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Abstract
The ultimate goal of threatened plant translocations is to establish self-sustaining populations. Lessons learnt from plant 
translocations can inform future translocations and improve conservation outcomes via adaptive management. We assessed 
translocation success for 76 translocations of 50 species established as part of recovery programmes between 1998 and 
2016 in the Southwest Australian Floristic Region (SWAFR), a biodiversity hotspot with Mediterranean-type climate. We 
used a series of Bayesian hierarchical models to assess translocation success as measured by plant survival, height growth, 
crown growth, and reproduction (flowering and fruiting). We found that fencing to prevent vertebrate herbivory improved 
survival, irrigating plants over the first two summer dry periods improved the likelihood of reproduction, and where the 
rainfall increased above the 30-year average in the two years following planting, it positively influenced survival, growth, 
and reproduction. We recommend that fencing to prevent herbivory should be broadly considered in threatened plant trans-
locations, while irrigation to improve translocation success would benefit plant species in Mediterranean-type ecosystems 
and other dryland environments.

Keywords  Translocation success · Reintroduction · Mediterranean-type climate · Fencing · Watering · Adaptive 
management

Introduction

As the number of threatened plant species increases 
globally (IUCN 2022), the use of translocations as 
part of efforts to prevent extinction has steadily gained 
momentum (Dalrymple et al. 2012; Silcock et al. 2019). 

Translocation, the deliberate transfer of plants or regen-
erative plant material from one area to another (Silcock 
et al. 2019; IUCN/SSC 2013), is used to augment small 
or declining populations, re-establish extinct populations 
or establish new populations in places where a species 
has never been recorded. Additionally, as the impacts of 
climate change have become evident, there is the option 
to use translocation to move species beyond their cur-
rent range to track their preferred climate (i.e. ‘assisted 
colonisation’; Hoegh-Guldberg et al. 2008; Seddon et al. 
2009; Kreyling et al. 2011; Burbidge et al. 2011). While 
the practice of translocation is increasing (Guerrant 2012), 
the outcomes of these actions remain under-reported in the 
published literature (Godefroid et al. 2011), with a clear 
bias towards only publishing successful outcomes (Menges 
et al. 2016; Godefroid et al. 2011; Drayton and Primack 
2012). Furthermore, the results of many studies go unre-
ported due to the difficulties of publishing when sample 
sizes are small, which frequently occurs with threatened 
species. Thus, despite the increasing practice of translo-
cation, there is still limited knowledge about successful 
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techniques, rates of success, and whether translocation is 
a viable conservation strategy (Drayton and Primack 2012; 
Silcock et al. 2019).

There is broad support that the success of translocations 
should be considered in the context of plant species abun-
dance, extent, persistence, and resilience (Pavlik 1996; Guer-
rant 2013). Metrics for determining success include survival 
of propagules, growth, reproductive output, recruitment of 
subsequent generations, measures of genetic diversity, and 
recovery from disturbance, as these are likely to offer the 
most insight into the likelihood of establishing a resilient, 
self-sustaining population (Pavlik 1996; Guerrant 1996; 
Menges 2008; Guerrant and Kaye 2007). However, due to 
the short time frames over which many translocations are 
reported, survival of translocated propagules is frequently 
the most common, and often the only, measure of success 
(Godefroid et al. 2011; Guerrant 2012; Liu et al. 2015). This 
can provide a skewed perspective on translocation success 
as initial losses are to be expected (Guerrant 2013; Albrecht 
et al. 2019). Moreover, timeframes that reflect the life his-
tory of the species are important as some species take many 
years to become reproductive (Maschinski and Duquesnel 
2006; Monks et al. 2012; Albrecht et al. 2019), seedling 
recruitment and establishment may be sporadic or linked 
to disturbance events such as fire (Menges 2000; Yates and 
Broadhurst 2002; Wendelberger and Maschinski 2016), 
and initial translocation results may not necessarily reflect 
longer-term outcomes (Guerrant and Kaye 2007; Silcock 
et al. 2019).

