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Abstract

1. Plant growth is influenced by interactions with neighbouring plants. The strength

and direction of the cumulative neighbourhood effect on growth can depend on
neighbour properties, such as their abundance, size and proximity, as well as the
degree of similarity between interacting plants and their traits, which can be cap-
tured by the species identity of neighbours. Such interactions are also influenced
by the local environmental conditions that are largely determined by climate.
Because neighbour and climatic effects are typically explored in isolation, particu-
larly in long-lived species such as trees, it is unclear how the impacts of neighbours

on plant growth shift in response to temporal variation in climatic conditions.

. Here, we explored how neighbouring plants impact the annual growth of two

eucalypts, Eucalyptus delegatensis and Eucalyptus regnans, over three growing
seasons in an experimental forest in south-east Tasmania, Australia. We assessed
whether eucalypt growth rates could be described by the number, size, proxim-
ity, and species identity of neighbours, and how the strength of this effect was

influenced by the growing season climatic conditions.

. We found that climate and neighbouring plants had an interactive impact on eu-

calypt growth. Neighbours had a consistent, competitive effect on the growth
of both eucalypts in all three growing seasons which was strongly related to the
cumulative neighbourhood biomass. The identity of neighbours was important in
determining E. regnans growth only, whereby distinguishing neighbours accord-
ing to functional group best described growth. Over all three growing seasons,
we predicted that, on average, neighbours reduced E. delegatensis and E. regnans
mean annual growth by 60.5% and 48.4%, respectively. However, the strength of
the competitive effect of neighbours on eucalypt growth was related to growing
season climate, being strongest when conditions were hot and dry and weakest

in cool, wet conditions.

. Synthesis: Given the consistent results observed in two co-occurring euca-

lypts, our findings suggest that drier and hotter climatic conditions increase the
strength of competitive effects on tree growth. This has implications for future
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1 | INTRODUCTION

Interactions among co-occurring plants are key determinants of indi-
vidual plant growth (Connell, 1983). Neighbouring plants interact for
the essential resources required for growth and moderate microcli-
mate conditions by buffering against extreme temperature and wind
exposure (Le Roux & McGeoch, 2010; Montgomery et al., 2010), all
of which can influence potential growth rates (Criddle et al., 1997).
Thus, interactions among neighbouring plants take a variety of
forms and the cumulative effect of all neighbours contributes to
the observed growth rate of a given plant (Trinder et al., 2013).
Importantly, interactions among neighbouring plants are increas-
ingly recognised as a dynamic process which can vary in strength
and direction, such as in response to altered environmental condi-
tions (Bimler et al., 2018; Britton et al., 2021; Del Rio et al., 2014).
A greater understanding of how neighbour interactions vary tem-
porally in different environmental conditions is required to inform
predictive models of neighbour effects on plant growth in future
climatic conditions.

Historically, research has focused on competitive (negative) in-
teractions as the only, or most important, interaction type among
plants (Connell, 1983; Grime, 1977). More recently, greater empha-
sis has been placed on the positive effects of neighbouring plants,
termed facilitation (Bertness & Callaway, 1994; Brooker et al., 2008;
Callaway et al., 2002). Facilitation among co-occurring plants, such as
beneficial redistribution of soil water through hydraulic lift (Ludwig
et al., 2004) or modifying the level of herbivory through associational
defence (Champagne et al., 2016), can result in a positive neighbour
effect on plant growth, survival or reproductive output (Callaway
et al., 2002; Fajardo & Mclintire, 2011; Gémez-Aparicio et al., 2004).
While competition and facilitation are generally considered as distinct
processes, it has been shown that the effect of a neighbour is not
exclusively competitive or facilitative (Callaway & Walker, 1997). For
example, shading by neighbours is generally considered as a compet-
itive interaction for light (Schwinning & Weiner, 1998), but may also
be facilitative under certain conditions if shading decreases leaf tem-
perature, thereby reducing water loss via transpiration (Baumeister
& Callaway, 2006). Thus, the net neighbourhood effect may shift in
strength and direction depending on factors such as plant resource
requirements and abiotic conditions.

The nature of interactions among neighbouring plants can be im-
pacted by ontogeny and environmental conditions. As plants mature,
their requirements for growth and survival differ and this can lead to
changes in both the strength and direction of plant-plant interactions
between different life-history stages (Goldberg et al., 2001; Howard &
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Goldberg, 2001; Miriti, 2006). Further, environmental conditions have
a considerable impact on interaction strength and direction in plant
neighbourhoods (Bimler et al., 2018). This concept is described by the
stress-gradient hypothesis (SGH; Bertness & Callaway, 1994), which
suggests that competition among neighbouring plants will dominate
in benign and productive environmental conditions, but interactions
will become increasingly facilitative as the environment becomes
more stressful. While the SGH has predominately been applied to
non-resource stressors such as temperature and salinity gradients
(Bertness & Ewanchuk, 2002; Callaway et al., 2002), it has also been
related to resource stressors such as gradients of water availability
(He et al., 2013).

