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Abstract: Insights on tree species and competition effects on seasonal stem growth are critical to
understanding the impacts of changing climates on tree productivity, particularly for eucalypts species
that occur in narrow climatic niches and have unreliable tree rings. To improve our understanding of
climate effects on forest productivity, we examined the relative importance of species, competition
and climate to the seasonal stem growth of co-occurring temperate eucalypts. We measured monthly
stem growth of three eucalypts (Eucalyptus obliqua, E. radiata, and E. rubida) over four years in a
natural mixed-species forest in south-eastern Australia, examining the relative influences of species,
competition index (CI) and climate variables on the seasonal basal area increment (BAI). Seasonal
BAI varied with species and CI, and was greatest in spring and/or autumn, and lowest in summer.
Our study highlights the interactive effects of species and competition on the seasonal stem growth
of temperate eucalypts, clearly indicating that competitive effects are strongest when conditions are
favourable to growth (spring and autumn), and least pronounced in summer, when reduced BAI
was associated with less rainfall. Thus, our study indicates that management to reduce inter-tree
competition would have minimal influence on stem growth during less favourable (i.e., drier) periods.

Keywords: dendrometer; dry sclerophyll forest; Hegyi competition index; mixed-species forest;
primary productivity

1. Introduction

Knowledge of relationships between tree growth and climate variation is essential
to understand the impacts of climate change on forest ecosystems [1]. However, impacts
of climate on tree productivity are difficult to quantify due to the strong influences of
short-term and localized variations [2]. Climate change is expected to shift the length
of seasons, alter rainfall patterns, and increase the frequency and intensity of extreme
weather events within forests [3,4]. These climatic changes are expected to impact both tree
productivity [5] and tree mortality [6], thus affecting the carbon storage capacity of forests.
There are already signs in some temperate forests of decreased productivity associated with
local temperature and rainfall change in recent decades [7]. Nonetheless, much remains
unknown about climate impacts on forest productivity due to the myriad influences on
tree growth, including species form and growth traits, within-stand growth environment,
and multiple, ever-changing weather patterns [8].

Climate, growth traits, and local stand environments influence tree productivity. In
drought conditions, trees are less productive [9-12]. Exposure to very cold temperatures or
very hot temperatures can limit tree growth [13,14]. However, tree growth responses to
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temperature and rainfall can depend on their competitive context [11,15,16]. For example,
North American pine trees with a history of strong competition were predisposed to growth
decline, and sometimes death, with the addition of short-term climatic stress, such as an
unusually hot summer [17,18]. Tree species [19], crown-class [12], size [20], and exposure
to tree-to-tree competition [21] may all influence the growth response of trees when they
are exposed to changes in climate [22]. Tree-to-tree competition influences the growth rate
of trees by modifying access to resources, such as water, nutrients and sunlight [23,24].
Strong competition can decrease basal area growth [25], and set a maximum boundary to
growth [10]. The interactive effects of competition, climate variability and growth attributes
such as species, crown class and size, in driving temperate tree growth remain uncertain in
many environments [11], including those in temperate Australia.

Eucalypts dominate native forests in Australia, with over 800 Eucalyptus species [1,26,27].
Temperate eucalypt forests occupy much of south-eastern Australia (extending over mil-
lions of hectares from Queensland to Tasmania) and are frequently dominated by mixes of
eucalypt species [28-30]. Nonetheless, the viability of individual eucalypt species within
temperate forests under a changing climate is uncertain, because their distributions are
typically restricted to narrow climate niches of mean annual temperatures of less than
three degrees Celsius [31]. Previous investigations of eucalypt tolerance to variations in
temperature and rainfall have relied on species distribution data, to indicate limits to po-
tential shifts in future distributions [27]. However, these studies do not account for species’
adaptation to changes in climate [26], noting that in situ studies of tree productivity over
time provide a stronger means to examine sensitivities to climate variability [32]. Evidence
from eucalypt seedlings and plantations demonstrates that their growth is responsive to sea-
sons [33,34]. However, seedling- and plantation-based studies cannot adequately represent
the growth environment of established eucalypts in structurally complex natural forests,
particularly those characterised by multiple species, size cohorts and crown strata [35].
Temperate eucalypt forests have the potential to sequester large amounts of carbon under
favourable climatic conditions [36,37]. The responsiveness of tree productivity to changes in
climate is often studied by dendrochronology, and associated measurements of tree growth
rings [38,39]. However, temperate eucalypts can grow for much of the year [35,40,41] and
typically lack the clear growth rings that record previous growth responses to environ-
mental change [42]. Alternatively, long-term tree-stem growth measurements can reveal
climate impacts on tree productivity, because short-term stem growth is sensitive to various
climate variables [32,40,43]. For example, temperature influences stem-diameter changes,
both directly through effects on cambial activity [44], and indirectly through effects on
photosynthesis [45].

