien et al., 2017; Stovall et al., 2019), although some authors
report opposite patterns (van Mantgem et al., 2009; Nolan et al.,
2021; Peng et al., 2011). Notably, most studies reporting a positive
association between tree size and mortality focused on adult trees
in mature forest stands. Under these conditions, crown exposure
(Stovall et al., 2019) and path length-related constraints on water
transport (Ryan & Yoder, 1997) are likely more relevant. Our analy-
sis, in turn, focused on densely spaced young trees (planted in 2013
at the age of 1-3 years) with limited variation in height (Table 1).
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Under these circumstances, negative density-dependent drivers
of mortality are likely to dominate (Crouchet et al., 2019), dispro-
portionally affecting smaller, competitively suppressed individuals
via self- and alien-thinning (Kohyama, 1994). Meanwhile, the larger
trees in the experiment may have possessed a competitive advan-
tage due to their extensive root system and better access to deeper
soil water, particularly during periods of water shortage (Song et al.,
2018; Yanai et al., 2006).

4.3 | Bark beetle effects on conifers
The observed strongly elevated mortality risk for trees infested with
bark beetles is consistent with a drought-driven predisposition for
biotic attacks (McDowell et al., 2011). A potential decline in resin
exudation and thus defense capability caused by the reduction of
relative tissue water content made P. abies vulnerable to insect in-
festation (Netherer et al., 2015). As bark beetles cause physical dam-
age to the phloem and xylem surface that is likely to affect both
carbon metabolism and xylem water transport, their role for plant
death cannot be understood without acknowledging its link to other
processes driving drought-induced mortality (Trugman et al., 2021).
Because trees also died in large numbers without visible signs of
beetle infestation during the drought event, while a number of in-
fested trees were able to survive, biotic attack is unlikely to be the
main driver of mortality in the affected species. Rather, we assume
that pest infestation acts as an additional stressor amplifying the risk
of death by other causes.

Neighborhood effects can profoundly impact the predisposition
to insect herbivore (Berthelot et al., 2021; Castagneyrol et al., 2018).
The comparatively low influence of the presence of infested neigh-
bor trees in our study may be related to the timing of the assessment
of pest infestation in late 2018. At this time, the drought and asso-
ciated insect outbreaks had probably already run their course and
further spread was unlikely.

4.4 | Nutrient and environmental effects

Limitations posed by the design of the IDENT experiment pre-
clude a clear interpretation of the nutrient effects, as fertilizer was
only applied to the subset of European species and several highly
relevant species-level traits were only measured on the control
treatment. So far, only a limited number of studies are available
for the interaction between drought and plant nutrition and the
role of nutrients in drought-induced tree mortality (Gessler et al.,
2017; Royo & Knight, 2012; Sergent et al., 2014). However, fertili-
zation can reasonably be assumed to affect tree size, hydraulic ef-
ficiency and safety (Zhang et al., 2018), carbon dynamics (Li et al.,
2018; Schénbeck et al., 2021) and susceptibility to bark beetles
(Herms, 2002), as well as other potential unmeasured predictors of
mortality. The main rationale for including nutrient effects in our
model was therefore not to accurately estimate their total effect
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on mortality, but to control for potential confounding effects (see
Supplementary Material S1).

Although we observed no direct effect of the abiotic environ-
ment of trees via the fertilization treatment, our analysis of plot-
specific effects on mortality (Figure S2.6) provides evidence that
the individual mortality risk was modulated by small-scale envi-
ronmental differences. The exact cause of these plot-specific dif-
ferences is unknown, but they had a non-negligible contribution to
the total variance in mortality risk, which may be associated with
differences, for example, in soil texture, rooting depth, or wind
exposition.

4.5 | Neighborhood interactions

High neighborhood tree species diversity might help to mitigate
drought impacts due to complementarity effects, that is, temporal
or spatial resource partitioning that results in higher water availabil-
ity in mixed than in pure communities, or facilitation, that is, a posi-
tive effect on the functioning of cohabiting species by, for example,
hydraulic redistribution (Grossiord, 2019). According to our model,
neighborhood interspecific interactions played an important role for
the survival of trees, either mitigating or enhancing drought effects
depending on the surrounding species. The species-specificity of
the interactions may explain controversial reports of species-mixing
effects on drought effects (Fichtner et al., 2020; Grossiord, 2019;
Schnabel et al., 2019).

The increased survival of trees with neighbor species that
suffered extreme losses may be a result of competitive release,
especially in the case of Larix spp. and Betula spp., which did not
compete for water after their early leaf shedding in 2018. However,
having larger neighbors was beneficial for the survival not only for
the neighbors of trees belonging to these two species, but in the
majority of species combinations (Figure 5). This indicates that not-
withstanding the dense planting grid in the IDENT experiment, the
shelter from wind and insolation provided by larger trees in most
species combinations had a stronger effect on the survival of their
neighbors than the more intense competition for water, a finding
that may have important repercussions for management decisions
for reforestation programs and plantations.

Another important implication of our model is that drought-
related interactions between neighboring trees are directed and
species-specific. Although similar patterns have been described
for adult trees (Forrester et al., 2016), to our knowledge our study
is the first to develop a formal model for the effect of all possible
inter- and intraspecific neighborhood interactions on mortality risk
on the individual level. Studies of mitigation and competition tend
to focus on the effect of aggregate measures of diversity, such as
species richness (e.g., Vitali et al., 2018) or functional diversity (e.g.,
Gazol & Camarero, 2016). These measures integrate over all possible
neighborhood interactions and sacrifice information on the individ-
ual level, which is the scale on which processes affecting survival
can be expected to act (Clark et al., 2011). Shifting the focus on the

individual level reveals that a net positive effect of diversity on sur-
vival can only occur if interspecific neighborhood interactions are
on average more beneficial than intraspecific interactions, which is
a testable assumption in our model. Whether this is the case fun-
damentally depends on the species sample, which may result in
contradictory findings especially when studies comprise low num-
bers of species. Methods that preserve the information about the
identity of interacting species allow for a more nuanced understand-
ing of the underlying processes and provide valuable additional in-
formation that, for example, permits the identification of mutually
beneficial species combinations, a precondition for establishing
drought-resistant forest stands and commercial tree plantations.

5 | CONCLUSIONS

The extreme natural drought event in 2018 that killed over one third
of the trees at the IDENT tree diversity experiment in Freiburg,
Germany, provided a unique opportunity to compare the mutually
inclusive mechanisms underlying drought-induced mortality in a
unified setting. Given the projected increase in drought exposure
in most of the world's forested biomes and the increase in disturbed
areas that need to be afforested, improving the mechanistic under-
standing of processes involved in drought-induced tree mortality at
young age is essential for afforestation success. Specifically, there
is a need for an improved understanding of the complex processes
that link carbohydrate metabolism and water relations, and the ways
mortality risk is modulated by pests, environmental conditions, and
neighborhood interactions among trees varying in size and species
composition in a non-zero-sum list of effects. Our results support
the assumption that severe tissue dehydration caused by hydrau-
lic failure marks the final stage in the process of tree death under
drought. However, although hydraulic traits are closely associated
with species-specific drought responses, they are most likely not
sufficient to predict individual mortality risk. Instead, the individual
probability of reaching lethal desiccation thresholds depends on a
series of mutually inclusive processes, notably starch depletion and
conversion into soluble sugars, which are known to be important for

osmotic adjustment, and close neighborhood composition.
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