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Summary Overabundant deer populations can cause severe ecological impacts. To
inform management decisions and assess the effectiveness of mitigation strategies, land
managers require a rapid and cost-effective method for collecting data on both deer density
and impacts. Here, we describe a field method for rapidly and concurrently assessing
indices of deer density and impacts in forested habitats, and using field data collected in
2019–2020, we demonstrate its performance. The method combines commonly used proto-
cols for surveying deer faecal pellets, vegetation impact and floristic attributes, without rely-
ing on indicator species. The survey involves assessment of 150-m transects in forested
habitats along which 30 plots are surveyed for faecal pellets of deer and sympatric herbi-
vores (here, Swamp Wallaby, Wallabia bicolor), and impacts on woody trees and shrubs
at different heights. In total, we surveyed 154 transects comprising 15,941 plant impact
assessments and assessed the methods performance using basic and comparative statis-
tics, and power analyses. Almost all plant species were similarly impacted at the local (tran-
sect) level. Indices of deer and Swamp Wallaby density explained similar amounts of
variance in impacts <1 m, while the deer index explained much more of the variance in
impacts >1 m. We detected differences in vegetation impact and other floristic attributes
between four locations surveyed in 2020 from a modest sample size (23–24 transects).
The method is simple to implement and can be applied in a wide range of forest types. In
comparison to alternatives (e.g. fenced exclosures), this method presents a rapid and
cost-effective means of collecting information on deer density and impacts, and detecting
large differences in impact. We suggest that the proposed method enables rapid
landscape-scale assessments of deer impacts suitable for evaluating management interven-
tions.

Key words: biodiversity conservation, density-impact relationships, forest management,
herbivory, overabundant deer populations, plant-herbivore interactions.

Implications for

Managers

� This method enables land man-

agers to rapidly collect informa-

tion on deer density and

impacts concurrently, represent-

ing a significant time and cost-

saving.

� Thismethodcanbeappliedacross

a wide range of forest types and

geographic locations, because it

does not rely on indicator species

or a priori knowledge of plant

species browse preferences, and

incorporates assessment of sym-

patric herbivores.

� Data collected using this method

provide land managers with

indices of both deer density and

deer impact, which can be used

to examine changes in deer den-

sity and impact between loca-

tions, over time or with a

management intervention.

Introduction

O
verabundant deer populations have the

capacity to irreversibly alter entire

ecosystems (Rooney & Waller 2003; Côt�e

et al. 2004). In forested systems, deer

can reduce understorey plant density

through removal of biomass (Ramsey

et al. 2017), and simplify the structure

and diversity of forests (Chollet et al.

2016; Eichhorn et al. 2017). Sustained dis-

turbance of forest ecosystems by deer can

impact the availability and quality of habi-

tat for other fauna (Allombert et al. 2005),

and increase the susceptibility of forests to

fire through increased solar radiation and

promotion of flammable plant species

(Cadiz et al. 2020). Globally, the density

and distribution of deer populations is ris-

ing (Côt�e et al. 2004) and land managers

are increasingly faced with a need to man-

age these impacts (Putman et al. 2011;

Davis et al. 2016).

The vulnerability of ecosystems to deer

impacts varies with deer species, deer

density and the tolerance and resilience

of the ecosystem to deer impacts (Putman

et al. 2011). Consequently, deer density-

impact relationships do not typically fol-

low simple linear associations, and more

commonly include complex geographic

interactions (Tremblay et al. 2006; Nor-

bury et al. 2015; Patton et al. 2018; Spake

et al. 2020). Accordingly, where deer

population reduction programs are imple-

mented to address ecological impacts,
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simply removing a proportion of the pop-

ulation does not necessarily achieve corre-

sponding reductions in deer impacts and

ecosystem recovery (Tremblay et al.

2007; Ramsey et al. 2017).