Competition is likely to be an important factor in determining eucalypt growth [46].
Thinning has demonstrated positive effects on stem growth in sub-tropical eucalypts,
particularly for less shade-tolerant species [47]. Competition effects on eucalypt growth
have been found to be greatest when competing trees share genetic similarities [48]. This
suggests that the composition of tree species in eucalypt forests could influence overall
growth rates. There might also be variation in the ability of individual eucalypt species
to tolerate and respond to competition [47], and across other environmental gradients.
Evidence from a southern temperate eucalypt forest indicated that competition had a much
greater explanatory effect than climate on diameter growth, and that competition effects
were strongest at the most productive sites [46]. This suggests that in temperate eucalypt
forests, competition could be most important when other factors do not limit growth, as
quantified in other forest types [21].

In this study, we examined the interacting effects of tree species and inter-tree compe-
tition (including crown class) on the seasonal stem growth of three co-occurring temperate
eucalypt species (Eucalyptus obliqua L'Her., Eucalyptus radiata Sieber ex DC.), Eucalyptus
rubida H. Deane and Maiden. Hinko-Najera et al. (2019) demonstrated a strong influence
of temperature on monthly stem growth in the same forest, although their study only
included dominant trees of two eucalypt species that encompassed a narrow diameter and
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competition range [40]. We expand on their study by including an additional species (E. ra-
diata), a wider range of tree diameters, and trees from both dominant and more suppressed
crown classes, encompassing a wider range of competitive environments. Using four years
of monthly basal area increments and distant-dependent measurements of competition,
we examined the relative influences and interactions of multiple factors—tree species,
inter-tree competition and climatic variables—on seasonal stem growth. Our aim was to
improve the quantitative understanding of eucalypt growth in complex natural forests, and
to identify potential vulnerabilities and management options relating to eucalypt growth
under changing climates.

2. Materials and Methods

The study site was adjacent to an eddy covariance flux tower site in the Wombat State
Forest, in central Victoria, south-eastern Australia, (37°25'20” S, 144°05'40" E). The site is
at 705 m elevation, has a cool temperate climate with a long-term mean annual rainfall of
879 mm (1900-2010; http://www.bom.gov.au (accessed on 15 November 2021), Daylesford,
~11 km from the study site), and mean annual temperature of 11 °C. The winter period is
cold and wet, whereas the summer period is usually drier and warm to hot. Temperature,
soil moisture and rainfall data were continuously collected on site [40]. Air temperature
(HMP-45C probe, Vaisala, FIN) was measured at 2 m and 30 m height, soil moisture (CS616,
Campbell Scientific, AUS) was measured at 10 cm depth and rainfall was monitored with a
tipping bucket rain gauge (CS702, Hydrological Services Pty Ltd., Sydney, Australia) at
1 m height in 30 min intervals.

The Wombat State Forest is a dry sclerophyll open forest [49], dominated by mixes
of fire-tolerant eucalypt species. The eucalypt species studied were E. obligua (commonly
known as ‘messmate stringybark’), E. radiata, (‘"narrow-leaved peppermint’) and E. rubida
(‘candlebark gum’). The understory is sparsely covered with predominantly perennial
grasses—mostly types of Poa spp., and Pteridium esculentum. The site is part of the tra-
ditional lands of the Dja Dja Wurrung and Wurrundjeri Woi Wurrung peoples of the
Kulin nations [50,51]. Post-colonisation, the site was likely extensively harvested—if not
cleared—in the mid-1800s as a result of the gold rush [52]. The site was selectively har-
vested and burned by low-intensity prescribed fire in the 1900s, but has remained relatively
undisturbed since the 1970s [35].

The monthly stem growth of individual eucalypt trees was measured within three
long-term plots (plot radius = 40 m), established in 2012 [35]. The basal area within each
plot ranged from 40 to 44 m? ha~! [32]. Subject trees included eight to nine of the largest
trees per species per plot, of each of the three most abundant tree species, on the basis
that the largest trees would contribute most to overall productivity [53]. This equated
to 24-25 trees per plot, 72 trees in total across three plots. Averaged by crown class and
species, the diameters (underbark at breast height, 1.3 m) of the study trees ranged from 20
to 58 cm, and the heights ranged from 22 to 29 m (Table 1).

