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Summary

The project aimed to determine the effects of regeneration harvesting on koala habitat nutritional
quality on the NSW North Coast. Nutrients (total and digestible nitrogen (N)) and plant secondary
metabolites (formylated phloroglucinol compounds (FPCs) and unsubstituted B-ring flavanones
(UBFs)) known to be important to koalas were measured in fully expanded leaves from more than
900 trees of 19 Eucalyptus and 3 Corymbia species across three tree size classes from the study
region. There were substantial differences in concentrations of key nutritional constituents between
eucalypt species, but there were no differences between tree size classes. This latter finding
suggests that, if the mixture of available species is suitable, koalas should be able to find food of
adequate nutritional quality in a regrowing forest dominated by trees as small as 10 cm diameter at
breast height. However, it is not known from this study whether forests dominated by trees as small
as 10 cm would also provide sufficient shelter for koalas.

Species regarded as being koala browse trees under Coastal Integrated Forestry Operations Approval
protocols generally contained the highest average concentrations of digestible N, confirming their
potential nutritional value to koalas. However, koalas may be unable to eat a small proportion of the
trees within each browse species because some individual trees contained high concentrations of
deterrent FPCs or UBFs. Eucalyptus pilularis (blackbutt), an important timber species, was one of the
poorest quality available eucalypt species for koalas due to low average concentrations of digestible
N and reasonably high concentrations of UBFs. In addition, blackbutt and Eucalyptus microcorys
(tallowwood, a primary browse species), the two most widespread species, were generally poorer
quality food at higher elevations.

The average nutritional quality of sites sampled in NSW North Coast state forests was relatively low
compared to koala habitat sampled at other locations around Australia. However, sites with higher
proportions of koala browse species, lower proportions of blackbutt, and/or lower proportions of
other non-preferred eucalypt species tended to have the highest digestible N concentrations. Sites
were predicted to retain their nutritional quality after harvesting and regeneration if they regrew
with a similar species composition to their pre-harvest state. However, if the proportion of koala
browse trees increased, or blackbutt or other non-preferred trees decreased, site nutritional quality
was predicted to improve, while it was predicted to decline if the proportion of blackbutt or other
non-preferred trees increased and/or browse trees decreased.

Forests with lower proportions of blackbutt relative to other species, particularly if those species are
koala browse, are likely to support higher koala densities. However, koalas may be able to persist at
low densities even in forests of low average nutritional quality on the NSW North Coast. Harvesting
and regeneration practices that alter the proportions of tree species in the landscape are also likely
to affect the density of koalas that a site can support. Specifically, the predicted koala density index
increases with reduced proportions of blackbutt, but decreases under the reverse scenario.



Background

The nutritional quality of eucalypt forests can influence koala habitat quality and population
densities (Moore et al. 2010; Au 2018). Forests with higher average foliar concentrations of critical
nutrients and lower concentrations of herbivore deterrent plant secondary metabolites (PSMs)
support more koalas (Au 2018; Au et al. 2019). The nutritional quality of eucalypts varies within and
between tree species because the chemical determinants of browse quality are genetically and
environmentally determined (Moore et al. 2004; Andrew et al. 2005; Marsh et al. 2020). The
nutritional composition of eucalypt species from one region may therefore differ from the
nutritional composition of the same tree species from another region. Even within the same forest,
trees of the same species can show substantial differences in concentrations of key nutrients and
herbivore deterrent PSMs (Wallis et al. 2002).

There are three main drivers of eucalypt browse nutritional quality for koalas: 1) digestible nitrogen
(digestible N), 2) formylated phloroglucinol compounds (FPCs), and 3) unsubstituted B-ring
flavanones (UBFs). Protein (usually measured as total N) can be a limiting nutrient for herbivores
because it is less available in plant-based diets. Digestible N is the relative amount of protein
available for digestion (DeGabriel et al. 2008), and it is influenced by the concentration of total N in
leaves and the types and concentrations of tannins that bind to proteins (Marsh et al. 2020). In
general, eucalypts are considered to be a poor source of digestible N (Wallis et al. 2010), so trees
containing high digestible N concentrations may be particularly valuable to eucalypt folivores. For
example, diets higher in digestible N can increase reproductive fitness (DeGabriel et al. 2009) and
improve tolerance to some herbivore-deterrent PSMs (Au et al. 2013). At a landscape scale, koala
densities have a strong positive correlation with the average concentration of digestible N at a site
(Au 2018; Figure 1).