Temporal variation in climatic conditions, such as interannual
differences in precipitation, can create a temporal water avail-
ability gradient and, thus, a particular habitat could move sub-
stantially along the “stress gradient” from year to year (Del Rio
et al., 2014). However, empirical support for the SGH in relation
to temporal water stress gradients is mixed, whereby previous
studies have found facilitation increased (Del Rio et al., 2014;
Sthultz et al., 2007), decreased (Tielbérger & Kadmon, 2000) or
did not show clear differences (Soliveres et al., 2010) in lower
rainfall (higher stress) periods compared to those with higher rain-
fall. Others have not directly tested the SGH but explored varia-
tion in neighbour effects on tree growth in response to temporal
climate patterns, finding higher temperatures and reduced precip-
itation can either amplify (Diez et al., 2021) or reduce the strength
of competitive neighbour effects (Luo et al., 2020). Thus, although
there are clear indications that the neighbourhood effect varies
temporally with climate, general patterns have not yet emerged.
With regard to tree growth, this might be a product of limited
research investigating abiotic and biotic drivers of tree growth
simultaneously, compared to studies that consider the two driv-
ers in isolation (Contreras et al., 2011; Das, 2012; Martin-Benito
et al., 2008; Truettner et al., 2018).

Previous studies exploring temporal variation in neighbour effects
on tree growth commonly focus on community-level neighbourhood
metrics (NMs) such as stand basal area (Gleason et al., 2017; Rollinson
et al., 2016) or broad groupings such as conspecific and heterospe-
cific neighbours (Diez et al., 2021). While community-level metrics
ignore the identity of neighbour species, con- and hetero-specific
groupings are based on the assumption that intraspecific competi-
tion should always be stronger than interspecific competition be-
cause of greater niche overlap (i.e. limiting similarity; MacArthur
& Levins, 1967). However, support for this theory in the literature
is mixed (Adler et al., 2018; Goldberg & Barton, 1992; Gurevitch
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et al,, 1992). In forest communities specifically, a global analysis by
Kunstler et al. (2015) used three common functional traits—wood
density, specific leaf area and maximum height—to assess whether
competition strength was primarily determined by the degree of trait
similarity between interacting species or by particular trait values of
neighbours that confer a competitive advantage. They found sup-
port for the latter, such as a negative relationship between neigh-
bour competitive effect and specific leaf area, while finding limited
evidence that trait similarity determined competition strength. This
suggests that interaction strength between two species may not be
related to their niche similarity alone but is also determined by spe-
cies' morpho-physiological characteristics that determine their impact
on the local environment and hence, neighbours in close proximity.
For example, neighbours belonging to a species with xylem that is re-
sistant to embolism (i.e. a more negative P, value) can extract water
from drier soil and hence, will have a stronger effect on neighbours
during drought conditions when water is the most limiting resource
(Britton et al., 2022). In contrast, a generally taller species may have a
stronger competitive effect in wet years if competition for light is the
dominant interaction force. Despite the clear theoretical importance
of species-specific neighbour effects and the fact that they have pre-
viously been shown to vary with environmental conditions in annual
plant communities (Bimler et al., 2018), they are relatively understud-
ied in studies of tree growth (but see Fichtner et al., 2020).

Here, we explored how neighbouring plants impacted annual
growth in two eucalypts, Eucalyptus delegatensis and Eucalyptus reg-
nans, over a three-year period in the Australian Forest Evenness
Experiment (AFEX; Gerwin et al, 2020) in south-east Tasmania,
Australia. Previous work in the system has shown that the two eu-
calypts are sensitive to drought-induced canopy damage, and that
damage is exacerbated at high densities of certain species, particularly
in E. delegatensis (Britton et al., 2022). Specifically, we addressed the
following research questions: (1) How are the annual growth rates of
E. delegatensis and E. regnans influenced by neighbouring plants, and
how important is the species identity of neighbours in determining
growth? And (2) how does the strength of neighbour effects vary tem-
porally in years with different climatic conditions?

We hypothesised that neighbours would have a strong competi-
tive effect on eucalypt growth in this system as trees are older than
saplings (5years-old at the beginning of the study) and self-thinning
has not yet occurred, so competition among neighbouring plants
should be intense (Yoda et al., 1963). We also expected that the iden-
tity of neighbours would be a critical determinant of eucalypt growth,
and that considering the identity, size and proximity of neighbours
together would be the best predictor of growth. Our hypothesis
regarding neighbour identity is based on the fact that species-spe-
cific neighbour effects have been shown in this system previously
(Britton et al., 2022). Finally, in contrast to the SGH (Bertness &
Callaway, 1994), we expect the effect of neighbours to be strongest
in the driest and hottest year when competition for water will be
most intense, as seen in other tests of the SGH to temporal varia-
tion in rainfall (Diez et al., 2021; Tielborger & Kadmon, 2000, but see
Sthultz et al., 2007).
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2 | METHODS