Global reviews have provided useful generalisations 
regarding factors that influence translocation outcomes 
and contributed to debate around appropriate measures of 
translocation success (Godefroid et al. 2011; Guerrant 2012, 
2013; Dalrymple et al. 2012). These are complemented by 
detailed field studies that focus on aspects of translocation 
techniques or success at a range of scales, with reviews at 
regional (Fenu et al. 2019), state (Guerrant and Kaye 2007) 
and country (Liu et al. 2015; Silcock et al. 2019; Abeli et al. 
2021), levels providing useful insights into translocation 
success at these different spatial scales. Similarly, a review 
for plant functional groups has provided guidance on tech-
niques for species that share regenerative and other relevant 
plant traits (Reiter et al. 2016). A recent review of trans-
locations in Australia documented 1001 translocations of 
376 taxa that have been established since the 1970s (Silcock 
et al. 2019). The number of founder propagules was found to 
be the primary determinant of population persistence, with 
populations founded with more than 500 individuals more 
likely to establish viable, persistent populations (Silcock 
et al. 2019). The influence of management interventions was 
explored using this same dataset and found protection from 
vertebrate herbivores increased survival, and prescribed 

fire and watering increase the probability of recruitment of 
second-generation plants (Whitehead et al. 2023).

Analysis at regional scales can provide further, more 
targeted insights without strong influence of variation in 
soils and climate. A region of global plant conservation 
significance and recognised Biodiversity Hotspot is the 
Southwest Australian Floristic Region (SWAFR) (Myers 
et al. 2000; Mittermeier et al. 2004, 2011). The region has a 
Mediterranean-type climate of cool wet winters and warm 
dry summers, and nutrient poor soils, on a flat, stable, and 
highly weathered low plateau (Hopper and Gioia 2004; Gos-
per et al. 2020). This region is noted for its extraordinary 
botanical diversity with 8,379 described vascular plant taxa, 
of which 47% are endemic to the region (Gioia and Hopper 
2017). Additionally, much of the flora has a small geographic 
range with rapid species turnover between similar habitats 
over relatively short distances (Hopper and Gioia 2004; Gos-
per et al. 2020). This combined with a range of threatening 
processes including extensive habitat fragmentation, the 
pathogen Phytophthora cinnamomi, environmental weeds, 
grazing by introduced and native herbivores, altered hydrol-
ogy, changed disturbance regimes and more recently climate 
change, has resulted in 399 taxa being listed as threatened, 
with over one third Critically Endangered (Monks et al. 
2019). Many of the threatened species in SWAFR also 
occur in small, isolated populations and frequently have 
quite disjunct distributions (Gosper et al. 2022), and 72% of 
threatened flora populations occur outside the conservation 
reserve system (Gosper et al. 2022) where management is 
challenging as it can conflict with other land uses. The estab-
lishment of translocated populations of threatened flora is 
a key strategy being used to assist in recovering threatened 
plant species in the SWAFR (Monks et al. 2019), where the 
first recorded translocation occurred in 1985. Since 1998, 
plant translocations have been established in the SWAFR 
using an experimental framework to better understand the 
factors that influence translocation success (Monks and 
Coates 2002; Dillon et al. 2018), with translocation success 
measured by survival, growth, reproduction, and recruit-
ment of second-generation plants. Key limitations for plant 
establishment and survival in the SWAFR, as well as other 
Mediterranean-type climates, are summer drought stress and 
herbivory (Rathbone and Barrett 2017; Fenu et al. 2016, 
2019; Castro et al. 2005; López-Jurado et al. 2019) and effort 
has focused on techniques to reduce the impact of these fac-
tors, such as the use of irrigation during dry periods and the 
exclusion of herbivores.

Designing translocations in an experimental framework 
with specific hypotheses is likely to provide the best guid-
ance regarding management interventions or environmental 
factors affecting success (Guerrant and Kaye 2007; Guerrant 
2012; Menges et al. 2016). Not all factors can be experimen-
tally tested in individual studies, especially when sample size 
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and sufficient replication is limited making direct assessment 
of translocation success difficult to quantify. Synthesising 
many translocation studies offers an alternative approach 
to identify factors that may be critical in translocation suc-
cess (Guerrant 2012, 2013; Dalrymple et al. 2011, 2012; 
Godefroid et al. 2011; Menges 2008). Here we evaluate 76 
translocations established as part of recovery programmes 
between 1998 and 2016 in the SWAFR for 50 threatened 
plant taxa. Given the key limitations for plant establishment 
and survival in this region as well as other Mediterranean-
type climates relating to drought stress and herbivory, we 
asked the following questions:

1.	 Does the amount of rainfall in the month before planting, 
or in the two years following planting influence plant 
survival, growth, and reproduction?

2.	 Does irrigation of translocated plants over first two dry 
seasons following planting influence translocation plant 
survival, growth, and reproduction?