In contrast to digestible N, concentrations of FPCs and UBFs negatively influence koala densities (Au
2018; Figure 1). FPCs and UBFs are specific classes of eucalypt secondary metabolites that are known
to deter koala browsing (Marsh et al. 2007; Marsh et al. 2021). FPCs occur in Eucalyptus species
belonging to the Symphyomyrtus and Alveolata subgenera (common name symphyomyrtle),
whereas UBFs occur in species belonging to the Eucalyptus subgenus (common name monocalypt)
(Tucker et al. 2010). Variation in FPC and UBF concentrations within and between eucalypt species
create chemically complex landscapes with differing levels of palatability (Moore et al. 2010; Marsh
et al. 2014; Au et al. 2019).

Landscape disturbance from fire and/or logging can naturally or artificially favour the proliferation of
some species over others, altering the eucalypt species composition of a forest over time (King 1985;
Nicholson 1999; Au et al. 2019). This, in turn, can affect overall nutritional quality, and the value of
habitat to koalas (Au et al. 2019). These effects should be considered in the context of mitigation
strategies where the intent is to maintain viable koala populations in native timber production
forests in the longer term. The overall aim of this project was to determine how harvesting and
regeneration on the NSW North Coast affect the nutritional quality of habitat for koalas, and, as
such, the expected effects on koala population densities. We used a combination of foliar nutritional
quality data from eucalypt trees sampled in the field and statistical modelling to assess the
nutritional quality of a range of eucalypt species and forest sites from the NSW North Coast. We also
determined how different proportions of 1) koala browse species, 2) E. pilularis (blackbutt, an
important timber species; Horne 1994), and 3) other eucalypt species influenced koala habitat
nutritional quality and the predicted koala density index. Finally, we investigated whether selectively
retaining koala browse trees in scenarios in which blackbutt was preferentially allowed to



regenerate improved habitat nutritional quality relative to replacement scenarios in which browse
trees were not prioritised.
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Figure 1. The relationship between average site nutritional quality and koala density at 75 sites
across eastern Australia. Reproduced from Au (2018).



Objectives
The project had four related objectives:

1) Determine the current nutritional composition of forests within the regeneration forestry zone
on the North Coast of NSW.

We investigated variation in nutritional composition between and within the eucalypt species and
communities commonly available to koalas within the regeneration forestry zone on the NSW North
Coast. We also compared the nutritional composition of trees of different sizes to determine
whether forest and tree age influences food quality for koalas. The data set also gave us the
necessary baseline information to address later objectives.

2) Model the way in which habitat nutritional quality is affected by harvesting and regeneration
scenarios.

Blackbutt is one of the most valuable timber species in NSW North Coast forests (Horne 1994), but
the harvesting strategy (e.g. selective or intensive) can influence whether blackbutt regrowth is
suppressed or favoured relative to other species (Florence 1996). We conducted a series of
statistical simulations to explore how different proportions of koala browse species, blackbutt and
other eucalypts influenced site nutritional quality. We also investigated whether the nutritional
composition of forest plots differed between scenarios that randomly removed and replaced trees
with blackbutt, relative to those in which koala browse trees were preferentially retained.

3) Predict changes in koala densities under harvesting and regeneration scenarios.

We used the relationship between nutritional quality and koala population densities developed by
Au (2018) to determine how different proportions of koala browse species, blackbutt and other
eucalypts are likely to influence koala densities. We also investigated the expected direction of any
potential changes in koala densities that may result directly from a shift in species composition
towards different proportions of eucalypt species. This exercise utilised current measured habitat
nutritional values together with those generated through simulations in Objective 2.

4) Identify strategies that minimise long-term impacts of forestry on koala populations.
We utilised the results from Objective 3 to inform potential strategies to minimise long-term impacts
of forestry on koala populations.



Methods

Selection of sites
Site selection was designed to ensure that a range of tree species were encountered across different

age classes throughout the designated regeneration forestry zone. To achieve this, we generated a
dataset for every logging compartment within the regeneration harvesting zone that included RN17
forest types (classification of tree communities; Forestry Commission of New South Wales 1989) and
harvest event history (the date of last harvest) based on a geodatabase provided by the NSW
Forestry Corporation. We further stratified compartments into three geographic regions (north, mid
and south). We then randomly selected one compartment in each geographic region for each of the
eight most common forest types (Table A 1) in three harvest history categories (pre 2000, 2000-
2009, 2010-2019). Ten forest type/harvest history combinations were absent from some geographic
regions, and thus our final selection consisted of 62 sites. Seven of these sites were inaccessible due
to logging activities or active bushfires, but three additional sites were included to overlap with koala
acoustic survey work, bringing the final number of sites to 58 (Figure 2; Table A 2).