2.1 | Studysite

The AFEX is in the Styx valley, southern Tasmania (42°46'49"S
146°49'01"E; Supporting Information Figure S1) on a north-
facing slope from 530 to 590m above sea-level (a.s.l.). The site
has a mean summer (December to February) temperature of
12.3°C and mean summer precipitation of 65mm. Winter (June
to August) is substantially cooler and wetter with a mean tem-
perature of 4.1°C and mean precipitation of 94mm. The AFEX is
located amid production eucalypt forest dominated by Eucalyptus
delegatensis and E. regnans, and Pinus radiata plantation forest.
Prior to clear-felling in 2010, the site was a native eucalypt forest
co-dominated by E. delegatensis and E. regnans, along with Acacia
dealbata as a sub-dominant and a mixed species understory that
included Pomaderris apetala. The AFEX was established in April
2013 after a high-intensity regeneration fire. Locally sourced
seeds of the four locally dominant native tree species—E. delegat-
ensis, E. regnans, Acacia dealbata and Pomaderris apetala—were
hand-sown 2days post-burn to establish an orthogonal even-
ness x dominant species design. The AFEX experimental design
included five different evenness levels for each of the four species
(Gerwin et al., 2020), creating 20 treatments replicated four times
across eighty 25x25m plots, covering a total area of 5ha. Seeds
were sown at a target community density of 20 potential germi-
nants m™2. Permission to establish the experiment and to access
the site for measurements was provided by Sustainable Timbers
Tasmania who manage the site on behalf of the State Government
of Tasmania, Australia.

2.2 | Neighbourhood plots

Mapped 2m radius neighbourhood plots were established in the
2018 austral winter in a subset of the main treatment plots (n=23)
that were chosen to capture the range of community compositions
observed across the site (Supporting Information Figures S2 and
S3). Within each plot, we aimed to select a total of six focal trees
(three each of E. delegatensis and E. regnans trees) but in some cases,
three individuals of each Eucalyptus species were not present in a
plot. This was due to the AFEX being designed to create specific
monoculture treatments for each of the four species, meaning other
species were only present due to germination from the seed bank
and thus occurred at very low numbers. Therefore, a mean of 5
(range 1-6) focal trees per treatment plot were selected using ran-
domised coordinates, around which we established the 2m radius.
Focal trees ranged in size from 0.5 to 5.2cm in diameter at breast
height (DBH) and were representative of the size of all plants of that
species measured in the neighbourhoods (Supporting Information
Figure S4). We recorded the height (m), DBH and GPS location (dif-
ferential GPS; accuracy of <10cm) of every tree in each neighbour-
hood plot area (12.6m? total area). Trees shorter than 1.35m were
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assigned a constant diameter measurement of 0.25cm, being half
that of the smallest diameter value (0.5 cm) recorded for trees above
this height. Plants smaller than 0.5m were not measured or located,
with the assumption that they played a negligible role in the neigh-
bourhood. In total, we selected 114 focal trees of either E. regnans
(n=58) or E. delegatensis (n=56) and mapped and measured 7854
neighbours. The 114 neighbourhood plots captured a range of com-
munity compositions and ranged in density from 0.8-13.5 plants m
(Supporting Information Figure S3). Additionally, in winter 2018, we
measured the height and DBH of 34 trees growing without neigh-
bours in their immediate 2 m radius, termed isolated focal trees.
Focal trees (isolated and non-isolated) were remeasured yearly in
the winters of 2019, 2020 and 2021 to determine 3years of annual
incremental growth. Thus, the 3year-long growth periods cover two
calendar years and are referred to hereafter as 2018/19, 2019/20 and
2020/21. One E. regnans focal tree died before winter 2019, meaning
its growth could not be measured and was thus removed from all analy-
ses. In addition to the 2018 neighbourhood measurements, neighbours
were remeasured at the beginning of the next two sampling periods
(winter 2019, 2020) so that annual growth could be related to the rele-

vant neighbourhood conditions at the beginning of each growth period.

2.3 | Focal tree growth

For each focal tree, we used absolute annual (BAI; cmz) as the growth
response variable (Britton et al., 2023a). Individual tree basal area
was calculated using individual tree diameter (cm) measurements.
Because the modelling approach required positive growth values,
in the instances where we found non-positive growth (11.7%), we
awarded those focal plants the lowest recorded annual BAI ob-
served for that species in that year. In addition, we repeated the
analysis with negative growth values removed, rather than replaced,
and found no differences among our general findings (Supporting
Information Table S1).

2.4 | Neighbourhood characteristics

To determine how neighbouring plants influenced focal tree growth,
we described a focal plant's neighbourhood according to several
NMs. First, we considered a simple abundance NM to assess how
the number of neighbours within the 2m radius neighbourhood im-
pacted growth. Second, to capture neighbour size, we calculated the
summed basal area (cm?) of all neighbours within each focal plant's
neighbourhood. Third, to include the proximity of neighbours to the
focal tree, as well as neighbour size, we considered three neighbour-
hood indices that included the summed ratio of each neighbour's
basal area (cm?) divided by its distance (m) from the focal tree

(Equation 1). The three indices took the general form:

z

I
™-

=

where NI, is the index associated with focal tree i, of which there are
n. BAj is the basal area of neighbour plant j, and d”. is the distance
metric separating focal plant i and neighbour j. The three indices dif-
fered only in how the distance term (d,}’j) was specified: linear (Britton
et al., 2023a), squared or log-transformed.

