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ABSTRACT

When managing grazing pressure for conservation, understanding forage dynamics is essential. In
south-eastern Australia, ongoing grazing is inhibiting regeneration in several semi-arid woodland
communities. Western grey kangaroos (Macropus fuliginosus (Desmarest, 1817)) have been
identified as a key component of total grazing pressure. They are thought to switch from
grass to lower-quality browse, including tree seedlings, when grass biomass falls below
400 kg ha™'. One static threshold may not adequately capture the spatial and temporal hazard
associated with kangaroo grazing, and this study aimed to explore how grassy biomass varies
across a case-study landscape. Understorey biomass and species composition data were collected
in the field on seven occasions between December 2016 and May 2019. We used Generalised
Linear Mixed Models (GLMMs) to describe the influence of environmental and herbivory
variables on total (live and dead) understorey, live understorey, and grass (live and dead) biomass.
Canopy cover showed the strongest influence on understorey biomass, with more biomass found
in open sites than in woodland. Understorey biomass levels were lowest in summer and autumn.
Grass biomass, in particular, fell below the 400 kgha™' forage-switch threshold in wooded areas
during this time. We anticipate that an increased understanding of understorey biomass dynamics
will inform managers as to when and where to focus management efforts to promote regeneration
and sustained recovery of these semi-arid woodlands. Results of this study suggest that conducting
management efforts before the summer/autumn decline in understorey biomass, particularly in
woodlands, is critical in reducing the browsing risk to seedlings.

Keywords:
regeneration, semiarid rangelands.

grazing management, grazing pressure, herbage mass, herbivory by kangaroos,

Introduction

Understanding and quantifying aboveground plant biomass is important for a range of
applications, such as fire management (Franke et al. 2018), estimating carbon stocks and
fluxes (Bradshaw and Warkentin 2015), and grazing and livestock production (Michez
et al. 2019). In some ecosystems, anthropogenic modification of the landscape has
resulted in populations of large, native vertebrate herbivores reaching levels where
their impacts become an issue for conservation values, such as native species diversity
and recruitment (Magioli et al. 2019; Prowse et al. 2019; Tucker et al. 2021). Ground
layer biomass provides forage for herbivores, and so knowledge of available forage is
critical when managing large, generalist herbivore populations (Noy-Meir 1975).

The distribution of understorey biomass is not uniform across the landscape; rather, it
reflects complex feedbacks that can make estimation of standing understorey biomass a
challenge (House et al. 2003; Blaser et al. 2013). Biomass accumulation is affected by the
intensity and timing of rainfall events, soil texture, and landscape features (Ludwig et al.
1997; Nano and Pavey 2013). Dependencies on vegetation growth form can complicate
this relationship, in various ways. For instance, larger growth forms (i.e. shrubs, trees)
tend to have a higher biomass per unit of area (Flombaum and Sala 2007). Overstorey
type and cover can influence species composition in the understorey due to the differences
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in soil moisture, the microclimate, nutrient concentration,
and the seed bank (Warnock et al. 2007; Horner et al. 2012),
but also directly influence biomass through increased com-
petition for light, water, and nutrients (Jameson 1967; Beale
1973). Soil texture also shapes composition: fine-textured
soils are more favourable for grasses; conversely, coarse-
textured soils are better suited to shrubs (Sala et al. 1997).

Adding large vertebrate herbivores to the equation fur-
ther complicates matters, as standing biomass will vary
depending on their feeding and shelter requirements. Large
herbivores preferentially reduce plant biomass through
grazing and browsing (Mysterud 2006). The selection of
particular species or growth forms may vary over time as
relative availability changes (Norbury 1987). Moreover,
green grass is generally favoured over dry vegetation, as it is
more rapidly digested (Dawson and Munn 2007). Herbivores
also tend to graze differentially throughout the landscape,
depending on factors such as topography, forage quality,
and distance to water and shelter (Bailey et al. 1996).