From 2013 to 2017, monthly stem-diameter growth at breast height was assessed using
steel dendrometer bands (accuracy ~0.1 mm in circumference; DB20, ICT International Pty
Ltd., Armidale, Australia). To account for the variable thickness of dead bark in shrinkage
and swelling, dead and loose bark was removed prior to the fitting of dendrometer bands.
The bands on E. rubida trees were refitted at least once per year after seasonal bark shedding.
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Table 1. Characteristics of the study’s individual trees including the numbers by crown class and
species, and the mean DBHUB (diameter underbark), height, competition index (CI), and mean
annual basal area increment (BAI). Standard errors of the mean are in parentheses.

. Mean Mean Mean Annual
Crown Class Species No. Trees DBHUB (cm) Height (m) Mean CI BAI (cm?)

Dominant E. obliqua 3 57.8 (4.9) 28.5(2.1) 0.59 (0.07) 52.2 (3.6)

E. obliqua 13 43.7 (2.7) 26.6 (1.0) 1.04 (0.12) 37.7 (4.2)
Co-dominant E. rubida 12 32.7 (1.5) 26.6 (0.7) 1.79 (0.21) 35.2 (4.5)

E. radiata 1 325 22.3 1.46 16.0

E. obliqua 6 37.6 (2.6) 24.4(0.7) 1.07 (0.13) 21.6 (2.7)
Intermediate E. rubida 11 27.4 (1.6) 24.4 (0.8) 1.73 (0.19) 24.2 (2.8)

E. radiata 9 26.8 (2.0) 23.2(0.9) 2.15(0.24) 11.6 (1.7)

E. obliqua 2 34.9 (10.8) 28.5(9.0) 1.63 (0.53) 9.5 (6.1)
Supressed E. rubida 2 19.6 (0.8) 25.5(0.4) 2.62 (0.05) 12.3 (5.0)

E. radiata 13 22.6 (1.4) 21.7 (1.4) 2.83 (0.46) 1.5(1.1)

To standardise the effects of tree size on growth, monthly changes in circumference,
which were predominantly increases, were converted into monthly basal area increments
(BAIs). This calculation involved a starting diameter size, to reflect the proportion of growth
relative to tree size [54-56]. The BAI was calculated with the formula below:

DBH; \? DBH; 1 \?>
wmmm_ZﬁAy_z<(2t)xn>—<(;1)xn>
t=3 t=3

where DBH, is the measured diameter in centimetres from the current month, and DBH;_1
is the measured diameter in centimetres from the previous month. Basal area increments
(in centimetres) were calculated per month, according to the measurement interval, and
then aggregated to seasonal (3-monthly) sums. This study examined the dendrometer-band
data from summer 2013-2014 to spring 2017, to incorporate four years of each season
(2014-2017), with the monthly BAI; summed up to the three-monthly seasonal BAIseqs0n per
year for each subject tree.

The crown class of each subject tree was determined with a field assessment [35],
using crown classes as defined by Smith (1986) [57], which indicate the level of access to
direct sunlight. The crown class of each tree was identified as ‘dominant and co-dominant’
(canopy fully lit, only minor lateral shading), ‘intermediate’ (overgrown but still partly
lit from above) or ‘suppressed’ (fully shaded). Of the selected study trees, the E. obliqua
included all canopy classes, whereas E. rubida and E. radiata were absent from the dominant
class. The E. radiata trees were predominantly in the suppressed category (13 of 23 trees).

This study assessed individual competition for each of the 72 subject trees based on
the distance-dependent competition index (CI) from Hegyi (1974) [58]:

n DBHyr
Cltteyi =
Hesy! I\XI% (DBHst X distsT_NT)