Survey of eucalypt species composition

Sites were visited between May and September 2019. At each selected site, we conducted a survey
of eucalypt species composition along a 420m transect. Every 60 m we recorded specific details (GPS
location, elevation, species, diameter at breast height (DBH), surrounding topography) of the closest
four Eucalyptus trees (>10 cm DBH) to the transect point. Thus, we collected data on 32 trees per
transect.

Collection of samples for nutritional analysis
At each 60 m point along transects, we collected mature leaves from one tree of every Eucalyptus
species present, unless another tree of that species had been collected within the previous 80 m.

This spacing reduced the chance of collecting closely related individuals, which are more likely to be
similar in nutritional composition (Andrew et al. 2005). Thus, we collected a maximum of four
samples per species per transect. We preferentially collected samples from trees that had been
included in the survey of eucalypt species composition. In addition to Eucalyptus, we collected
leaves from 11-16 individuals from three species of the closely related genus, Corymbia, which
koalas occasionally eat (NSW Office of Environment and Heritage 2018).

We used a throw line launcher to pull down a small branch from each tree (Youngentob et al. 2016),
and removed approximately 80 g leaves from their stems. For each tree, we also recorded the
following information; GPS coordinates, elevation, topography, species, DBH, harvest context (e.g.
retained or regrowth), and density of surrounding understorey. Leaves were placed into paper bags,
weighed, and then immediately frozen on dry ice. They were later transferred to a freezer at -20 °C
for storage until preparation for analysis.



Figure 2. Sites selected for sampling. The different colours represent different forest types (see key),
which are described in Table A 1.



Preparation and analysis of leaf samples

Frozen leaves were freeze dried and then reweighed to determine the mass lost during the drying
process. This value was used to calculate the dry matter (DM) content, or conversely the amount of
water, in leaves as a percentage of the total wet mass of leaves collected. Dried leaf samples were
ground using a Cyclotec mill (Foss Tecator, Hillerod, Denmark) until they passed through a 1 mm
sieve. The spectra of ground samples were collected between 400 nm and 2,498 nm using a Foss
XDS near-infrared reflectance (NIR) spectrometer (Foss, Hillerod, Denmark). We used NIRS
calibration models developed from wet chemical assays on a subset of 300 samples to measure total
N, and digestible N using the laboratory methods described in Degabriel et al. (2008). We used a
calibration developed by Marsh et al. (2019) to measure UBFs and a calibration from Au et al. (2020)
to measure FPCs.

Comparison between species and tree size classes

We calculated the range, mean and median concentrations of total N, digestible N, UBFs and FPCs
for leaves collected from different species and tree size classes. We investigated the effect of
topography, elevation and tree size on the nutritional composition and moisture content of the two
most widely sampled species, E. pilularis (blackbutt) and E. microcorys (tallowwood). We used linear
models for each of these measures with the following explanatory variables: species, topography
(upper slope, mid-slope, lower slope, ridge line, flat), elevation, tree size (three categories) and all of
the two-way interactions between them. Because UBFs only occur in blackbutt, while FPCs only
occur in tallowwood, models for these constituents were confined to the relevant species and did
not include the species and interaction terms. The final models for all constituents were determined
using stepwise selection based on the Bayesian information criterion (BIC) model fit. The topography
variable, which was retained only in the model for moisture content, was then further simplified by
pairwise testing of the 5 different topographies. The models were also assessed by residual plots;
the results were satisfactory after excluding 3 outliers from analysis.

Nutritional composition of sites

The nutritional composition of sites was determined using a combination of the data sets on site
species composition and leaf nutritional quality. Specifically, we used the survey of eucalypt species
composition to determine the relative availability of each species at a site. Where we had sampled
leaves from a surveyed tree, we used the specific nutritional data for that tree. For trees that we did
not specifically sample, we substituted the nutritional data from other nearby trees of the same
species. If there were no nearby trees of the same species, we used a randomly selected tree of the
same species from any site. The final measures for each nutritional constituent at a site therefore
included 32 trees of the specific species mix recorded during the survey of eucalypt species
composition. The nutritional composition of tree species from genera other than Eucalyptus (i.e.
Corymbia) were not included in site quality measures.