These complex interactions can make modelling under-
storey biomass through space and time challenging for
managers seeking to control herbivore populations based
on forage availability. Land managers are faced with this
issue in several semi-arid woodlands in south-eastern
Australia, including the endangered Buloke Woodlands of
the Riverina and Murray-Darling Depression Bioregions
(Department of Agriculture, Water and the Environment
2020). Since European colonisation, these woodlands have
been extensively cleared for grazing and agriculture; some
of the largest remaining stands now occur within national
parks (Cheal et al. 2011). Livestock grazing was phased out
in these national parks by 1996, but subsequent monitoring
has found little or no tree regeneration, particularly buloke
(Sandell 2011). One of the key reasons for this is the grazing
pressure posed by introduced rabbits (Oryctolagus cuniculus
(Linnaeus, 1758)) and goats (Capra hircus (Linnaeus, 1758)),
and the native western grey kangaroos (Macropus fuliginosus
(Desmarest, 1817)) (Bennett et al. 2020). Rabbits and goats
are also identified threats to native vegetation, the former
even at very low densities (Mutze et al. 2016; Bennett et al.
2020) and annual monitoring and control of these herbivores
is undertaken in the region (Sandell 2011; Taylor and Pegler
2016). In recent years, goat incursions have been infrequent
in our study area, and rabbit populations have been main-
tained at or below target densities (Taylor and Pegler 2016).
Under these circumstances, western grey kangaroos have
been presumed to be the herbivore with most potential to
limit woodland regeneration. Kangaroos have become more
abundant since European colonisation due to higher forage
availability as a result of clearing, the provision of watering
points across the landscape, and the removal of hunting
pressure by Indigenous people and dingoes (Canis lupus
dingo) (Cheal 1986; Prowse et al. 2019). The focus on kan-
garoos is further motivated by the need for a strong evidence
base for justifying population control, as culling can be
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controversial (Cheal 1986). It has been estimated that
when grass biomass falls below a threshold of 400 kgha*
because of drought or overabundant competitors, some
western grey kangaroos will switch from grass to less palatable
browse, such as shrubs and tree seedlings (Norbury 1987).
Sustained periods below this threshold are expected to result
in seedling herbivory and mortality, thus preventing recruit-
ment of woody species (Sluiter et al. 1997). Managers cur-
rently undertake annual kangaroo culls, with targets based
on annual population surveys (Morris et al. 2019). However,
data on the availability of grassy biomass across the land-
scape could be combined with kangaroo density estimates to
set more informed cull targets. The aim of this study, and the
first step in incorporating predictions of biomass into exist-
ing kangaroo population models, was to explore how grassy
biomass varies across the landscape of interest.

To explore landscape variation, we developed an expla-
natory model to examine how climatic, environmental, and
herbivory variables influence ground layer biomass across
the semi-arid Pine Plains area of Wyperfeld National Park,
south-eastern Australia, over a period of 2.5 years. Using this
model, we explored when and where grassy biomass was
most likely to fall below the proposed 400 kgha ' forage-
switch threshold, thus identifying periods of increased
browsing risk to tree seedlings. We then cross-validated the
model using biomass data collected in autumn 2019, which
were sampled from new and existing sites.

Methods

Study area

This study was conducted in the Pine Plains area of Wyperfeld
National Park, located in south-eastern Australia (Fig. 1),
between summer 2016 and autumn 2019. Climate is semi-
arid, with a mean annual rainfall of 332mm (Bureau of
Meteorology 2021a). However, over the sampling period
the region experienced both higher (404 mm in 2016 and
348 mm in 2017) and lower than average rainfall (143 mm
in 2019) (Bureau of Meteorology 2021a; see Supplementary
Fig. S1). Rainfall is winter-dominant, with approximately
60% of mean annual precipitation falling between May and
October (Bureau of Meteorology 2021a). Vegetation growth
broadly follows the rainfall pattern, though it may be sup-
pressed by low temperatures in mid-winter. Mean minimum
daily temperatures range between 4.8 and 15.4°C (Bureau of
Meteorology 2021b), while mean maximum temperatures
range from 14.7 to 32.0°C (Bureau of Meteorology 2021c).

Pine Plains was extensively cleared and heavily grazed by
sheep and cattle for almost 160 years until 1996 (Sandell
2011). The current threats associated with this endangered
vegetation community now include grazing by native and
non-native herbivores, further clearing, inappropriate fire
management, and drought (Department of Agriculture,
Water and the Environment 2020).
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Fig. I.
sites, with white dots representing validation sites.

Pine Plains is a mosaic of vegetation types, largely classi-
fied into four communities (Miller et al. 1998): ‘Buloke
Woodland’: buloke woodland often co-dominated by slender
cypress pine (Callitris gracilis R. T. Baker), with a mixed
grassy and herbaceous understorey; ‘Lakebed’: a mixed her-
baceous grassland, often interspersed with chenopod shrubs,
located on ephemeral lakebeds; ‘River Red Gum/Black
Box Woodland”: dominated by river red gum (Eucalyptus
camaldulensis Dehnh.) and black box (Eucalyptus largiflorens
F. Muell.), found along the boundaries of lakebeds and
drainage lines, and ‘Mallee/Scrub/Heath’: areas with a sparse
herbaceous/shrubby understorey, that may have an over-
storey dominated by several species of mallee eucalypts.
Site stratification in our sampling design broadly followed
the above classification. ‘Derived Grassland’ was added to
specify areas of former Buloke Woodland that were subject
to extensive historical clearing.