where DBHr refers to the underbark diameter at breast height (DBH, at 1.3 m) of a
neighbouring tree in centimetres, DBHgr refers to the underbark DBH of the subject tree
in centimetres, and distgr.NT refers to the distance between the neighbouring tree and the
subject tree in meters [58]. We used the iterative distance-dependent Hegyi competition
index because distance-dependent models are most reliable in predicting variations in stem
growth [59]. This is in contrast to a distance-independent index, which is typically a simpler
measure such as the number of trees in an area, or a measure of crown competition [60].
Trees with a DBH > 20 cm and within an 11 m radius of the subject tree were assessed
as neighbouring trees. The assessment radius of 11 m was roughly equivalent to 0.4 times
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the mean tree height and was consistent with radii used in individual tree competition
analyses elsewhere [24]. Neighbour tree assessments involved measuring DBH with a
diameter tape and bark thickness at DBH with a ‘Gill-type’ needle gauge [61] on both
the north and south sides. Double the mean bark thickness (x2) was subtracted from the
overbark DBH to provide an estimate of underbark DBH. Distance and angle between
the subject tree and each neighbouring tree were measured using a Trupulse 360B (Laser
Technology Inc, Centenial, CO, USA). Neighbouring trees were assessed as active or passive
competitors based on distance and spatial allocation [62]. If trees overlapped within any
30° competition sector, the trees furthest away were considered passive competitors, and
only the tree that was the closest within that 30° sector was recorded as an active competitor.
In our analysis, we used the CI which included active competitors only, because initial
analyses confirmed that this CI had the strongest effect on stem growth compared with the
Clincluding all living neighbour trees.

Statistical analyses were performed in R Studio version 1.4.1717 [63]/R-version 4.1.1 [64].
Correlations between CI and crown class were used to examine their collinearity. Linear
mixed effect models (LMEMs; using the “nlme” package [65]) were used to assess the effects
of species, competition, temperature and rainfall, and their interactions on seasonal stem
growth (BAIeson). Temperature and rainfall variable selection for the model was based
on their overall importance on monthly stem growth from a previous study, which found
that the mean maximum temperature and total rainfall best explained the overall variance
in BAIsesson [37]. Soil moisture was considered as a predictor variable, but was excluded
due to correlations with the mean maximum temperature (Pearson’s correlation r = —0.77).
Temperature and rainfall were prioritized as variables because these were expected to
have the most influence on longer-term growth patterns. Longer-term stem diameter
changes, over periods of months and years, are not readily influenced by ambient weather
and water-related processes [66]. Water-related swelling and shrinking of stems generally
occur at sub-daily timesteps [67,68]; therefore, they are less important than growth-related
processes for diameter growth (or BAI) at monthly or seasonal time scales [69]

Seasonal time lags (up to three seasons) of the temperature and rainfall variables were
also considered, based on the initial best-fitted linear or quadratic relationships with BAI
and the exclusion of highly correlated climate variables (Pearson’s correlation r > 0.7) to
avoid auto-correlation in models. Fixed factors in the model included species, competition,
and temperature and rainfall variables. Trees nested in plots were included as random
effects. The initial, complete model structure was:

BAI =1+ SP * CI + T.max.mean + T.max.mean? + Rain_sum + [—SP: 1
T.max.mean + [—SP: T.max.mean? + [—SP: Rain_sum + (11 plot/trees) M
where BAI is the seasonal (3-monthly) basal area increment in cm?, I is the intercept, SP
is the species, CI the numeric competition index, T.max.mean is the continuous numeric
seasonal (3-monthly) mean monthly maximum temperature, T.max.mean? is the quadratic
term of T.max.mean based on the initial temperature response curve fit of BAI across all
seasons, and Rain_sum is the continuous numeric seasonal (3-monthly) sum of rainfall,
or their (T.max.mean, T.max.mean?, Rain_sum) seasonal lags, plus the various interaction
terms (I-) between fixed effects, and (11 plot/trees) as the random term.

The influence of species, competition and climate variables on seasonal BAI was
assessed for each season using a modified version of the above model that excluded
the T.max.mean? based on the initial regression analysis for each season. A first-order
autoregressive correlation structure was included in the model to account for the temporal
autocorrelation of repeated measures of the same tree, and a variance structure was included
when necessary (i.e., the model performance improved) to account for heterogeneity of the
residuals [70].

To identify the best LMEM, non-significant fixed-effect values (p-value > 0.05) were
dropped stepwise until all included fixed-effect values were significant. The LMEMs were
fitted several times to find the best significant fit, which most accurately explained the
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variation in the data including the fewest explanatory variables [71], based on the lowest
Akaike information criterion (AIC) [72]. The AIC value was used to evaluate fit because
it indicates the likelihood of the model in relation to the number of variables used [71].
Plots of the residuals were examined to confirm homoscedasticity [73], and goodness-of-fit
measures were calculated with the “MuMIn” package [74], producing marginal (R? m) and
conditional (R? c) coefficients of determination [75]. R? c indicates the variance explained
by the whole model, and R? m represents the variance explained by the fixed effects and
their interactions. Partial R?> m values of fixed effects were calculated using the “r2glmm”
package [76].