The challenge for land managers is

being able to rapidly and cost-effectively

measure abundance and impacts on vege-

tation to decide when mitigation is

required and determine the effectiveness

of mitigation actions. In locations where

deer have been introduced, a major chal-

lenge to rapidly assessing the impacts of

deer is the ability to determine impacts

caused by deer from that of native herbi-

vores (Burns et al. 2021). For example,

in Australia differential exclusion plots

are used to separate the impact of deer

from native herbivores (Bennett & Coul-

son 2008) and provide robust information

on changes to ecological function caused

by deer (Wardle et al. 2001; Bressette

et al. 2012). However, exclosures are

most effective over medium–long-term

time frames and often have limited spatial

replication due to their considerable cost.

Surveys for browsing impacts that do

not rely on exclosures commonly involve

assessment of indicator species that are

known to be palatable to deer (e.g. Augus-

tine & de Calesta 2003; Pierson & de

Calesta 2015; Blossey et al. 2019), exam-

ine ratios of browsed to unbrowsed plants

(Sweetapple & Nugent 2004; Frerker

et al. 2013; Sullivan et al. 2018), or use

ancillary inventory data collected across

managed forests (Russell et al. 2017; Pat-

ton et al. 2018). However, such methods

are not always readily applicable in other

forest types, for example, the temperate

native forests of Australia, where intro-

duced deer have broad diets which vary

spatially (Parker 2009; Forsyth & Davis

2011), the palatability of plant species

are relatively unknown (Sweetapple &

Nugent 2004) and populations of different

deer species overlap (Davis et al. 2016).

Land managers, including research sci-

entists, government agencies and conser-

vation community groups require a

simple and cost-effective means of collect-

ing data on deer density and deer impacts

that is not reliant on exclosures or indica-

tor species and can be applied across a

variety of spatial scales and forest types.

Here, we present a field method we devel-

oped for rapidly and concurrently assess-

ing the relative abundance of deer and

their impacts in forested habitats. The

method combines commonly used proto-

cols for indexing deer density, forest struc-

ture and browsing impact to woody

plants, is relatively simple to implement,

and can be applied in any forested system.

Method

Study area

We conducted surveys of 154 transects in

the Yarra Valley and surrounding ranges,

east of Melbourne, Victoria, encompassing

a mosaic of land uses including peri-urban,

agricultural and native forest (Fig. 1). Dur-

ing 2019, we surveyed 60 transects ran-

domly selected to cover a range of

environmental attributes previously identi-

fied as influencing deer density (Forsyth

et al. 2009; Gormley et al. 2011; Spake

et al. 2020), including woody vegetation

cover, distance to water, mean annual pre-

cipitation, mean annual temperature, ele-

vation, aspect and slope (Table S1). In

2020, we surveyed a further 94 transects

concentrated within four locations; Yell-

ingbo Nature Conservation Reserve

(NCR), Warramate Hills NCR, Kurth Kiln

Regional Park (RP) and Mt Little Joe area

of Yarra State Forest (SF). Populations of

deer are present throughout the study

area and are primarily composed of two

species; Sambar Deer (Rusa unicolor)

and Fallow Deer (Dama dama), although

Red Deer (Cervus elaphus) also occur in a

few localities. Commonly occurring native

herbivore species include Eastern Grey

Kangaroo (Macropus giganteus), Swamp

Wallaby (Wallabia bicolor) and Common

Wombat (Vombatus ursinus).

Survey design

The survey involves assessment of 150-m

transects along which plots are surveyed

for faecal pellets of target species and

browsing impacts on native trees and

shrubs. We based our survey design on

the Faecal Pellet Index (FPI) method (For-

syth 2005) and use faecal pellet counts as

an estimate of relative deer abundance

because the method is widely used across

Australia and New Zealand to index deer

density (e.g. Parks Victoria 2005), and

has been demonstrated to have an approx-

imately linear relationship with deer den-

sity (Forsyth et al. 2007).

The vegetation impact assessment is

conducted at the same time as faecal pel-

let counts, based on the point-centred

quadrant method (Cottam & Curtis 1956;

Mitchell 2015). This method provides data

on species richness, enables the calcula-

tion of woody plant density, and ensures

plants assessed for impacts are selected

without bias. We incorporated an assess-

ment of impact based on a five-point scale,

which has been used elsewhere for

rapidly assessing browsing impacts on

plants by deer (Moser & Greet 2018; Pat-

ton et al. 2018), and in some cases, as

an index of ungulate abundance (Sweetap-

ple & Nugent 2004).