Data collection

Site selection
Candidate site locations were generated using ArcGIS
10.3.1 (Esri 2015) by placing random points in each of the

Pine plains vegetation types

[ Buloke Woodland/Derived Grassland
[] Black Box Woodland

[ Lakebed

[] Mallee/Scrub/Heath

Vegetation types within Pine Plains, Wyperfeld National Park, south-eastern Australia (see inset). Dots represent field

following communities: Buloke Woodland, Black Box
Woodland, Lakebed, and Derived Grassland. The Mallee
vegetation community was omitted as low western grey
kangaroo numbers have been recorded in this vegetation
type, compared to grassland and non-eucalypt woodland
(0.48 = 0.36km ™~ in mallee vs 18.92 + 10.12km~? in
non-mallee vegetation in 2020) (MacKenzie 2020). Mallee
vegetation is generally considered unsuitable habitat for
kangaroos, due to a general lack of available grassy forage
and permanent watering points (Short and Grigg 1982).
Random points were discarded upon ground truthing if
they were located in areas of heterogeneous vegetation or
ecotones, within fenced areas, or if they were <30 m from a
road or fence. Ten sites were selected for each vegetation
type, with a total of 40 sites. Sites were 90m X 90 m
and were at least 500 m apart. Sites were sampled on six
occasions between December 2016 and May 2018.

Validation dataset

In May 2019, 24 additional sites, six in each vegetation
type, were selected and sampled in addition to 24 of the
existing 40 sites. We selected sites based on visual inspection
of plotted site means across all seasons. Though sites were
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chosen from across the biomass range, we particularly
wanted to refine our understorey biomass estimates around
the 400 kg ha ™! threshold, as sites with lower biomass were
more variable. Of the 24 existing sites selected, 54% fell
within the lower half of the biomass distribution. Six sites
were selected from each vegetation type. Data collected on
this occasion served as a validation dataset to test model
performance across seasons, as well as across the landscape.

Response variables: total understorey, live
understorey, and grass biomass

We clipped total aboveground understorey biomass (live
and dead, all growth forms), live aboveground understorey
biomass (all growth forms), and aboveground grass biomass
(live and dead, annual and perennial graminoids only). Pilot
studies were conducted to determine clipping effort. Five
quadrats per site were sampled, as bootstrapping showed
that the standard error did not greatly reduce with increased
sub sampling (Supplementary Fig. S2).

At each site, orthogonal transects were set up from the
south-west to the north-east corner, and from the south-east
corner to the north-west. Three quadrats were placed along
the first transect at 42, 63 (intersection of transects), and
84 m. Two were placed along the second transect at 42 and
84 m. Quadrat locations were chosen to focus sampling on
the centre of each site (30 m x 30m area). Each quadrat
was 50cm X 50 cm in size. Within each quadrat, biomass
was clipped to ground level, separated into live and dead
material, and placed into paper bags. Woody material was
not clipped when sampling shrubs. Samples were dried at
70°C for 72 h and weighed (a more detailed explanation of
field methods can be found in the Supplementary materials).

Explanatory variables: soil moisture, vegetation,
soil texture, and herbivory

Soil moisture data were obtained for each site from the
Bureau of Meteorology Australian Landscape Water Balance

Table I. Explanatory variables used in modelling.

website (Bureau of Meteorology 2020). These values were
derived using the Australian Water Resources Assessment
Landscape model (AWRA-L), which had a spatial resolution
of 5km X 5km (Frost et al. 2018). These values represented
the percentage of available water content in the top 1 m of
the soil profile, also known as Root Zone Soil Moisture
(Bureau of Meteorology 2020). Daily soil moisture was
averaged over periods of 1, 2, and 3 months prior to clipping
dates. We tested lag periods of 1, 2, 3, and 4 weeks between
the various calculated average soil moisture periods and
clipping dates.

Vegetation was divided into overstorey (trees) and under-
storey (graminoids, forbs, and shrubs). The overstorey was
then further stratified into open and wooded canopy types
(Table 1). Canopy type was assigned based on vegetation
type: sites found in Lakebed or Derived Grassland were
classed as having an ‘open’ canopy, and sites in Black Box
or Buloke Woodland a ‘wooded’ canopy. The understorey
was classified into the dominant growth forms present:
annual graminoids, perennial graminoids, forbs, and shrubs
(Table 1). To determine the dominant growth form at each
site during a given season, species composition was esti-
mated at each site according to the dry-weight-rank method
('t Mannetje and Haydock 1963). Before clipping, the top
three species in each quadrat were visually ranked in terms
of their dry weight. A set of multipliers was then used to
convert rankings to percentage composition. Species were
classified into growth forms, and a dry-weight estimate by
growth form for each site calculated. Grass biomass was
calculated by multiplying the proportion of total biomass
classified as a grassy growth form, by the total understorey
dry weight ('t Mannetje and Haydock 1963).