We determined the importance of the neighbour identity by cal-
culating NMs at the community-, functional group- and species-level.
The community level NMs ignored the identity of neighbours and
hence resulted in one term per neighbourhood. The functional group
level calculated two terms per neighbourhood by determining NMs
separately for neighbours that were eucalypts or non-eucalypts,
whereby P. apetala and A. dealbata formed the non-eucalypt group.
Finally, the species level NMs included four terms per neighbourhood,
one for each of the four species: E. delegatensis, E. regnans, P. apetala
and A. dealbata. Other species contributed just 1.5% of all trees mea-
sured so were excluded from all analyses. All NM terms were re-calcu-
lated following the yearly neighbour census to ensure they accurately
described the current neighbourhood effect on focal tree growth.

2.5 | Climate

We calculated climate metrics at the AFEX during the sampling pe-
riod to explain year-to-year variation in the strength of neighbour-
hood effects on focal tree growth. Using climate data collected at the
closest government-run weather station to the AFEX (Bushy Park,
Tasmania; ~10km from the study site), we determined the mean daily
temperature (°C), total daily precipitation (mm) and mean daily poten-
tial evapotranspiration (PET; mm/month) during the sampling period
(Supporting Information Table S2). From these data, we determined
the standardised evapotranspiration index (SPEIl; Vicente-Serrano
et al., 2010), a commonly used drought index that encapsulates tem-
perature, precipitation and PET that can be calculated over differ-
ent time scales, such as within a year. The SPEI ranges from -3 to
+3 whereby negative values indicate hot/dry conditions, and posi-
tive values indicate cool/wet conditions compared to the long-term
average. We calculated SPEI values on a 6-month analysis period to
capture growing season (October to March) climatic conditions. SPEI
values were determined in March and thus represent the weather

conditions in the preceding 6-month growing season.

2.6 | Statistical analyses
All data analyses were performed using the R programming language
(v4.0.4; R Development Core Team, 2021).

2.6.1 | Neighbourhood metric selection

First, to determine which NM best described eucalypt growth and
to reduce the number of competing models, we fit five linear mixed-
effect models (LMMs) that differed in their NM (i.e. neighbourhood
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abundance, neighbourhood basal area and the three versions of the
neighbourhood index; Equation 1). Log-transformed BAI was the re-
sponse variable in all models, focal tree species (E. delegatensis or E.
regnans) and sampling year were included as fixed factors, and in-
dividual tree BA and NMs were included as continuous predictors.
The five models were ranked based on Akaike's information criterion
(AIC). We found that the summed neighbourhood basal area met-
ric, which ignores the distance of neighbours to the focal tree, best
described our data (Supporting Information Table S3) and was thus

used as our NM hereafter.

2.6.2 |
effects

Assessing climate and neighbourhood

In all subsequent analyses, Eucalyptus regnans and E. delegatensis
were analysed separately to assess how the combined influence
of neighbouring plants and growing season climatic conditions im-
pacted each species' annual growth rate. We fit multiple growth
models that differed in whether and/or how NMs and SPEI values
were incorporated into the model, being either omitted, included as
main effects alone or with an interaction between the two predic-
tors. Specifically, we fit 11 LMMs; (Supporting Information Table S4)
for each eucalypt species (Ime4 R package; Bates et al., 2014). We
used log-transformed absolute BAI as the response variable and
size-dependent growth was accounted for in all models by includ-
ing log-transformed focal tree basal area (BA) at the beginning of
each sampling period as a continuous predictor. BAl and BA were
log-transformed as we observed a power-relation between the two
variables. Neighbour effects were investigated by including the
NMs defined previously: community, functional group or species
neighbourhood basal area values. The influence of growing season
climatic conditions on tree growth was determined by including
the growing season SPEI value as a continuous predictor. Finally,
we included the interaction between the SPEI and the NMs to as-
sess whether climatic differences influenced the strength of neigh-
bour interactions. Neighbourhood number, nested within plot, was
included as an observation-level random effect to account for re-
peated sampling of focal trees and unmeasured environmental dif-
ferences among treatment plots.

For each eucalypt, we ranked models based on AIC and ignored
all models with AAIC>6 than the best model or with a higher AIC
than a simpler nested model (Richards, 2008). This approach ensures
that more complex models are only selected when they substantially
improve model fit beyond the penalty of additional terms.