We recognised the potentially con-

founding effect of other browsers, which

in our study area is primarily the native

Swamp Wallaby, a medium-sized (10–

21 kg; Eldridge & Coulson 2015) macrop-

odid marsupial. Because deer and Swamp

Wallaby browsing cannot be reliably sepa-

rated in the field (Stockwell 2003), and

like deer they are also generalist herbi-

vores (Di Stefano & Newell 2008), we

additionally recorded Swamp Wallaby pel-

lets and applied to each plant over 1 m in

height two impact assessments; one on

parts of the plant <1 m, which we assume

to be a combination of deer and Swamp

Wallaby browsing, and one on plant parts

>1–3 m, which we assume to be mostly

attributable to deer. We chose 1 m as

most Swamp Wallaby browsing occurs

considerably below this height (˜60 cm;

Bennett 2008).

Field survey method

Surveyors navigate to the start location

using a global positioning system (GPS).

Faecal pellets are surveyed within 3.14

m2 (r = 1 m) circular plots located at 5-

m intervals along the unmarked 150-m

transect (total 30 survey plots; Fig. 2). In

each plot, the number of deer (all species

combined) and Swamp Wallaby pellet

groups and the number of pellets in each

group are counted and recorded. Also at

each 5-m interval, a larger plot of 78.54
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m2 (r = 5 m) is surveyed for vegetation

impacts (Fig. 2), conducted after survey

for faecal pellets to ensure pellets are

not disturbed before being counted. In

each cardinal direction quarter (i.e.

NE = 1–90°; SE = 91–180°; SW = 181–

270°; NW = 271–360°), one plant located

closest to the centre peg is assessed such

that four plants are surveyed in each plot

(total 120 plants/transect). To be included

in the survey, plants must be classed a tree

or woody shrub species, >10 cm in height

and <10 cm DBH (diameter at breast

height; 1.3 m). We included woody sub-

shrubs (shrubs that have a weak or scram-

bling habit) only if it was discernible as an

individual shrub.

For each plant, we recorded plant spe-

cies, plant height (ground to top of live

foliage) and distance of the main stem of

the plant from the centre peg (these dis-

tances are used to calculate plant density;

see Cottam & Curtis 1956). Plant heights

were measured using a tape measure to

the nearest cm if <250 cm and estimated

to the nearest 10 cm if >250 cm. For

impact, we assessed parts of the plant

<1 m and >1–3 m separately, based on a

5-point scale (Table 1). Where plants

were <1 m, only one impact assessment

was made and if there were no plants

located in a given quarter, ‘no plant’ was

recorded. If the closest plant has already

been surveyed at the previous survey

point, only the species and distance from

centre peg is recorded.

Last, we opportunistically recorded the

presence of deer activity within a belt

transect 20 9 150 m as we proceeded

along the transect (Fig. 2a), which

included the presence of faecal pellets

(not located in survey plots), trails, creek

crossings, tracks and pugging (hoof-

prints), rubbing, thrashing and wallows.

A detailed field manual for the method

has been made available here: https://osf.

io/8tpj2/.

Data analyses

For analyses, total faecal pellet counts

(FPC) were converted to FPC/m2 based

on the total area surveyed at the transect

level (i.e. 30 plots 9 p 9 12 = 94.25 m2).

Mid-point values for impact scores (i.e.,

0 = 0; 1 = 13%; 2 = 38%; etc.; see

Table 1) were used and averaged at the

transect level for individual plant species

and across all species.

For the 2019 and 2020 data combined,

we present scatterplots for mean impact

scores per transect across all species for

impacts <1 m and >1 m, against deer

and Swamp wallaby FPC/m2. We charac-

terise these relationships using log-linear

models, that is, using the natural log of

FPC/m2 values (faecal pellet counts were

right-skewed) as the explanatory variable

and mean impact score as the response

variable, and provide P-values and r2 val-

ues (explained variance) for these models.

Log-linear models were used as we

expected these relationships to be curvi-

linear with impacts increasing more

rapidly at lower levels of deer density

(Norbury et al. 2015).