Soil texture data, from the Soil Landscape Grid of
Australia, consisted of modelled percentage clay, silt, and
sand at a 90 m X 90 m resolution (Grundy et al. 2015).

Western grey and red kangaroos (Osphranter rufus
(Desmarest, 1822)) were present in the study area, although
red kangaroos were also present in much lower densities

Variable Resolution

Description

Soil moisture Spatial: 5 km % 5 km;

Temporal: Daily

Canopy type (wooded/open) Spatial: Site (90 m x 90 m)

Dominant understorey
growth form

Spatial: Site (90 m x 90 m);

Temporal: Seasonal

Soil texture (% clay, silt,
and sand)

Spatial: 3 arcs (~90 m X 90 m)

Distance to cover Spatial: linear distance to nearest metre

Daily root zone (top | m of soil profile) soil moisture (%) data was sourced
from the BoM Australian Landscape Water Balance site (AWRA-L model)
(Frost et al. 2018; Bureau of Meteorology 2020).

Canopy type, included as a proxy for resource availability, was determined at
the site level.

Dominant growth form at each site was determined using the species dry-
weight-rank ('t Mannetje and Haydock 1963). Growth forms were classified as
annual graminoids, perennial graminoids, forbs, and shrubs. Dominant growth
form at a site may change across seasons.

Soil texture data for each site were obtained from the Soil Landscape Grid of
Australia (Grundy et al. 2015), and was treated as a constant through time.

The distance to the nearest tree cover for each site was measured to the
nearest metre using aerial photography.
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during the study period (B. Rodgers pers. comm.). Western
grey kangaroos tend to favour areas of heterogeneous habitat,
foraging close to tree cover (Coulson and Norbury 1988).
We therefore expected that increasing distance from tree
cover would have a generally positive effect on understorey
biomass. Existing kangaroo density estimates were available
for Pine Plains, however these are single annual estimates
for the area as a whole (MacKenzie 2020). We used the
natural logarithm of the distance of each open site to
cover as a proxy for kangaroo activity. Wooded sites were
assigned a value of zero.

All data are available via an Open Science Framework
repository (Riquelme et al. 2021).

Data analysis and modelling

Generalised Linear Mixed Models (GLMMs) were used to
explore variation in understorey biomass. The response vari-
ables modelled were total understorey (live and dead, all
growth forms), live understorey (all growth forms), and grass
(live and dead, annual and perennial graminoid growth
forms) biomass. In all models, the biomass data were cube-
root-transformed to provide an approximately normal
error distribution (Quinn and Keough 2002). Explanatory
variables used in the models are outlined in Table 1.
Preliminary analysis of understorey biomass per vegetation
type showed a greater difference between the open (Lakebed
and Derived Grassland) and wooded (Black Box and Buloke
Woodlands) vegetation types than between individual vege-
tation types (Fig. 2). Therefore, vegetation was grouped
into open and wooded canopy types for further analysis.
To account for any effect of understorey composition on
biomass, understorey vegetation was classified into growth

Total understorey biomass

forms (annual graminoids, perennial graminoids, forbs, and
shrubs), and the dominant understorey growth form at each
site included as a fixed effect in the models. Modelling was
carried out with R software (v. 4.0.2, R Core Team 2020)
using the Ime4 package (v. 1.1-23, Bates et al. 2015).

The initial understorey biomass models included various
mean soil moisture intervals, canopy type, and dominant
understorey growth form as fixed effects. Site was included
as a random effect to account for site differences in biomass,
as well as temporal dependence (Zuur and Ieno 2016).
A moving window of mean daily soil moisture values was
favoured over daily values, as this would presumably aver-
age out any large rainfall events that might confound
results. The relationships between understorey biomass
and varying mean soil moisture windows were compared
(see Supplementary Figs S4-S7).

Interactions between different variables were also tested.
Three alternatives were proposed: no interactions (all vari-
ables considered independent), an interaction between soil
moisture and canopy type (effect of soil moisture on biomass
differs between open and woodland areas), or an interaction
between soil moisture and dominant understorey growth
form (effect of soil moisture on biomass differs depending
on dominant understorey growth form).

A model selection process was carried out for each
response variable (i.e. total understorey, live understorey,
and grass biomass). Models were ranked based on Akaike’s
Information Criterion (AIC) (Akaike 1973) and Akaike weight
(Burnham and Anderson 2002). We also present the marginal
R? (R?*m: the proportion of variance explained by the fixed
effects only), the conditional R* (R%c: the proportion of
variance explained by both the fixed and random effects)
(Nakagawa and Schielzeth 2013), and the degrees of freedom

+ 100

Fig. 2. Mean total understorey biomass
(live and dead) in each vegetation type for
each sampling occasion, with 95% confi-
dence intervals (n =40, except May 2019
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for each model. The model with the lowest AIC and highest
Akaike weight was selected as the best explanatory model.
We then explored the effects of kangaroo activity
(using the logarithm of distance to cover as a proxy) and
soil texture on biomass, using the top-performing biomass
model structure. Another model selection process was con-
ducted to select the optimum understorey biomass model.