The net neighbourhood effect on tree growth, for both eucalypt
species during each of the three growing seasons, was estimated by
comparing predictions of growth of the non-isolated trees according
to the best AIC model with and without the competition term (i.e.
when setting the NMs to zero). In addition, to visualise the relation-
ship between annual BAI and a given predictor (e.g. the NMs), we ex-
tracted partial residuals and partial slopes (visreg R package; Breheny
& Burchett, 2017) from the best-fitting model in each species.
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3 | RESULTS

Both eucalypts grew substantially over the three-year period with an
average annual BAI of 5.62+0.65cm? (mean+SE) in E. delegatensis
and 7.05+0.74cm? in E. regnans. In both species, absolute BAI was
positively size-dependent (Supporting Information Figure S5), such
that initial BA was the strongest single influence on BAL. In addition,
E. delegatensis and E. regnans annual BAl was strongly influenced by
neighbouring plants and the climatic conditions during the growing
season (Table 1).

The best-fitting model in both species contained a NM, the SPEI
term and their interaction (Table 1), indicating that the strength of the
neighbourhood effect on eucalypt growth depended on the growing
season climatic conditions (Table 1, Figure 1). However, the best-fit-
ting model differed slightly between the two species according to
how neighbours were grouped (Table 1): E. delegatensis BAl was best
described by the summed neighbourhood basal area at the commu-
nity-level, whereas E. regnans BAI was better described by calculat-
ing the neighbourhood basal area separately according to functional
group (eucalypt or non-eucalypt). The BAI of both species was nega-
tively related to the NMs in both models, indicating that neighbours
had a competitive effect on eucalypt growth irrespective of their iden-
tity (Figure 1). The best-fitting model for Eucalyptus regnans, in which
neighbours were categorised by functional group, was only marginally
better at describing variation in E. regnans growth compared with the
same model that was selected for E. delegatensis (neighbours grouped
at the community-level; Table 1). Importantly, irrespective of how
neighbours were categorised, model parsimony improved dramati-
cally in both species when the interaction between the NMs and the
SPEI value was included (Table 1), providing strong evidence that the
influence of neighbours and climate on tree growth were dependent
on one another.

Regardless of the NM used in the model, its influence on annual
BAIl was strongest in 2018/19 (Figure 1) when the climatic conditions
were hot and dry, evident in the lowest SPEI value of all three growing
seasons (Figure 2). This effect was weaker in 2019/20 (intermediate
SPEI) and weaker again in 2020/21 (highest SPEI; Figure 1) as con-
ditions became progressively cooler and wetter (Figure 2). Thus, the
competitive effect of neighbours on eucalypt growth was strongest
when conditions were hot and dry, and substantially weaker when
conditions were generally cooler and wetter (Figure 1).

The reduction in annual BAI of both species due to neighbours
was more pronounced as the neighbourhood basal area increased
(Figure 1). This was particularly evident in the relationship between E.
delegatensis BAI and the community-level neighbourhood basal area,
and E. regnans BAI and eucalypt neighbourhood basal area (Figure 1).
In E. delegatensis, we did not find evidence that the strength of the
neighbour effect on growth differed substantially between functional
groups. Instead, we found that E. delegatensis BAl decreased as the cu-
mulative neighbourhood basal area increased, regardless of neighbour
identity. In contrast, eucalypt neighbours had a greater suppressive
effect on E. regnans BAI than did non-eucalypt neighbours (A. dealbata
and P. apetala; Figure 1). However, in general, the growth rates of
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TABLE 1 Summary of AIC analysis of 11 LMMs of E.
delegatensis and E. regnans annual . Each row describes the model
and parameters included and rows are arranged in increasing
complexity in terms of how the standardised precipitation
evapotranspiration index (SPEI) and/or (NMs; i.e. neighbourhood
basal area) are incorporated into the model. NM indicates how
neighbours were described: grouped irrespective of their species
identity (community BA), by their functional group (functional BA)
or their species identity (species BA). SPEI and NM x SPEI terms
indicate whether SPEI was included as a fixed effect and whether
an interaction was included, respectively. K is the number of
estimated parameters, InL is the maximum log-likelihood and AAIC
is the AIC of the model relative to the best-AlC model, shown in
bold. Selected models are highlighted in grey-shading and include
the best-AlC model, as well as any additional models with AAIC <6
that are not a nested and more complex version of the best-AlC
model. Here, species BA models are nested within their respective
functional BA models, which are themselves nested within the
respective community BA models. This approach follows the
selection criterion outlined in Richards (2008). All models included
log-transformed basal area as a predictor, and neighbourhood
number, nested within plot as an observation-level random effect.

NM x SPEI
Neighbourhood metric (NM) SPEl term K InL AAIC
Eucalyptus delegatensis
None No - 5 -298.1 421
None Yes No 7 -298.1 440
Community BA No - 6 -288.2 241
Functional BA No - 7 -2871 24.0
Species BA No - 9 -286.0 25.7
Community BA Yes No 7 -286.3 22.3
Functional BA Yes No 8 -284.4 232
Species BA Yes No 10 -2875 24.6
Community BA Yes Yes 8 -279.0 0.0
Functional BA Yes Yes 10 -286.0 3.4
Species BA Yes Yes 14 -271.4 6.7
Eucalyptus regnans
None No - 5 -279.7 257
None Yes No 7 -2795 274
Community BA No - 6 -274.2 167
Functional BA No - 7 -274.0 18.5
Species BA No - 9 -273.9 223
Community BA Yes No 7 -272.2 14.7
Functional BA Yes No 8 -272.2 167
Species BA Yes No 10 -272.1 20.5
Community BA Yes Yes 8 -2645 1.5
Functional BA Yes Yes 10 -261.8 0.0
Species BA Yes Yes 14 -259.6 3.5

both eucalypts were lower in neighbourhoods where neighbours were
larger and more abundant.