To examine how the method performs

for a typical survey where land managers

wish to compare indices of deer density

and impacts at different locations or over

time, we compared data from the four

locations surveyed in 2020: Yellingbo

NCR, Warramate Hills NCR, Kurth Kiln

RP and Mt Little Joe area of Yarra SF. We

expected deer density to vary between

these locations – deer control occurs at

Yellingbo and Warramate Hills NCRs but

not at the other two locations. We provide

summary statistics for measures able to be

derived from our method and tested for

differences in these measures between

the four locations using appropriate linear

models (FPC/m2: simple linear regression

with FPC/m2 log-transformed; impact:

beta regression; plant density: simple lin-

ear regression; species richness: Poisson

regression) and post hoc Tukey’s tests.

Residuals of all models were examined to

check they fulfilled the assumption of

homogeneity of variance.

Lastly, we used power analyses to esti-

mate the number of transects that would

be required to be confident that reduc-

tions in mean impact of 10%, 25%, 50%,

75% or 90% (e.g. following a management

intervention) could be detected, based on

the estimated mean and variation in

impact for each of the four locations sur-

veyed. We also used precision analyses

to indicate the accuracy of estimates of

deer impacts with different samples sizes

of surveyed plants.

All data analyses were conducted using

the statistical software R (R Core Team

2020). We used the glmmTMB package

(Brooks et al. 2017) for beta and Poisson

Figure 1. Study area showing sites surveyed 2019–2020 in Yarra Valley and surrounding

ranges, east of Melbourne, Victoria, Australia. Woody vegetation cover shows the percent projec-

tive foliage cover from 2000 to 2010 (Gill et al. 2017).
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regression analyses, and the emmeans

package (Lenth 2020) for post hoc tests.

All data and code for analyses are available

here: https://osf.io/8tpj2/.

Results

Across the 154 sites surveyed, total deer

faecal pellet count (FPC) per transect ran-

ged from 0 to 898 (mean � SE =

117.83 � 12.76), and total Swamp Wal-

laby FPC ranged from 0 to 85

(9.79 � 1.09). For the 15,941 plants sur-

veyed, the mean impact on plants parts

<1 m per transect was 18.24 � 0.22%

and the mean impact >1 m was

12.45 � 0.21% (Table 2).

A total of 100 woody plant species

were surveyed across the 154 sites, with

24 species recorded at >20 sites. Almost

all of these 24 species were impacted sim-

ilarly, that is, the median level of impact of

most species (21of 24) was the same or

comparable to the median level (confi-

dence intervals encompassed zero) at

each site (Fig. 3). The notable exception

was Burgan (Kunzea leptospermoides F.

Muell. ex Miq.), which was less impacted.

The log-linear relationships between

deer FPC/m2 and Swamp Wallaby FPC/

m2 and impact <1 m were significant

(P < 0.001) and the explained variance

of these models were similar (13% and

11% respectively). The log-linear

relationships between deer FPC/m2 and

Swamp Wallaby FPC/m2 and impact

>1 m were also significant (P < 0.001

and P = 0.031 respectively), but the

explained variance of the relationship

between deer FPC/m2 and impact >1 m

was fourfold greater than that for Swamp

Wallaby FPC/m2 and impact >1 m (14%

compared to 3%; Fig. 4).

Mean deer FPC/m2 was on average

highest at Warramate Hills NCR, but

was not different (P > 0.05) between

locations, whereas Swamp Wallaby FPC/

m2 was greatest (P < 0.05) at Yellingbo

NCR. Plant impacts <1 m and >1 m

tended to be greater at both Yellingbo

and Warramate Hills NCRs (with higher

Swamp Wallaby and deer density indices

respectively) when compared to the

other two sites. Mean woody plant den-

sities were highly variable and did not

differ clearly between sites, while mean

species richness was highest at Mt Little

Joe and lowest at Warramate Hills

NCR.