3. Results
3.1. Seasonal Variation in Temperature, Rainfall and Soil Moisture

Patterns in seasonal temperature were consistent throughout this study (Figure 1).
Typically, summer reached a monthly mean maximum temperature of 24.6 °C in January,
decreasing to a monthly mean minimum of 2.1 °C by mid-winter (July). Soil moisture
was also distinctly seasonal, with moisture content at 10 cm depth typically highest in
winter and lowest in the summer months. Rainfall patterns were more variable across the
years, with the highest rainfall generally in winter and autumn (Figure 1). Rainfall was
particularly high during the winter and spring of 2016 (>400 mm per season), and in early
autumn in 2017 (Figure 1).

3.2. Stem Growth in Relation to Species, Crown Class and Competition

Basal area increment (BAI, cm?) varied across species and crown classes (Table 1). The
mean annual BAI ranged from 9.5 cm? to 52.2 cm? in E. obliqua, 12.3 cm? to 35.1 cm? in E.
rubida, and 1.5 cm? to 16.0 cm? in E. radiata. Trees with lower competition indices had the
greatest mean annual BAI, and trees with higher competition indices had the lowest BAIs
(i.e., the suppressed E. radiata had both the greatest mean CI and the lowest mean annual
BAI, whereas the dominant E. obligua had both the lowest mean CI and the highest mean
annual BAI; Table 1).

Mean annual BAI values of E. radiata were consistently lower than E. obliqgua and E.
rubida in all crown classes (Table 1). For example, the BAI of co-dominant E. radiata trees
was less than half the BAI of co-dominant E. obliqua and E. rubida (Table 1). The competition
index had a clear influence on the total BAI over the four years of both E. obliqua and
E. rubida (Figure 2), whereas the relationship between competition index and total BAI
was not significant for E. radiata, which were mostly in the suppressed class (Figure 2 and
Table 1).

CI increased by species in the order E. obliqua < E. rubida < E. radiata (Table 1 and
Figure 2). Overall, tree CI increased from dominant to suppressed crown classes (Figure 3);
for example, the mean CI of E. obliqua (the only species in all crown classes) ranged from
0.59 (dominant) to 1.63 (suppressed; Table 1).

3.3. Stem Growth by Season

BAI was greatest in autumn and spring, but was highly variable, reflecting the range
of growth conditions of individual trees across species, competition, and crown class
(Figures 4 and 5). BAI was positive for all trees throughout autumn and winter, occasionally
negative for some trees in spring, and often negative in summer (Figure 4). The seasonal
BAl increased for E. obliqua and E. rubida trees in spring, whereas it mostly stagnated for
E. radiata trees (Figures 4 and 5). Seasonal growth also varied between years. The BAI in
summer was often more positive in 2015 and 2017 compared with 2014 and 2016 (Figure 4).
The BAI was greatest in 2017, particularly in autumn, when the largest mean seasonal
growth (10.5 cm?) was 40% higher than the autumn growth in previous years (mean BAI
6.7 cm?). In contrast, the mean BAI was 0 in summer 2014, and approximately 3.0 cm?
lower than the following years (Figure 4).
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Figure 1. Temperature, soil moisture at 10 cm depth, and rainfall data from the eddy covariance flux
site (adjacent to the study site) for the period of this study. Temperature and soil moisture values
are the monthly means, and precipitation values are monthly sums. Seasons are indicated with
different background shading: summer (December—February, lightest grey shade), autumn (March-
May, grey shade) and winter (June-August, darkest grey shade), spring (September—November,
no background).

E. obliqua and E. radiata trees had four distinct periods of growth. BAIs of E. obliqua
trees decreased in the order spring > autumn > winter > summer (Figure 5), whereas BAls
for E. radiata trees decreased in the order autumn >winter > spring > summer. In contrast,
the summer BAI of E. rubida was often greater than the summer BAI of E. obliqgua and E.
radiata, and comparable to the winter BAI, with the greatest BAI of E. rubida trees observed
in spring and autumn (Figure 5).
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Figure 2. Variation in total cumulative basal area increment (BAI, cm?) over the four-year study
period with the Hegyi tree competition index (based on active competitors within 11 m of the subject
tree) for each species (shown in facets). Adjusted R? and p values relate to the regression lines.
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Figure 3. Notched boxplots of competition indices (based on active competitors within 11 m of the
subject tree) by crown classes within each species (dominant to suppressed). Overlapping notches of
box plots indicate no significant difference between box plots.
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Figure 4. Total basal area increments (BAIs, cm?) per 3-monthly season by species and study year.