The best-fitting models in both species explained a similar amount
of variation in BAI in both E. delegatensis (R>=0.70) and E. regnans
(R?=0.68), however, the contribution of neighbourhood effects was

stronger in E. delegatensis. The best-fitting model explained 31% more
variation in annual BAl in E. delegatensis than the model that excluded
all neighbour effects and included only initial BA and SPEI as predic-
tors. In contrast, E. regnans best fitting model explained an additional
14% in annual BAI compared to the simpler model containing no
neighbour effects.

For all non-isolated trees, the reduction in annual BA growth due
to neighbours, when estimated by the best AIC model, was significant
(Figure 3). For Eucalyptus delegatensis, competition from neighbours
was greatest in 2018/19 (66.3% reduction in mean growth) and be-
came progressively weaker in 2019/20 (61.6%) and 2020/21 (53.6%;
Figure 3a). The competitive effect of neighbours on E. regnans growth
followed the same trend; neighbours reduced growth strongly in
2018/19 (63.1% mean growth reduction) and 2019/20 (53.1%) but
had a substantially weaker effect in 2020/21 (28.4%; Figure 3b).

4 | DISCUSSION

This study clearly shows that neighbouring plants impacted eu-
calypt growth between 2018 and 2021 in the AFEX. Neighbours
had a consistent, competitive effect on the growth of both E. del-
egatensis and E. regnans in all three growing seasons. The strength
of the competitive effect of neighbours was strongly related to
their combined size and was less influenced by their proximity
to the focal tree, which held true in both focal species. However,
the identity of neighbours was important in determining E. reg-
nans growth only, whereby distinguishing neighbours according to
functional group adequately captured differences in their compet-
itive effect on growth. The strength of the neighbourhood effect
was also dependent on the climatic conditions of the growing sea-
son. The growth of focal trees with neighbours was lowest during
the hotter/drier growing seasons and highest during the coolest/
wettest season. This supported our hypothesis that the competi-
tive effect of neighbours on tree growth would be strongest in
hot, dry climatic conditions.

The net neighbourhood effect on eucalypt growth was con-
sistently competitive, however, the strength of this effect varied
among growing seasons, being strongest in 2018/19 and weakest
in 2020/21. Although this decreasing trend in competition strength
over the three growing seasons suggests that competition is de-
creasing with tree age, this is unlikely because the site is yet to
experience substantial self-thinning (Yoda et al., 1963) and the
intensity of competition, as indicated by the values of the neigh-
bourhood basal area metrics (Figure 1), increased from 2018/19 to
2020/21. However, it is possible that the ability of the eucalypt
focal trees to tolerate competition (i.e. their competitive response;
Goldberg, 1996) increased over the three growing seasons, thereby
reducing the degree to which neighbours suppressed growth. For
example, the two eucalypts are the canopy-forming species in this
system, so as they mature, the difference in plant size compared
to the sub-canopy species (P. apetala and A. dealbata) becomes
pronounced, potentially reducing light competition. Alternatively,
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FIGURE 1 Partial residual plots depicting the relationship between (a) Eucalyptus delegatensis and (b) Eucalyptus regnans annual absolute
basal area increment (BAl) (cm?) and neighbourhood metrics (NMs) (community- and functional group-level neighbourhood basal area; cm?)
in three sampling periods with different climatic conditions. Points indicate partial regressions and black lines represent the partial slope
between BAIl and the NMs in that year, determined from the best-fitting model for each species (Table 1). NMs (a) weight all species equally
or (b) calculate separate metrics for eucalypts and non-eucalypts. Note the log-scale on the y-axis.

several growing seasons of strong competition, as observed here,
may have initiated a plastic response by the focal trees. This could
be a response such as focal trees increasing their water-use effi-
ciency by allocating more nitrogen to leaves to increase their car-
boxylation capacity (i.e. increasing leaf Rubisco content), thereby
reducing their transpiration rate and thus, water requirements
(Weih et al., 2011; Wright et al., 2003). While determining which,
if any, of these responses occurred over the three growing seasons
is outside the scope of this study, future work could explore traits
related to these specific functions and compare trait shifts between
isolated and non-isolated focal plants for evidence of a competi-
tive response in the two species. Nevertheless, it is probable that
differences in competition strength among growing seasons are
due, at least in part, to distinct differences in climatic conditions
and highlights the need to quantify neighbour effects over several
time periods.