Power analyses indicated that to have

confidence in detecting large changes

(≥50%) in mean impact >1 m, an esti-

mated 8–26 transects (depending on loca-

tion and thus variability) would be

sufficient (Table S2). While we surveyed

120 plants at each transect, precision anal-

yses indicated that a mean number of 48

plants per transect should be sufficient

to obtain a 5% margin of error at the tran-

sect level (Table S3).

Discussion

The method we present here is relatively

simple and rapid to implement, and simul-

taneously collects data on deer density

and impacts, together with important

floristic data. The method additionally

has capacity to attribute browsing impacts

>1 m to deer where sympatric herbivore

species of a different size are present.

While the method does require basic skills

in plant species identification and an abil-

ity to identify deer (and potentially sym-

patric herbivore) faecal pellets, the

assessment requires minimal equipment,

can be undertaken rapidly and at a single

time-point, while alternative methods

such as camera trap arrays and exclusion

(a)

20 m

150 m

(b)

Other shrub / tree

Faecal pellet survey plot (r =  1m) 

Vegetation survey plot (r =  5m) 

Shrub / tree assessed

Distance from survey peg

Transect

Faecal pellet survey peg

Opportunistic (non-systematic) 
search for deer sign 

N

W

S

E

Figure 2. Schematic of field survey protocol; (a) 150-m transect along which 30 plots are sur-

veyed for faecal pellets and vegetation impacts, with the presence of deer signs recorded within a

belt transect centred on the transect line (20 9 150 m), and (b) one survey point along the tran-

sect in which faecal pellets are counted within r = 1 m circular plot (3.14 m2; red circle) and veg-

etation impacts assessments conducted within r = 5 m circular plot (78.54 m2; black circle).

Table 1. Scoring categories used to rapidly assess deer impacts on understorey trees and

shrubs (adapted from Moser & Greet 2018)

Score Description Approximate percentage plant biomass loss

0 No impact NA

1 Low impact 1–25% foliage browsed

2 Low–moderate

impact

26–50% foliage browsed, stem breakage or rubbing damage

3 Moderate–high

impact

51–75% foliage browsed, multiple stem breakage or severe

rubbing damage

4 High impact 76–100% foliage browsed, main stem broken or extreme rubbing

damage
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plots require at least two, if not multiple

field visits.

Our field surveys confirm that a wide

variety of plant species are consumed by

deer in the study area (Parker 2009; For-

syth & Davis 2011), with almost all plant

species we recorded impacted at similar

levels. In our study, only Burgan was

clearly avoided, which is known to be

unpalatable to deer and other herbivores

(Kirschbaum & Williams 1991; Singer &

Burgman 1999). The fact that most spe-

cies are similarly impacted is consistent

with previous studies (Bennett & Coulson

2012) and indicates that assessments of

deer impacts based on feeding-

preferences (i.e. use of indicator species

or ratios of palatable and unpalatable spe-

cies; e.g. Sweetapple & Nugent 2004)

would not be suitable for species with

generalist diets (e.g. Sambar Deer) or

where multiple species of deer co-occur.

We believe it is a strength of our method

that it does not rely on indicator species

(e.g. Blossey et al. 2019), and is thus

broadly applicable across a wide range of

forest types.

As with other studies (e.g. Spake et al.

2020), the deer density-impact relation-

ship identified in this study was not a sim-

ple linear association. Density-impact

relationships are often complex and a

function of multiple processes which

may be place- and time-specific (Norbury

et al. 2015). Elucidating the nature of

these relationships would likely require

the inclusion of the density and impact

data into models that consider local envi-

ronmental and landscape context.

Our results highlight the importance of

collecting separate information on sym-

patric herbivores where their impacts can-

not be readily differentiated from deer.

While the explained variance of the

density-impact relationships were low

overall, we found deer density and Swamp

Wallaby density were similarly associated

with plant impacts <1 m but deer density

was much better associated with impacts

>1 m. Thus, we suggest that impacts

>1 m can be largely attributable to deer.