Points are individual values per tree, with the overlaying violin plots illustrating the data distribution
(wider bulbs indicate higher data density).
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Figure 5. Notched box plots of total BAI per 3-monthly season by species. The central lines of
individual box plots represent the median seasonal BAIs (cm?). Overlapping notches indicate no
significant differences between box plots.

3.4. Interactive Effects of Season, Competition and Species on Stem Growth

Seasonal BAIs across all species significantly decreased with log CI in all seasons
(Figure 6). Regressions of seasonal BAI with log CI explained 33% to 45% of seasonal
BAI in autumn, winter or spring, with the greatest negative slopes in autumn and spring
(Figure 6). In comparison, summer BAI was not related to CI, except in the case of E. rubida
(Figure 6). In addition, the strength of autumn, winter and spring BAI relationships with
CI varied among species, with the greatest slopes and variance explained for E. obliqua
(encompassing the lower end of the Cl range), and comparatively weaker relationships for
both E. rubida (mid-range CI) and E. radiata (upper CI range; Figure 6).

The best-fitting LMEM for seasonal BAI explained 73% of the variation in the full
dataset (Table 2). The most important explanatory variables in decreasing order were:
T.max.mean?, CI, and T.max.mean, followed by species interactions with CI and temper-
ature or rainfall variables (Table 2). Consistent with the clear but variable relationships
in Figure 6, CI, species, or their interaction were the top two explanatory variables in the
autumn, winter and spring LMEMs, which explained 56% to 87% of variation in seasonal
BAI (Table 3). Rainfall and species were most important in the summer LMEM, which
indicated no clear influence of CI alone, although a significant species by CI interaction
(Table 3) was consistent with higher growth rates and a significant BAI-CI relationship for
E. rubida but not for other species in summer (Figure 6). In addition to negative effects of CI
and species differences, seasonal time lags of rainfall positively influenced stem growth in
autumn and winter. The autumn LMEM showed a significant and positive effect of rainfall
with a lag of two seasons (i.e., rainfall from previous spring) on BAI (Table 3), whereas
autumn rainfall had a significant effect on winter BAI (Table 3).
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Figure 6. Scatterplots and linear regressions (blue lines plus 95% confidence interval in grey) of
seasonal (3-monthly) basal area increment (BAI, cm?) and log-transformed CI, by season, species and
all species combined.

Table 2. Best-fitting model of seasonal BAI for all trees combined. Values are the p-values of only
significant fixed effects and their interactions, which are in order of most to least important. R% ¢
indicates the variance explained by the full model, whereas R? m indicates the variance explained
by only the fixed effects. ‘Dir” indicates the direction of the relation of single fixed effects with the
response variable. Fixed effect abbreviations: “T.max.mean’, mean monthly maximum temperature
per season (and its quadratic term ‘T.max.mean2’); ‘Cl’ competition index; ‘Rain_sum’, sum of rainfall

per season.
Fixed Effect p-Value R*m R%c Dir
0.54 0.73
T.max.mean? <0.001 (=)
CI 0.003 (-)
T.max.mean <0.001 (+)
Species: CI 0.001

Species: T.max.mean? <0.001
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Table 2. Cont.

Fixed Effect p-Value R*m R%c Dir
Species: T.max.mean <0.001
Species: Rain_sum <0.001
Species <0.001
Rain_sum <0.001 (-)

Table 3. Best-fitting models of BAI per season with only significant (p-values) fixed effects and their
interactions, which are in order of most to least important. R? ¢ indicates the variance explained by
the complete model, whereas R? m indicates the variance explained by only the fixed effects. ‘Dir’
indicates the direction of the relation of single fixed effects with the response variable. Fixed effect
abbreviations: “T.max.mean’, mean monthly maximum temperature per season (and its quadratic term
‘T.max.mean2’); ‘CI’, competition index; ‘Rain_sum’, sum of rainfall per season; ‘Rain_sum_lagXs’,
sum of rainfall from the previous X (= 1 or 2) seasons.