Effect of tree species composition on site nutritional value

We used random selection from the full pool of analysed trees to simulate sites containing varying
proportions of three categories of trees: 1) blackbutt (E. pilularis), 2) koala browse trees (combined
primary and secondary browse trees as defined in the Coastal Integrated Forestry Operations
Approval (IFOA) protocols: E. microcorys, E. tereticornis, E. saligna, E. propinqua and E. andrewsii;
NSW Environment Protection Authority 2020), and 3) other eucalypt species (all other species) at 20
% intervals for each category from 0-100 %. These were plotted to allow visualisation of 1) the
approximate current average nutritional composition of any site in NSW North Coast forests based




on the proportions of trees in each category, and 2) how changing the proportions of trees in
different ways are likely to influence site nutritional composition.

We also conducted a series of statistical simulations to determine how replacing trees with blackbutt
affected predicted post-harvest and post-regeneration nutritional quality. The purpose of this
exercise was to explore whether the preferential regrowth of blackbutt affected site nutritional
quality at different replacement levels and in different forest types. In these simulations, we used
the mean nutritional values for each site as the baseline nutritional composition. First, we
sequentially removed randomly selected trees from each site and replaced them with an individual
blackbutt randomly drawn from the full data set. We recalculated the average nutritional quality of a
site using the new simulated tree composition at 10 % intervals of proportional replacement by
blackbutt. This process was repeated 50 times for each site. The range and median value for each
10% replacement interval derived from this modelling are reported.

Second, we repeated the above process using a non-random selection of trees to explore the
potential effect of selective retention of koala browse trees on site nutritional quality. Specifically,
we divided trees into two categories: 1) koala browse trees (as defined above), and 2) all other
species including blackbutt. Trees in the second category were removed and replaced with blackbutt
before trees in the first category.

Predicted effects on koala densities

We used the established relationship between average site nutritional quality and koala density (Au
2018; Figure 1; Model A1) to determine 1) a koala density index for sites containing different
simulated proportions of koala browse trees, blackbutt and other eucalypt species, and 2) the
direction and degree of change in koala density index with simulated replacement of trees by
blackbutt in different forest types with random or selective retention. Specifically, we applied the
mean site nutritional values from the simulations in the previous section to koala density models
(Model A2 and A3) to generate a series of predicted koala density indexes for each site, forest type,
replacement scenario and proportion of different tree categories.

A koala density index was used rather than absolute density, because of the likelihood that an
absolute density estimate would be misleading. This is because 1) there are slight differences in the
way in which nutritional constituents were measured between this and the original model
development study, 2) the techniques used to estimate koala densities at sites in the study by Au
(2018) differ from those currently being used to assess koala densities in NSW North Coast forests,
and 3) the initial model did not incorporate the effects of UBFs on koala densities, even though they
may have a substantial negative impact (Au 2018; Figure 3). Despite these considerations, the
density index can be used to determine relative differences in predicted densities between sites (i.e.
where one site is expected to support more koalas than another), and the expected direction of any
change in the capacity to support koalas with changing forest species composition.

10
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Figure 3. The raw relationship between koala densities and mean UBF concentrations of eucalypts
sampled at the 75 sites from which koala density nutritional models were originally developed. This
relationship has not yet been incorporated into koala density nutritional models. Reproduced from Au
(2018).

Results

Samples collected

Leaf samples were collected from 921 trees representing 19 Eucalyptus and 3 Corymbia species
(Table 1). Widespread and common species were encountered, and therefore sampled, more often
than rarer species. The tree species composition of sites was highly variable, ranging from 0-100 %
koala browse trees, 0-88 % blackbutt, and 0-100 % other eucalypts (Table A 2). Sampled trees ranged
in size from 5 cm to 166 cm DBH (mean = 30 cm).

11



Table 1. Summary of leaf samples collected from NSW North Coast state forests.

Species Total samples DBH 5-15cm DBH 15-25cm DBH >25cm
All 921 218 230 473
E. pilularis 177 44 51 82
E. microcorys 181 39 45 97
E. propinqua 99 17 28 54
E. siderophloia 88 25 20 43
E. resinifera 78 26 16 36
E. carnea 68 16 16 36
E. acmenoides 44 12 4 28
E. saligna 40 5 13 22
E. grandis 30 8 7 15
C. gummifera 16 7 3 6
C. intermedia 16 5 5 6
E. paniculata 16 4 3 9
E. robusta 12 4 3 5
C. maculata 11 2 4 5
E. globoidea 10 1 5 4
E. pyrocarpa 8 0 3 5
E. laevopinea 7 1 0 6
E. umbra 7 1 3 3
E. tereticornis 5 0 0 5
E. andrewsii 4 0 1 3
E. planchoniana 2 0 0 2
E. agglomerata 1 0 0 1
E. racemosa 1 1 0 0