Model validation

Data collected in May 2019 were used to test the perform-
ance of the final top-ranked models, which were trained
using data collected between December 2016 and May
2018. Biomass was predicted to May 2019 and compared
to observed data using Pearson’s correlation.

Results

Standing crop biomass

Open sites clearly differed from wooded sites, with more
understorey biomass in open than in wooded sites
(Figs 2, 3). Among open vegetation types, Derived Grassland
sites had consistently higher mean biomass than Lakebed
sites, although the 95% confidence intervals overlapped.
There was no obvious difference in understorey biomass
between the two wooded types throughout the study period.

Hereafter, margins of error reported are 95% confidence
intervals. Throughout the study period, there was a mean of
1383 + 31kgha ! total understorey biomass in open sites,
and 707 *+ 25kg ha~! in wooded sites (Fig. 2). It peaked in
spring (September) 2017, with 1647 + 141 kgha ™' in open,
and 1001 + 110kgha ! in wooded sites. Mean grass bio-
mass in open sites was 952 + 30kgha ' and in wooded sites
365 + 15kg ha™! (Fig. 3). Grass biomass was also at a maxi-
mum in spring (September) 2017, with 1156 + 124 kg ha™!
in open (70% of total understorey biomass) and 588 =+
85kgha~! in wooded sites (59% of total understorey bio-
mass). There was little difference in the proportion of live
understorey biomass between open and wooded sites, though
open sites generally had a greater biomass than wooded ones
(overall mean 374 = 25kgha”' and 313 = 22kgha™*,
respectively) (Fig. 3). Live understorey biomass peaked in
winter (July) 2017, with 960 * 74 kg ha™ ! in open and
601 = 73kgha ™' in wooded sites.

Lowest forage availability was generally recorded in
autumn. For example, from its peak to the following autumn
(May 2018) total understorey biomass declined by 13% in
open areas, and by 29% in wooded (Fig. 2). However, live
understorey showed the sharpest decline during this time,
where it fell by 93% in open sites and by 81% in wooded
sites (Fig. 3).

Biomass sampling was conducted in autumn in each of
the three study years, with biomass declining over that
period (Figs 2, 3). Between autumn (April) 2017 and autumn

Live understorey biomass
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Fig. 3. Mean live understorey (all growth forms) and grass (live and dead, graminoids only) dry weight and
proportion of total understorey biomass in each vegetation type, with 95% confidence intervals. Red reference
lines in live and grass biomass panels represent the 400 kg ha™' forage-switch threshold (Norbury 1987).
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(May) 2019, total understorey biomass declined by 19% in
open and by 15% in wooded sites (Fig. 2). Grass biomass fell
by 19 and 7% in open and wooded, respectively (Fig. 3).
Again, live understorey biomass showed the most dramatic
decrease, falling by 51% in open and by 27% in wooded over
the same period (Fig. 3).

In wooded areas, grass biomass fell close to or below
the proposed 400 kg ha ™! forage-switch threshold (Norbury
1987), particularly during the drier summer and autumn
periods (Fig. 3). Only in the spring of 2017 did average
grass biomass remain above the threshold in woodland.

Species and growth form composition

Open sites generally had a higher proportion of graminoids
than wooded sites, particularly native perennials, which
composed >50% dry weight in open sites (Fig. 4). Wooded
sites had a more even mix of growth forms (Fig. 4).
Proportions remained relatively stable over time across all
sites (see Supplementary Figs S8, S9 for composition by site
and season).

Biomass models

Initial modelling tested various averaged soil moisture
windows and lags, as well as interactions with over- and
understorey vegetation types. Though we were able to
identify a series of ‘best fit’ models, multiple GLMMs had
similar explanatory power within each biomass type (i.e.
total understorey, live understorey, and grass biomass) (full
results in Supplementary materials). Soil moisture had an
overall positive effect on all understorey biomass types,
though it had the most significant effect on live understorey
biomass. A mean soil moisture window of 1 month with a
2-week lag explained the greatest amount of variation in live
biomass, with the top-ranked model also having the highest

explanatory power (when excluding site effect) of any
understorey biomass model. Model outputs also suggested
a significant interaction between soil moisture and canopy
type, where the positive effects of soil moisture on under-
storey biomass were reduced under a wooded canopy (see
Supplementary Tables S1-S3).