SEASON Fixed Effect p-Value R*m R?c Dir
0.50 0.56
Species: CI 0.001 (=)
SUMMER Species <0.001
Species: T.max.mean <0.001
Rain_sum <0.001 +)
0.51 0.87
CI <0.001 (-)
Species: CI 0.003
AUTUMN  Rain_sum_lag2 s <0.001 *)
Species <0.001
Species: Rain_sum_lag2s <0.001
0.50 0.80
CI 0.003 (-)
Species: CI <0.001
WINTER Species <0.001
Rain_sum_lagls <0.001 (+)
Species: Rain_sum_lagls <0.001
0.55 0.85
Species <0.001
SPRING cl 0.020 )
Species: CI 0.002

4. Discussion
4.1. Seasonal Stem Growth of Temperate Eucalypts Is Species-Dependent

Our study demonstrates that temperate eucalypt stems in natural mixed-species
evergreen forests grow in all seasons, although this growth varies with species, competition,
season and year. We quantified clear peak stem growth periods in autumn and spring,
which is consistent with previous studies in the same forest [40,41] and with studies of
eucalypt seedlings and plantations [33,34,77].

Seasonal stem growth patterns differed significantly by species, even within the same
crown class. Overall, the magnitude of stem growth rates was comparable between E.
obligua and E. rubida, whereas stem growth for E. radiata was consistently less than the
other species. Despite differences in magnitude, the stem growth of all three species was
distinctly seasonal. Although E. obliqua trees had their highest growth rates in spring and
autumn, stem growth was near zero during summer. Decreases in stem growth—or even
contractions—in summer could be reflective of the drier and hotter weather conditions
during this time, but could also be mechanistically linked to the preferential allocation of
assimilated carbon towards crown expansion [35].
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Peak growth rates for E. rubida were similar to those of E. obliqua, but it was the only
species able to maintain notable stem growth during summer at rates comparable to winter,
and the only species to grow in all seasons, marking three distinct periods of growth. This
is in contrast to a previous study by Griebel et al. (2017) [35], who found that E. obliqua and
E. rubida had similar growth patterns, with no marked difference in growth during summer.
This may be due to differences in the years examined. Griebel et al. (2017) [35] included
the summer of 2012-2013, which had exceptionally hot and dry weather, when growth
was consistently low across all species. Continued growth during summer might indicate
that E. rubida is less sensitive to limitations in soil water availability or higher atmospheric
demand for water [78], which might also relate to the higher maximum temperature optima
of E. rubida (17 °C) than E. obliqua (15 °C) [40]. Griebel et al. (2020) [78] showed that
although both species maintained high transpiration rates during a 5-day heatwave, E.
rubida exceeded those of E. obliqua. E. radiata, the species with the least overall growth, had
peak stem growth in autumn, which continued, although at a lower rate, into winter. Thus,
autumn was a key period for stem growth for all examined species and crown classes.

4.2. Seasonal Stem Growth of Temperate Eucalypts Is Strongly Influenced by Competition

In addition to species, stem growth was strongly influenced by competition. Our study
clearly showed that stem growth rates decreased with increasing inter-tree competition.
The negative competition effect on stem growth was most evident when growth rates were
greatest and climate conditions were favourable for growth. This is in accordance with
studies from other forest types, where tree stem growth was more responsive to competition
when other factors, such as climate, were not limiting [21,79].

The increasing trend of inter-tree competition indices from the dominant to the sup-
pressed crown classes seems to indicate that overall higher stem growth rates with a
decrease in competition were somewhat influenced by greater light availability in the more
dominant crown positions. Thus, the effect of competition on stem growth rates was most
obvious for E. obliqua, which was the only species present in all crown classes. Competition
had little effect on the stem growth of trees with a CI > 2.5, where trees, predominantly
E. radiata, showed very little growth in general, across all seasons. This indicates that E.
radiata trees were continuously outcompeted by the other two species, and thus showed a
less pronounced seasonality in stem growth rates compared with trees in less competitive
environments. Similar stem growth responses were reported for Abies balsamea trees, where
inter-stem competition had only a minor effect on the growth of trees with limited crown
access to light, but had a greater effect on the growth of those trees with crowns that had
good access to light [80].

Trees in uncompetitive environments can have stronger seasonality in stem growth
due to their greater sensitivity to climate conditions [81,82]. This does not mean that
trees in more competitive environments are not affected by climatic conditions, just that
their growth is chronically constrained by other limiting factors. Previous studies have
proposed trees under more competitive environments are more likely to decline in the
instance of short-term climatic stress [17,83,84]. Competition reduction—or thinning—has
been proposed to adapt forest plantations to climate change [85,86]; however, our findings
suggest that competition is less relevant to tree growth during periods limited by climatic
factors. This is consistent with a recent study in a European beech forest, which found that
thinning did not increase trees’ resilience to drought [87].