Nutritional composition of eucalypt leaves

The concentrations of total N, digestible N, FPCs and UBFs varied between species (Figure 4; Table
2). Species with the highest digestible N concentrations were all classed as “high use” or “significant
use” in a review of koala tree use by the NSW Office of Environment and Heritage (2018); namely, E.
grandis, E. tereticornis, E. microcorys, E. propinqua and E. robusta (Figure 4b). All but E. grandis are
also listed as koala browse trees for retention in NSW Coastal IFOA protocols (Table 2; NSW
Environment Protection Authority 2020). The highest concentrations of UBFs occurred in E.
andrewsii, with some E. pilularis individuals also containing high UBF concentrations (Figure 4c). FPC
concentrations were highly variable both within and between species. For example, three species
known to be eaten by koalas (E. microcorys, E. propinqua and E. resinifera) contained individual trees
that ranged from less than 5 to more than 40 mg g* dry matter (DM; Figure 4d). The moisture
content of leaves ranged from 37 % to 60 % of wet mass, with species means being 43 % to 52 %.

12



20
]

b)

20
1
L
"

0.5

Total N (% DM)
0
DZI
f
F-{0--
EEI
EI]
~-m--
D]
"-ED
r - - [} - - - -
r-0 - -
1]
FITH
Digestible N (% DM)
0
1
{o]
-
o

05

[ )

F
-} --4
4B -

[

L ° ! i
i .L:
o | o | &
o = 8
T 7T T | L T L . T L O O TR 1 11 L L L L L L L L L L L L L
= o T S I . o =« R o
§PE8o53coEgaER e 3R E fRE8on3cogEanERateRqguE
WywwWa SO0W Sy yWuwyuwuueyWu 7 WwwwWd goW Suww iy wuuy Wy g
8—- r
v -
: d) :
C) 1 8 : T
o :
- ,
o _ '
—_— O o '
-
= = :
o = :
00 —_ (a)] '
'
S oo '
ab ~ 8 1 : H
€ g 20 :
L= L] S
% v - o - T
L T+ . T %) L ! '
o ' | ! O 2 ' 0 ! H
' ' ~ '
) ¢ - - | & : T 'l S -
" - : L ' ' it
o ¢ =y ' ] ' v 2
& [ a ! ; o '
i ‘ P I
+ 4 B o o . ' '
e '
i - ° | : B
' ' T ' ' ' '
0 s ' 4 o ! ' [
' H ‘ -
. = 4
oo 4 S U - R o0d mmm—m Lol 6 _
rT T T T T T T T17TT17T 1T T T T T T T1TTd L T rT T rrTrrrTrrrr 1T T T1rmTT1m 1T
— = e B i - — L =
T3P0 3SSFEEaagEceegeeeE T F&s8>253E2FEZasgeeegaseE
Wu,mmmmoomommmmmwwmmwww wmwwwwoowomwwwmwwmwwwm

Figure 4. Concentrations of a) total N, b) digestible N, c) UBFs, and d) FPCs in the species collected
from NSW North Coast State Forests. Upper and lower bars show the maximum and minimum values
respectively for each species, with outliers shown as circles. Boxes encompass values between the
first and third quartiles, with the mid-line indicating the median. Species names are abbreviated to
the first two letters to reduce crowding. Full species names and the number of individuals measured
within each species are given in Table 1.
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Table 2. The relative mean nutritional value of eucalypt species sampled in NSW North Coast forests.
Species can be considered to be of highest nutritional quality for koalas when they contain high

concentrations of digestible N and low concentrations of FPCs or UBFs. Species classified as primary
or secondary koala browse trees in NSW Coastal IFOA protocols are highlighted in grey. The mean
concentration of each constituent within each species was assigned to a category according to the
following criteria; Digestible N: low <0.38, medium = 0.39-0.77, high >0.78 % dry matter (DM).
Formylated phloroglucinol compounds (FPCs): low <19, medium = 20-34, high >35 mg.g™* DM.
Unsubstituted B-ring flavanones (UBFs): low <10, medium = 11-20, high >20 mg.g™* DM.