The effects of distance to tree cover — a proxy for kangaroo
grazing activity — and soil texture on understorey biomass
were then explored using the top-ranked live model structure.
Including the distance to tree cover and soil texture broadly
improved GLMMs, particularly total understorey and grass
models. Distance alone had no significant effect on any
understorey biomass type (Fig. 5). However, when included
with a soil texture variable, there was an indication that soil
refined the effect of distance: for example, when including
silt content, there was an average improvement of 7%
in marginal R? (refer to Supplementary Tables S4-S6 for
full results). As with the initial models, there was little
difference in explanatory power between models within
each understorey biomass type, especially for live under-
storey biomass.

The general structure of the top-performing GLMMs was:

biomass~soil moisture X canopy type

+ dominant growth form + distance + silt + ¢;

where ‘biomass’ refers to the understorey biomass at a given
site, ‘soil moisture’ represents the average daily soil mois-
ture over the previous month (plus a 2-week lag), ‘canopy
type’ specifies whether a site is open (i.e. no trees) or
wooded, ‘dominant growth form’ refers to the most promi-
nent plant group in the understorey (i.e. perennial or annual
grasses, forbs, or shrubs), ‘distance’ denotes the logarithm of
the distance of the edge of a site to nearest tree cover (used
as a proxy for kangaroo activity), and ‘silt’ refers to the

Open Wooded

100

100 ~

75 A

50 A

Dry-weight %

25 4

. Forbs

. Perennial graminoids Annual graminoids

Fig. 4. Average understorey composition by

phrubs growth form in open and wooded sites.
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Fig. 5.

Effects plots for total understorey, live understorey, and grass biomass. All variables have been scaled and centred (note:

the reference is an open site dominated by annual graminoids). 'Im(+2w) s.m." indicates soil moisture averaged over one month,

with a two week lag from the clipping date.

percentage silt content in the top 5 cm of soil. The symbol ‘¢’
represents residual error, specified by a site random effect.
This residual error also includes any correlated change in
biomass through time. Season was not explicitly included in
the models, as it would have competed with soil moisture:
biomass varied over seasons due to changes in soil moisture,
rather than due to season itself. In addition, the sample of
seasons was too small to confidently include it as a random
effect.

Models were better at explaining variation in understorey
biomass when taking site effects into account, than when
modelling with main effects only (R?c and R*m, respectively;
Table 2). Depending on understorey biomass type, the
difference between R?m and R%c ranged from 0.15 to 0.38
(Table 2). The top-ranked total understorey biomass model
improved by 0.43 when including site effect, and the top-
ranked grass model improved by 0.38, whereas there was a
smaller effect of site on live biomass, with an improvement
of 0.15. The grass biomass model had the highest explana-
tory power, when including site effects, of all understorey
biomass models (R%c = 0.88).

Trees had the strongest influence on understorey bio-
mass, with an overall negative effect (Fig. 5). Soil moisture
had the greatest effect on live understorey biomass, with
only a slight positive effect on total understorey and grass
biomass. Dominant understorey growth forms had mixed
effects. Sites where perennial graminoids predominated
generally had less understorey biomass compared to sites
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Table 2. Performance of understorey biomass GLMMs.
Biomass model R’m R%c
Total 0.44 0.87
Live 0.62 0.77
Grass 0.50 0.88

dominated by annual graminoids. There tended to be less
total understorey biomass in shrubby sites, and more in
forb-dominated sites, although this effect was not signifi-
cant. Live understorey biomass tended to be higher in forb
and shrub-dominated sites. Distance to tree cover only had a
positive effect on live understorey biomass, though the
effect of distance on all biomass types was non-significant.
Percentage of silt had a negative effect on all understorey
biomass, though this was not significant.

Model validation

The predictive performance of the models was evaluated by
comparing predicted to observed understorey biomass for
May 2019 (Fig. 6). Predictions were made in two ways: by
taking site effects into account (Fig. 6: top row) and by
considering only the main effects (Fig. 6: bottom row).
When including site random effect, predictions were more
similar to observed values than predictions made considering
only the main effects. This highlights the importance of site
effects on biomass.
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Fig. 6. Observed versus predicted biomass, with predictions including site effects (top row) and main effects only (bottom row).

For total understorey biomass, the model tended to over-
predict at the higher biomass end, but not at lower biomass
levels. Live understorey biomass was consistently underpre-
dicted by the model, both with and without site effect
included. The grass biomass model performed best, particu-
larly when including site effects, though grass was generally
overpredicted at the medium- and high-end of the biomass
range (Fig. 6).