Table 2. Summary of data collected during 2020 for transects within four locations in the Yarra Valley, Victoria

Site n Deer FPC/

m2
Swamp Wallaby

FPC/m2
Impact<1 m

(%)

Impact>1 m

(%)

Plant density

(plants/ha)

Species

richness

Yellingbo 24 1.17 � 0.44 0.19 � 0.03a 21 � 2a 18 � 2a 15,374 � 8744 8 � 1b, c

Kurth Kiln 23 1.54 � 0.28 0.07 � 0.02b 13 � 2b 13 � 2b, c 7451 � 711 10 � 1a, b

Warramate

Hills

24 1.91 � 0.36 0.11 � 0.02a, b 23 � 2a 21 � 2a, b 6418 � 1179 7 � 1c

Mt Little Joe 23 1.24 � 0.32 0.10 � 0.03b 13 � 2b 8 � 2c 7427 � 1237 10 � 1a

Values include mean faecal pellet count (FPC)/m2 for deer (all species) and Swamp Wallaby (Wallabia bicolor), mean vegetation impact score for

plant parts <1 m and >1 m, and woody plant density and species richness, per transect. Mean � SE shown with all values (except FPC/m2)

rounded to whole numbers for readability. Lower case letters indicate significant differences between means.

Figure 3. Violin plot of the relative impact (relative to median score recorded across all plant species within a site) for 24 woody plant species that

were present at 20 or more of the surveyed sites. Black dots represent median values, thick black lines the interquartile-range (range comprising half

of all values), thin black lines indicate 95% confidence intervals, and the shaded ‘violins’ indicate the extent and distribution of data for each species.

Numbers in parentheses indicate the number of sites represented in the data for each species. For almost all species, the level of browsing impact

was similar (confidence intervals encompass zero) to the site median value across all species.
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Our data suggest deer culling at two

reserves has not reduced deer density or

impacts, as has been reported for similar

programs in New Zealand (Ramsey et al.

2017). In addition to collecting data on

deer density and impact, our method also

provides valuable data on forest structure

and diversity, which are known to be

impacted by deer (Côt�e et al. 2004). How-

ever, measures such as stem density and

species richness may be highly variable

and are likely to be of greater value for

repeat surveys over longer time-frames to

assess vegetation responses to deer man-

agement at a site, rather than comparisons

between a limited set of sites (such as pre-

sented here).

We consider the method to be cost-

effective compared to alternative methods

(e.g. fenced exclosures). In our surveys,

two field staff completed one transect sur-

vey in ˜2 h (mean 1 h 54 min, range 1 h

12 min–3h 14 min), which varied accord-

ing to terrain and understorey density.

During 2020, we completed 23–24 sur-

veys in each of four locations across

40 days, which our power analyses indi-

cate would be sufficient to detect large

changes in impact. Our data also indicate

it should be possible to halve the survey

effort of plants at each site (e.g. to survey

˜60 plants for impact rather than 120)

without loss of precision in estimates of

impact for a given location. In practice,

this could be achieved by conducting veg-

etation impacts assessments at every sec-

ond faecal pellet plot (i.e. at 10-m

intervals). We note however this method

cannot separate the impacts of different

deer species where they co-occur, or sim-

ilarly that of other native or feral browsing

species of a similar size, such as goats

(Capra hircus).

In locations where deer are overabun-

dant, have been introduced, or where

there is a lack of information about their

diet, land managers require a method that

can readily identify the impacts of deer

that is independent of plant species and

applicable across a broad range of forest

types. We suggest the method presented

here can achieve these aims, and provides

a rapid and cost-effective method that can

assess management effects on deer density

and impacts.
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Supporting Information

Additional supporting information can be

found in the following online files.

Table S1. Minimum, maximum, and mean

values for environmental attributes across

the 154 sites surveyed 2019–2020 in Yarra

Valley, east of Melbourne, Victoria, Aus-

tralia.
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Table S2. Results from power analyses

indicating the number of transects

required to be confident (a = 0.05, Power

(1 � b) = 0.80) of detecting reductions in

mean impact >1 m of 10%, 25%, 50%,

75%, or 90%, based on the estimated mean

and variation in impact >1 m, for each

location (see Table 3).

Table S3. Results from precision analyses

indicating the number of plants that

require measurement to be confident

(a = 0.05) for a range of desired margins

of error (%), based on the estimated varia-

tion in mean impact >1 m for each tran-

sect.
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