Species (number of Digestible N FPCs UBFs
trees sampled)

E. pilularis (177) Low High
E. microcorys (181) High Medium

E. propinqua (99) High Low

E. siderophloia (88) Medium Low

E. resinifera (78) Medium Medium

E. carnea (68) Low Medium
E. acmenoides (44) Medium Medium
E. saligna (40) High Low

E. grandis (30) High Low

C. gummifera (16) Medium

C. intermedia (16) Medium

E. paniculata (16) Medium Low

E. robusta (12) High Medium

C. maculata (11) Medium

E. globoidea (10) Medium High
E. pyrocarpa (8) Medium Low
E. laevopinea (7) Medium Medium
E. umbra (7) Medium Medium
E. tereticornis (5) High Medium

E. andrewsii (4) High High
E. planchoniana (2) Low Low
E. agglomerata (1) Low High
E. racemosa (1) Medium High

14



Topography had no effect on any of the measured nutritional constituents in the two most widely
sampled eucalypt species, blackbutt and tallowwood (p>0.05 for all). However, the moisture content
of leaves from these species varied with topography, with trees on mid-slopes having a higher water
content (lower % DM) than trees in other topographic positions at sea level equivalent (£(231)=-3.30,
p<0.001; Table 3). There was also a significant interaction between elevation and mid-slope for
moisture content; % DM increased with elevation for mid-slope topographies, but decreased for
other topography categories. This complex relationship is unlikely to be meaningful to koalas.
Elevation was also correlated with several nutritional variables (Table 3). At higher elevations
blackbutt (but not tallowwood) had higher concentrations of digestible N (t(238) = 3.073, p<0.01)
and higher concentrations of UBFs (t(116) = 37.24, p<0.001). Concentrations of FPCs in tallowwood
were also positively correlated with elevation (t(122) = 13.65, p<0.001). Concentrations of total N
were unaffected by elevation in either species (p>0.05), but total N was lower in the largest tree size
class (t(238)=-0.07, p<0.001; Table 3). There were no differences in the measured concentrations of
other nutritional constituents or moisture content between tree size classes for all species (Figure 5).
Figure A 1 and Figure A 2 show these relationships in more detail for individual species.
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Figure 5. Nutritional composition relative to the size class of trees collected from NSW North Coast
State Forests. Size class 1 =5-15 cm DBH (n =228), 2 = 15.1-25 cm DBH (n = 240), and 3 = >25 cm
DBH (n = 478). Boxes encompass values between the first and third quartiles, with the mid-line
indicating the median. Bars show the maximum and minimum values, with outliers shown as circles.
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Table 3. Final models describing regressions of nutritional constituents (total and digestible nitrogen
(N), formylated phloroglucinol compounds (FPCs), and unsubstituted B-ring flavanones (UBFs)) and
dry matter content (% DM) on species, elevation, topography and tree size class for blackbutt and
tallowwood. Standard errors of coefficients are shown in brackets.

Model term Total N Digestible N FPCs UBFs % DM
Blackbutt -0.17 *** -0.61 *** -1.79 ***
(0.01) (0.03) (0.34)
Elevation (km) 0.05 13.65 *** 37.24 *** -2.49%
(0.06) (3.10) (7.18) (1.06)
Tree size class 2 -0.03 -0.46
(0.02) (0.53)
Tree size class 3 -0.07*** 0.89
(0.02) (0.48)
Mid-slope -3.30 ***
(0.68)
Blackbutt:elevation 0.26 **
(0.10)
Mid-slope:elevation 13.57 ***
(2.58)
n 238 238 122 116 231
R? 0.26 0.83 0.14 0.19 0.25

*%%p<0.001, **p<0.01, *p<0.05

Nutritional value of sites

The trees at each site spanned a range of values for each nutritional constituent, although the
median concentrations clearly differed between some sites (Figure 6-Figure 9).
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32) from each surveyed site. Details of each site are given in Table A 2.

Figure 6. The range and median concentration of total N in Eucalyptus trees (n
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32) from each surveyed site. Details of each site are given in Table A 2.

Figure 7. The range and median concentration digestible N in Eucalyptus trees (n
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Figure 8. The range and median concentration of UBFs in Eucalyptus trees of the Monocalyptus subgenus from each surveyed site. Details of each site are

given in Table A 2.
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Figure 9. The range and median concentrations of FPCs in Eucalyptus trees of the Symphyomyrtus and Alveolata subgenera from each surveyed site. Details

of each site are given in Table A 2.
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Effect of tree species composition on site nutritional quality

The proportions of koala browse species, blackbutt, and other eucalypts influenced the average
digestible N, FPC, and UBF concentrations at surveyed and simulated sites. Sites containing high
proportions of koala browse species were generally the highest in average digestible N
concentrations, although this effect was also moderated by the proportion of blackbutt in the
landscape (Figure 10). For example, the average proportion of koala browse trees in sites sampled
within forest types 53 and 74 (E and F, respectively, on Figure 10) were similar (just over 30 %), but
there was a substantial difference in the proportion of blackbutt relative to other eucalypt species.
This led to sites in forest type 53, which had more blackbutt on average, having lower mean
digestible N concentrations.
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Figure 10. The effect of the percentage of koala browse trees, blackbutt, and other eucalypts on
mean site digestible N concentration. Letters in circles indicate the average tree species proportions
for sampled sites within selected RN17 forest types (Forestry Commission of New South Wales 1989);
A=62,B=36,C=37,D=48and 60, E=53, F=74, G=163.
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Average FPC concentrations were generally lowest in sampled forest types with high proportions of
blackbutt and low proportions of koala browse species. However, these results should be
interpreted with caution, because most koala browse species contain FPCs, whereas blackbutt
contains UBFs. Thus, when UBFs are considered, average UBF concentrations are lowest at sites with
low proportions of blackbutt and high proportions of koala browse species.