Discussion

Tree cover had the greatest influence on overall understorey
biomass, with significantly lower understorey biomass in
wooded areas compared to open sites. These results are
supported by previous studies demonstrating that trees gener-
ally reduce the productivity of understorey biomass, leading
to reduced forage in woodland (Jameson 1967; Beale 1973).
We found that grass biomass was more likely to fall below a
proposed forage-switch threshold (400 kg ha™ 1) in these areas
during summer and autumn, which are known to be critical
periods of forage stress for western grey kangaroos (Norbury
1987; Coulson et al. 1990). This suggests an increased grazing
threat to tree seedlings in wooded areas during these times.
This fall occurred even during years of average, or even
relatively high, rainfall.

The grazing threat in wooded areas is likely to be com-
pounded by the fact that kangaroos also spend time sheltering
within tree cover (Coulson and Norbury 1988). The negative

effects on vegetation by kangaroos at high densities have been
well-documented (Cheal 1986; Coulson and Norbury 1988;
Prowse et al. 2019), with research in semi-arid south-eastern
Australia suggesting a density of about 3 kangarooskm 2
or less is required to maintain grass biomass above the
400 kg ha~! threshold (Sluiter et al. 1997). However, dis-
tance to cover (used as a proxy for kangaroo activity) was
not found to have a significant effect on understorey bio-
mass. Studies in similar environments have yielded mixed
results: for example, Sluiter et al. (1997) determined that
kangaroo density, and therefore grazing, had a significant
effect on grass biomass; however, Travers et al. (2020)
found that although kangaroo grazing reduced understorey
biomass, grazing did not explain much variance in biomass,
nor did it improve overall model fit.

There are several possible explanations for why we found
no apparent effect of distance from tree cover on under-
storey biomass. First, the no effect finding in our study may
simply reflect lower kangaroo densities as a result of culling,
compared to those in Coulson and Norbury’s (1988) or
Sluiter’s et al. (1997) work. Unlike those studies, kangaroo
survey data specific to our sites were unavailable; such data
may have highlighted a more complex relationship between
distance from cover and kangaroo foraging activity than
assumed in our models. Home ranges of western grey kan-
garoos have been estimated to average around 6.9 km?
(Priddel et al. 1988), though they may be smaller in areas
of high habitat diversity, where a home range of <5km? may
be large enough to meet forage and shelter requirements
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(Coulson and Norbury 1988). However, in times of drought,
kangaroos are likely to venture further out into open habitat
to forage (Coulson and Norbury 1988). The effect of distance
in the model was assumed to be the same across all seasons,
despite the range in climatic conditions throughout the study
period. It should also be recognised that the functional
response of western grey kangaroos grazing on forage is not
linear, regardless of distance from cover: there is a logarithmic
relationship between forage biomass and forage intake,
with intake decreasing as biomass increases (Short 1986).
In addition, there are complex feedbacks between forage
availability, composition, herbivore density, and forage
selection and consumption (Snape et al. 2018), which are
unlikely to be picked up with our proxy measure. Grazing
effects on understorey biomass may also be masked by
heterogeneous resource accumulation and depletion across
the landscape (Tongway and Ludwig 1994). There is still
more work to be done to ascertain the effects of kangaroo
grazing on biomass, such as through kangaroo exclosure
experiments (e.g. Sluiter et al. 1997).

In this study, mean soil moisture for the previous month
plus a 2-week lag was associated with a general increase in
understorey biomass, though this influence was greatest on
live biomass. The modest effect of soil moisture on grass and
total understorey biomass can be explained by the fact that
they comprised both live and dead biomass, which were
affected by soil moisture in different ways: as soil moisture
increased, live biomass also increased. On the other hand,
dead biomass would not increase with soil moisture, as
it had already senesced, and may have increased as soil
moisture declined. This resulted in a muted response to
soil moisture. In addition, the soil moisture data had a resolu-
tion of approximately 5km X 5km (Frost et al. 2018), which
will not reflect landscape variation that can occur at a finer
spatial scale (Tongway and Ludwig 1994). Furthermore,
weather patterns can be very localised in semi-arid areas,
increasing the challenge for interpolation of rainfall records
for input into hydrological models (Noy-Meir 1973; Robertson
et al. 1987). Installing soil moisture loggers throughout the
study area would refine those estimates, and could provide a
clearer picture of the effects of soil moisture on understorey
biomass.