4.3. Species, Climate and Competition Interact to Drive the Stem Growth of Temperate Eucalypts

Species and competition interacted to influence stem growth during favourable sea-
sons. This is consistent with research from other forest types, where the effects of com-
petition and seasonal climate varied with species and crown class, and were generally
heterogeneous across sites and forest-types [81,82,83]. Favourable growing conditions are
species-dependent, and the effect of competition is most evident when growing condi-
tions are favourable; therefore, competition effects may be most limiting to growth within
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species [48]. Species niche separations—in their diversity of timing of resource-use, and
thus, seasonal growth patterns—underpin the co-existence of multiple species, which has
been demonstrated in co-existing species in other forest types [89,90].

Temperature was most strongly associated with stem growth in the overall models,
reflecting an overall bell-shaped relationship in this forest type [40]. We acknowledge that
relationships of stem growth with temperature are not necessarily causative, particularly be-
cause temperature effects were likely confounded with soil moisture content (i.e., indicated
by a strong negative correlation). Nonetheless, bell-shaped relationships between monthly
stem growth and temperature were consistent with similar shaped relationships between
gross primary productivity and mean air temperature that controlled for other climate
variables across a broad range of Australian wooded ecosystems [91]. The importance of
temperature was not evident in seasonal LMEMs, when competition and rainfall were of
greater importance. Rainfall was the most important climate variable influencing stem
growth during summer. This was evident in differences of inter-annual summer growth
periods. Stem growth rates during the summers of 2015 and 2017 were distinctively higher
than the summers of 2014 and 2016, consistent with double the summer rainfall in 2015
and 2017.

Seasonal time lags of rainfall also influenced stem growth rates during autumn and
winter. Rainfall from the previous spring had a positive effect on autumn stem growth,
whereas autumn rainfall positively influenced winter stem growth. Considering the effect
of rainfall lags, the very high rainfall in spring 2016 (September, October and November),
may explain the high growth rate in 2017, particularly in summer and autumn. Hinko-
Najera et al. (2019) [40] demonstrated that autumn rainfall positively influenced monthly
peak stem growth in autumn and the following spring for (co-)Jdominant trees in the same
forest. They also found that a lack of rainfall in the preceding 6 months had a negative
effect on summer growth rates [40]. Time-lag responses of tree stem growth to rainfall have
previously been reported for temperate and Mediterranean trees [92,93], and highlight
the importance of soil water recharge during wetter periods, which can lead to prolonged
water availability to trees in subsequent periods [40].

4.4. Study Limitations

The unequal distribution of dominant and co-dominant trees across the different
species is a limitation of our study, and is a product of the natural variability in mixed
species forests and historical forest management practices. Previous studies in the same
forest have found it difficult to locate stems within plots where crown classes are evenly
distributed across set diameter classes [94]. The predominance of E. obliqua in the canopy
has been recorded in this area since 1988 [95]. Ideally, there would have been more E. radiata
stems in the dominant and co-dominant classes. There is a possibility that this could be a
factor of age [96], because there may have been more E. radiata trees selectively harvested
during operations dating back to the 1940s [94].

5. Conclusions

Species, competition and seasonal climate have strong effects on stem growth, and
thus, the productivity, of temperate evergreen eucalypts. Our study highlights species-
specific responses to seasonal climate that are likely key to the successful co-existence of
temperate eucalypts in a natural mixed-species forest. Competition had a strong effect
on productivity, with trees under high competition having very little to no growth across
the seasons. Favourable growing conditions in spring and autumn were important peri-
ods of stem growth, particularly for those trees in less competitive environments. This
demonstrated that competition interacted with seasonal climate to drive stem growth
and was most important when climactic conditions were favourable. As such, our study
indicates that management to reduce inter-tree competition would have the most influ-
ence on stem growth during periods of favourable growth, and minimal influence when
climatic conditions were less favourable, such as during dry periods. Furthermore, because
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favourable growing conditions are species-dependent, our study indicates that supporting
mixed-species forests is advantageous to tree productivity and forest health. This study
demonstrates that seasonal stem growth strongly interacts with competition and species in
temperate eucalypts, and that long-term growth studies are invaluable to provide detailed
insights into how variations in climate may drive inter-annual changes in stem growth,
and thus, productivity, in native mixed-species eucalypt forests.
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