Changes in species composition after harvesting and regeneration could alter the average nutritional
quality of koala habitat in either a positive or negative way depending on which species are affected.
For example, an increase in the proportion of koala browse species or a decrease in blackbutt would
improve mean digestible N concentrations at a given site, while a decrease in koala browse or an
increase in blackbutt would reduce it (Figure 11). It is more difficult to interpret the effects on FPCs
and UBFs when they are only present in a portion of the trees at a site. For example, an increase in
the proportion of koala browse species or a decrease in blackbutt would result in higher mean site
FPC concentrations, suggesting the potential for poorer quality food. However, the concomitant
decrease in mean site UBF concentrations under the same treatment would result in an
improvement in average site quality.
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Figure 11. Expected effects on mean site digestible N concentration if there was a maximum 20 %
change in species composition within different tree categories relative to a pre-harvest composition
of 40 % browse trees, 40 % blackbutt and 20 % other species (black circle). The green arrow shows a
20 % increase in browse species, no change in blackbutt, and a 20 % decrease in other eucalypts. The
purple arrow shows a 20 % increase in browse, 20 % decrease in blackbutt, and no change in other
eucalypts. The blue arrow shows no change in browse, a 20 % decrease in blackbutt, and a 20 %
increase in other eucalypts. The red arrow shows a 20 % decrease in browse, no change in blackbutt,
and a 20 % increase in other eucalypts. The pink arrow shows a 20 % decrease in browse, 20 %
increase in blackbutt, and no change in other eucalypts. The orange arrow shows no change in
browse, a 20 % increase in blackbutt, and a 20 % decrease in other eucalypts.

Simulated replacement of trees with blackbutt had little effect on median site digestible N
concentrations at surveyed sites that already had high proportions of blackbutt, regardless of
whether koala browse trees were selectively retained or not (e.g. RN17 forest type 37; Figure 12a,
b). In contrast, there was a noticeable reduction in median site digestible N with increasing
replacement by blackbutt in sites that naturally contained higher proportions of koala browse trees
and lower proportions of blackbutt (e.g. RN17 forest type 74; Figure 12c, d). In these forest types,
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the selective retention scenario allowed the median digestible N concentration and the upper range
of digestible N in available trees to remain higher at a greater proportion of replacement with
blackbutt (Figure 12d). Thus, selective retention of preferred koala food trees allowed small
increases in the proportion of blackbutt in the landscape with minimal impact on site nutritional
value, at least in terms of digestible N.
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Figure 12. The digestible N concentration of sites comprising RN17 forest types 37 (a, b) and 74 (c, d)
relative to random (a, c) or selective (b, d) replacement with blackbutt.

Predicted effects on koala densities

The average nutritional quality of sites sampled in NSW North Coast state forests was low compared
to many of the sites sampled across the range of the koala in which the relationship between
nutritional quality and koala densities has previously been established (i.e. Figure 1). Thus, the
predicted koala density index was also relatively low at each site for current forest species
compositions (Figure 13). Without considering the effect of UBFs on koala densities, the mean
predicted koala density index was highest at surveyed and simulated sites within forest types with
low proportions of blackbutt. There was little effect of the proportion of koala browse species or
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other eucalypt species on predicted koala densities, likely because FPCs were considered but UBFs
were not. As a consequence, the model predictions likely overestimate the koala density index at
sites with high proportions of blackbutt, and underestimate the potential for higher proportions of
koala browse species to improve the koala density index.