Some studies have found that seasonal pulses of increased
soil moisture have significant effects on biomass (Reynolds
et al. 2004; Nano and Pavey 2013; Robinson et al. 2013),
while others have found 6-12month timeframes to be
important (Robertson 1987; Sluiter et al. 1997). Biomass
production rarely responds instantaneously to changes in
soil moisture; response times tend to be between 1 week
and 1 month (Svoray and Karnieli 2011; Cissé et al. 2016),
though they may vary between species and growth forms
(Ludwig et al. 1997). In our study, we established that
shorter windows (1-2 months) of mean soil moisture, with
longer lags (2 weeks to 1 month), correlated best with under-
storey biomass in this region. A longer window with a longer
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lag period was better suited to grass and total understorey
biomass than the 1-month and 2-week lag that best explained
live biomass. This is likely because live biomass tends to
respond more rapidly to changes in soil and weather condi-
tions than total understorey, which comprises live and dead
matter (Fletcher 2006). However, the relationship between
the shorter window and live biomass was the strongest of
any biomass type, when not considering site effects.

On average, model predictive performance increased
from 36 to 57% when taking site effects into account, com-
pared to predicting with only the main effects. Site effects
were stronger when modelling grass and total understorey
biomass, though they were less pronounced for live under-
storey biomass. This may be partly explained by different
site understories being dominated by different growth
forms, which in turn can lead to varying rates of long-term
dead standing biomass accumulation and decomposition
(Facelli and Pickett 1991; McLaren and Turkington 2010).
The models for total and grass biomass tended to overpredict
at higher biomass levels (especially for open sites), though
predicted values fitted more closely to observed values at the
lower biomass end. Conversely, live predictions were consis-
tently lower than observed values. As summer and autumn
are seasons of low forage availability (Coulson et al. 1990),
the ability to accurately estimate biomass in this period,
especially grass, is critical. If grass is underpredicted in a
given season, managers may decide to cull more kangaroos
than necessary; on the other hand, if the amount of grass on
the ground has been overestimated, the cull target may not
be large enough to avoid a forage switch, threatening any
tree seedlings present. Models were trained using data from
high through to low rainfall years (2016-2018); even so, the
study period was relatively short, given the temporal and
spatial variability in rainfall in semi-arid areas (Noy-Meir
1973). Long-term observations would improve our knowl-
edge of understorey biomass dynamics, especially the role of
legacies of rainfall anomalies on biomass production during
subsequent years (Sala et al. 2012).

Western grey kangaroos show a preference for grasses
and forbs (Short 1986); indeed, grasses have been found to
comprise at least 75% of their diet (Norbury 1987). Although
the proposed 400 kg ha ™" threshold is based on live and dead
grass biomass (Norbury 1987), we believe understanding
understorey biomass as a whole is important for kangaroo
management, as all understorey biomass could be considered
potential forage (Short 1986; Barker 1987). As conditions
become drier and grass less available, the proportion of
grass and forbs in kangaroo diets decreases, and their intake
of chenopod shrubs and other browse increases (Barker 1987).
In addition, it remains unclear how the 400 kgha™! forage-
switch threshold might be affected by different ratios of live
to dead grass in the field. With decreasing soil moisture
availability, the proportion of live and dead vegetation will
change. Though western grey kangaroos are able to survive
on a diet of dry, fibrous vegetation (Priddel et al. 1988), they
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show a preference for green vegetation (Dawson and Munn
2007). Therefore, the relative importance of live and dead
biomass might change throughout the year: green grass
biomass may be more important during a good season, but
total grass (or even total understorey) biomass may become
more important during a dry season. Further studies on pref-
erence relative to changes in soil moisture, forage quality and
availability, and herbivore densities would help clarify this.

This research has provided insight into dynamics of
grassy biomass in a semi-arid environment where the abun-
dance of standing understorey biomass is cast as a threshold
indicator of herbivore density management, itself a means
objective toward the ultimate objective of woodland resto-
ration. In extant wooded areas, grassy forage tends to fall
below the threshold during the drier months, and western
grey kangaroos tend to shelter in and forage close to wood-
land. Therefore, undertaking management actions before
this critical dry period is recommended to avoid browsing
of seedlings, particularly in woodland areas. Understanding
when and where increased grazing and browsing may occur
can also help managers identify areas where vegetation
assets require additional protection (Bennett et al. 2020).
In order for grassy biomass estimates to be better integrated
into an adaptive management approach, further work could
refine biomass predictions across space and time, combining
data on both herbivore density and vegetation response
(Morris et al. 2019). A more dynamic spatial and temporal
model of kangaroo foraging behaviour with respect to for-
age availability may better enable managers to anticipate
periods and areas of higher grazing threat. Such information
would aid the decision to trigger and scale management
actions, including lethal control for the management of
total grazing pressure.

Conclusions

We have demonstrated a model able to predict understorey
biomass to new sites and seasons, explaining 53% of the
variation in grass biomass in external validation. This infor-
mation is a valuable guide for managers seeking to understand
when and where understorey biomass may fall to levels that
result in significant grazing threat to conservation outcomes
in the semi-arid woodlands of south-eastern Australia, such
that they can manage accordingly.

Supplementary material

Supplementary material is available online.
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