The strength of the competitive neighbourhood effect on eu-
calypt growth was related to the SPEI of the growing season and

suggests that water-limitation is a key determinant of interaction
strength in the AFEX. Our results indicate that the strength of com-
petition was negatively related to environmental severity (water
stress), whereby the strongest and weakest neighbour effects were
observed in the hot/dry and cool/wet growing seasons, respec-
tively. This finding contradicts predictions of the SGH (Bertness &
Callaway, 1994) and contributes to an increasing body of evidence
that in severely water-limited environments, plant-plant interac-
tions often become increasingly competitive, rather than facilita-
tive (Barron-Gafford et al., 2017; Maestre & Cortina, 2004; O'Brien
et al.,, 2017; Tielb6rger & Kadmon, 2000). Further, our finding that
stronger competition was associated with reduced precipitation
is supported by previous similar studies that assess how temporal
variation in rainfall determines the nature of plant-plant interac-
tions (Diez et al., 2021; Tielborger & Kadmon, 2000) and by a recent
study that found drought tended to increase competition-induced
tree mortality across parts of Europe (Kulha et al., 2023). Stronger
competition in dry conditions has important implications for tree
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FIGURE 2 Time series of 6-month standardised precipitation
evapotranspiration index (SPEI) at Bushy Park Estates weather
station ~10km from the Australian Forest Evenness Experiment
site (1963-2021). The black line depicts March and October SPEI
values, which represent the deficit/surplus in the austral growing
season (November-March) and the remainder of the year (April-
October). Coloured points indicate the growing seasons in this
study: 2018/19 (red), 2019/20 (grey) and 2020/21 (blue). Climate
data sourced from the Australian Bureau of Meteorology: http://
bom.gov.au/climate/data/.

(a) Eucalyptus delegatensis
2018/19

2019/20

growth in future climatic conditions, in which drought frequency and
severity is expected to increase (Dai, 2013; Reichstein et al., 2013).

In contrast to our expectations, we did not find the species iden-
tity of neighbouring plants to be a strong determinant of their im-
pact on eucalypt growth. However, our results did lend some support
to the classic ecological theory of limiting similarity (MacArthur &
Levins, 1967). We found that E. regnans experienced greater compe-
tition from conspecific and E. delegatensis neighbours (eucalypt func-
tional group) compared to the non-eucalypt functional group. While
this result was observed in only one of our focal species and did not
distinguish between the effect of the two eucalypts, it does suggest
that the strength of competition increases with increasing phenotypic
similarity due to greater niche overlap (Abrams, 1983; MacArthur &
Levins, 1967). This supports previous research that shows group-
ing species into relatively broad categories, such as a grass or forb
(Martyn et al., 2021) and canopy or sub-canopy trees as seen here, can
capture important differences in how species interact. However, we
note that this finding is in contrast to a previous study in this system
which found strong species-specific effects on drought damage in E.

delegatensis and E. regnans, predominantly from P. apetala neighbours

2020/21

10.04

1.0

0.1

® o Neighbourhood
effect excluded

° Neighbourhood
effect included

100 300 03

(b) Eucalyptus regnans
2018/19

30 100 300 03 10 30 100 30.0
Basal area (cm?)
2019/20 2020/21

10.04

3.01

Predicted basal area increment (BAI; cm? /years)

1.0

0.3

03 10 30 100 300 03

30 100 300 03 10 3.0 100 300

Basal area (cm2 )

FIGURE 3 Model predicted annual change in basal area of non-isolated focal trees in relation to individual tree basal area. Blue points
show predicted growth when neighbourhood metrics (NMs) are excluded (i.e. set to zero) and red points show predicted growth when NMs
are considered for (a) Eucalyptus delegatensis (n=58) and (b) Eucalyptus regnans (n=55) over three separate growing seasons. Variation in the
predictions is due to between-tree variation in their neighbours and the random effect term in the model, which describes individual-level
variation estimated from the repeated measurements of trees. The solid lines are predictions when the random effect is removed and thus
depict predicted growth for a typical tree of the size indicated in the absence of neighbours.
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(Britton et al., 2022). Britton et al. (2022) suggested that the strong
effect of P. apetala neighbours was due to their xylem being more
resistant to embolism than the eucalypts, allowing P. apetala plants
to remove water from drier soil and hence, have a stronger impact on
the local water availability during drought. While we cannot deter-
mine why we did not detect this same effect on eucalypt growth in
the present study, it is possible that the strong competitive effect of
P. apetala on eucalypt canopy damage was an acute effect during the
most water-stressed period of the year and that this effect may have
been dampened over the longer measurement period of this study.
Nevertheless, these contrasting results contribute to increasing evi-
dence that multiple plant performance metrics, such as plant survival
and growth, can respond differently to neighbour interactions in the
same system (Fajardo & Mclntire, 2011; Hastwell & Facelli, 2003).