The applied model predicts that the capacity of a site to support koalas (i.e. the koala density index)
is maintained when blackbutt regenerates in similar proportions after harvesting, and increases if
the proportion of blackbutt decreases (Figure 13). Increasing the proportion of koala browse species
at a site has little effect on the koala density index under the applied model, unless the proportion of
blackbutt is very high (e.g. > 80 %), or the blackbutt proportion is simultaneously reduced (Figure
13). These preliminary predictions should be used with caution until UBF effects have been
incorporated into the model.
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Figure 13. The effect of the percentage of koala browse trees, blackbutt, and other eucalypts at a site
on the mean site koala density index. UBF concentrations are assumed to have no impact on koala
density index in the applied model, so high proportions of Monocalyptus species (including blackbutt)
are likely to reduce the koala density index to a greater extent than is shown on the figure. Letters in
circles indicate the average tree species proportions for sampled sites within different RN17 forest
types; A=62,B=36,C=37,D=48and 60, E=53, F=74, G=163.
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Without considering UBFs, the effect of removing and replacing trees with blackbutt differed
between forest types. In forest types currently dominated by blackbutt, the replacement of trees
with blackbutt had little effect on the koala density index until greater than 60 % replacement during
random replacement scenarios (Figure 14a), or until greater than 80 % replacement in selective
retention scenarios (Figure 14b). In forest types with lower starting proportions of blackbutt, koala
densities declined more steadily with increasing replacement by blackbutt (Figure 14c). However,
the rate of decline was initially slower during selective retention of koala browse species (Figure
14d), suggesting that this scenario can assist with maintaining koala densities in the landscape if
blackbutt proportions were to increase slightly at sites where this species is not currently dominant.
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Figure 14. Index of koala density for RN17 forest types 37 (a, b) and 74 (c, d) relative to random (a, c)
or selective (b, d) replacement with E. pilularis.
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Discussion

Koala presence and abundance are strongly influenced by the underlying nutritional quality of the
eucalypt trees in their habitat (Au 2018; Au et al. 2019). Thus, an understanding of the nutritional
value of different eucalypt species for koalas and how the species composition of forests influence
habitat nutritional quality within a management region can be used to inform management
decisions. Mean concentrations of three important nutritional constituents, digestible N, FPCs and
UBFs, differed between eucalypt species and forest sites sampled on the NSW North Coast.
Furthermore, statistical simulations showed that the average nutritional value of sites and the
predicted koala density index were influenced by the relative proportions of trees within three
categories: koala browse species, blackbutt, and other eucalypts. The results suggest that habitat
nutritional value and the predicted koala density index may increase, decrease, or stay the same
after harvesting and regeneration depending on whether and how the proportions of eucalypt
species differ from pre-harvest values. In particular, the retention and regrowth of eucalypt species
that are currently classified as primary and secondary koala browse trees in harvesting prescriptions
appear to be the most beneficial for habitat nutritional quality. Our key findings are outlined in more
detail below for each of the stated project objectives.

Nutritional composition of eucalypt species and sites
Surveyed sites differed substantially in their average concentrations of digestible N, FPCs and UBFs,
and thus their habitat nutritional quality for koalas. Despite variation in nutritional quality within

species, differences in site quality were primarily driven by differences in tree species composition.
Sampled eucalypts that are currently considered to be primary or secondary browse species for
koalas in northern NSW timber production forests (E. micorcorys, E. robusta, E. tereticornis, E.
propinqua, E. saligna and E. andrewsii; NSW Environment Protection Authority 2020) contained
higher average concentrations of digestible N than most other eucalypt species. An additional
unlisted species, E. grandis, also contained high digestible N concentrations on average. The
suitability of this species as browse for koalas in the region could be determined with captive feeding
studies or by diet analysis of wild koalas in areas in which they encounter E. grandis. Certainly,
koalas are documented to use E. grandis extensively more broadly across NSW (NSW Office of
Environment and Heritage 2018).

Sites with higher average concentrations of digestible N are generally more valuable habitat for
koalas. For example, Au (2018) found a strong relationship between average site digestible N
concentration and koala densities across Australia, although the average concentrations of FPCs and
UBFs also moderated these effects. The effect of digestible N is likely explained by the fact that
koalas must obtain sufficient protein to meet their daily requirements (Cork 1986), which is not
always possible when eucalypts contain low digestible N concentrations. Furthermore, DeGabriel et
al. (2009) showed that common brushtail possums (Trichosurus vulpecula) living in eucalypt forests
with higher concentrations of digestible N had higher reproductive success, and the effects are
probably similar for koalas. In forests within the NSW North Coast regeneration harvesting zone,
sites with the highest mean digestible N concentrations had high proportions of koala browse
species, low proportions of blackbutt, or both.

Most of the identified koala browse species that we sampled were from the symphyomyrtle
subgenus, and thus contained variable concentrations of FPCs. As a consequence, sites with higher
proportions of browse species were predicted to have higher average FPC concentrations. Although
higher average concentrations of FPCs generally correspond with lower koala densities at