4.1 | Conclusions

Here, we show that tree growth is controlled by a complex interplay
between growing season climatic conditions and the cumulative bio-
mass of neighbouring plants. While we did not find the identity of
neighbouring plants to be a strong determinant of their effect on
the growth of co-occurring plants, our findings lend some support
to the notion that grouping neighbours by functional group can cap-
ture variation in their competitive effects on tree growth. The net
effect of neighbours, while always competitive in this system, varied
in strength substantially among growing seasons but in a predictable
way. The strength of competition was negatively related to the grow-
ing season SPEI value, indicating that competition is more intense in
hot and dry than cold and wet conditions in the AFEX. Given the con-
sistent results observed in two co-occurring eucalypts, our findings
suggest that drier and hotter climatic conditions projected for this re-
gion will increase the frequency of strong competitive effects on tree

growth, with worrying implications for future forest productivity.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Location of the Australian Forest Evenness Experiment
(AFEX; 42°46'49"S 146°49'01"E) in the lower Styx valley, south-
eastern Tasmania, Australia (Gerwin et al., 2020).

Figure S2. (a) The Australian Forest Evenness (AFEX) site and
neighbourhood plot layout. Squares represent the 25x25 m
treatment plots. Points indicate the location of the 2m radius
neighbourhood plots surrounding a Eucalyptus delegatensis (red)
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or Eucalyptus regnans (black) focal plant. (b) Example of a mapped
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neighbourhood plot surrounding a focal plant, indicated by the black
point. Size of the coloured points of each species represent plant
size in diameter at breast height (not to scale).

Figure S3. Neighbourhood density of the four species in the 113
AFEX neighbourhoods of either Eucalyptus delegatensis (n=58) and
Eucalyptus regnans (n=56) focal trees, ordered in decreasing density
from 0.79 to 13.49 plants m™.

Figure S4. Observed relationship between diameter at breast height
and tree height of all (a) Eucalyptus delegatensis and (b) Eucalyptus
regnans focal trees (black points) and (a-d) all neighbour plants
(grey points) in the four species (Eucalyptus delegatensis, Eucalyptus
regnans, Pomaderris apetala and Acacia dealbata) at the Australian
Forest Evenness Experiment in 2018, the beginning of the study.
Figure S5. Relationship between absolute annual (BAl; cm2) and
initial tree basal area (BA; cm?) in (a) Eucalyptus delegatensis and
(b) Eucalyptus regnans isolated (open points) and non-isolated
(filled points) focal trees. Data shown are pooled over the three
annual growth periods. Note the log-scale. The approximate linear
relationship depicted here for the isolated trees supports the
assumption of a power relationship between annual BAI and basal
area adopted by all the fitted statistical models.

Table S1. Summary of AIC analysis of eleven LMMs of E. delegatensis
and E. regnans annual (BAI) when negative growth is excluded,
rather than awarded the lowest growth value for that species in
each year (Table 1 in the main text). Each row describes the model
and parameters included and rows are arranged in increasing
complexity in terms of how the standardised precipitation
evapotranspiration index (SPEI) and/or neighbourhood metrics
(NM; i.e. neighbourhood basal area) are incorporated into the
model. NM indicates how neighbours were described: grouped
irrespective of their species identity (community BA), by their
functional group (functional BA) or their species identity (species
BA). SPEl and NM x SPEI terms indicate whether SPEI was included
as a fixed effect and whether an interaction was included,
respectively. K is the number of estimated parameters, InL is the
maximum log-likelihood and AAIC is the AIC of the model relative to
the best-AlC model, shown in bold. Selected models are highlighted
in grey-shading and include the best-AlC model, as well as any
additional models with AAIC <6 that are not a nested and more
complex version of the best-AlC model. Here, species BA models
are nested within their respective functional BA models, which are
themselves nested within the respective community BA models.
This approach follows the criterion outlined in Richards (2008).
All models included log-transformed basal area as a predictor, and
neighbourhood, nested within plot as a random effect.

Table S2. Growing season climate data over the three sampling
periods. Data shown are for the closest weather station (Bushy Park,
Tasmania, Australia) ~10km from the AFEX and are calculated over
the 6-month growing season (October to March). Climate metrics
are the Standardised Precipitation Evapotranspiration Index (SPEI),
mean daily temperature (°C), total precipitation (mm) and mean
Potential Evapotranspiration (PET; mm/month).
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Table S3. AIC analysis of five different neighbourhood metrics
(NMs) describing Eucalyptus delegatensis and E. regnans growth in the
Australia Forest Evenness Experiment. Five identical linear mixed-
effect models® were compared that differed only in their chosen
NM: neighbourhood abundance, summed neighbourhood basal
area, and three indices (Equation 1 in the main text) that consider
neighbour size and their distance from the focal tree with either a
linear, squared or log-transformed distance term. NM describes
which NM was included in the respective model, AIC provides the
raw AIC value of each model, and AAIC describes the AIC of each
model relative to the best-AIC model, shown in grey shading.

Table S4. Description of eleven LMMs used in the AIC analyses of
Eucalyptus delegatensis and E. regnans growth in the Australian Forest

Evenness Experiment, presented in Table 1. Each row describes the

model by detailing which predictors—neighbourhood basal area (BA),
standardised precipitation evapotranspiration index (SPEl)—are used
and whether/how interactions are included. The two eucalypts were
analysed separately and al models included neighbourhood number,
nested within plot, as an observation-level random effect.
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