3.	 Does fencing to prevent herbivory influence transloca-
tion plant survival, growth, and reproduction?

Materials and methods

The study species

The 50 species included in this study are long-lived 
(> 20 years) perennial species, except the annual forb Schoe-
nia filifolia subsp. subulifolia (Online Resource 1), reflecting 
that most of the threatened flora in SWAFR are long-lived 
perennials (Hopper and Gioia 2004). The species often took 
several years to become reproductive, with seed production 
commonly commencing three to four years following plant-
ing. Many are obligate seeders after fire (Hopper and Gioia 
2004) and because of this we could not use recruitment 
in our analysis, as less than a quarter of the 76 sites had 
any second-generation plants, usually only a small number 
(Online Resource 1), and this was often due to a lack of fire 
to stimulate recruitment.

The 76 translocations analysed for this study were 
included in an Australian-wide meta-analysis undertaken by 
Silcock et al. (2019), who considered plant life form, habi-
tat type, propagule type, and number of individuals planted 
when assessing survival and second-generation recruitment 
of 1001 plant translocations. These same translocations 
have also been included in an Australian-wide meta-analysis 
undertaken by Whitehead et al. (2023) who considered the 
effect of common management practices of fencing, water-
ing, burning, weed control as well as habitat type and life-
form on translocation survival and recruitment. Both these 
studies only analysed outcomes at a single, final census. 
However, as we have undertaken additional monitoring of 

plant height, canopy width, and reproduction not included 
in these two studies, with multiple censuses, here we focus 
on factors that lead to greater plant survival, growth, and 
reproduction specifically for these 50 species that occur in 
the Mediterranean-type climate of the SWAFR.

Five species were filtered from the reproduction analy-
sis due to missing or incomplete data due to the young age 
of the plants at time of analysis including Banksia brow-
nii, Banksia cuneata, Calytrix breviseta subsp. breviseta, 
Daviesia ovata, and Latrobea colophona (Online Resource 
1). Schoenia filifolia subsp. subulifolia was filtered from the 
growth analyses because we did not measure size for this 
annual species (Online Resource 1).

Translocation procedure

All translocations in this study were planned, planted, and 
monitored by the Western Australian government conser-
vation agency (Department of Biodiversity, Conservation, 
and Attractions). Translocation planning usually began a 
year in advance of planting. Using between two and four 
expert opinions, translocation sites were selected based on 
similarity of soil, topography, and associated vegetation 
to wild locations of each species. Consideration was also 
given to sites where the land tenure was for conservation and 
whether threats were absent or controllable. The 76 trans-
location sites were spread across the SWAFR and planted 
between 1998 and 2018 (Fig. 1). Sites were either used for 
single species or multiple species, and in other cases multi-
ple sites were used for a single species, such that there were 
59 unique sites across the SWAFR (Fig. 1, Online Resource 
1). In addition to some sites being used for multiple spe-
cies, all sites contained varying densities of native vegetation 
(Online Resource 1). As all translocated species experienced 
some varied degree of interaction with other species (such as 
competition with neighbouring plants), and that individual 
level information about their immediate neighbourhoods was 
not recorded, neighbour effects were not included as a vari-
able in the models.

Plants were propagated ex situ from seed or cutting mate-
rial. Seed was wild collected and then either germinated 
immediately or stored at − 18 °C, 15% RH in a seedbank 
until required for translocation. Seed was germinated ex situ 
on agar (to gain viability data) before being transferred to 
soil and grown for approximately six months under nursery 
conditions. Cutting material was wild collected and then 
multiple plants (clones) grown from the material under nurs-
ery conditions until a sufficient root system had developed, 
which usually took six to twelve months. Only healthy plants 
were planted at the translocation sites.

Planting generally occurred in the wetter months of the 
year (between April and September). Plants were planted in 
a grid and, depending on expected adult size, between two 
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and five metres from each other. Each plant was watered 
with one to two litres of water following planting and then 
tagged with a unique number which allowed us to track each 
plant individually. Monitoring of plants occurred immedi-
ately after planting (the start points for the models) and then 
annually thereafter where possible; however, there were 
breaks of several years in some cases due to funding or other 
logistical issues. The number of times monitored therefore 
varies between two and twenty-two (Online Resource 1). At 
each monitoring period, survival, plant height (m), crown 
width (m), and reproductive status were recorded for each 
individual. Plant height was measured as the maximum 
height of living canopy, crown width was the mean of wid-
est canopy width and perpendicular to widest width of living 
canopy, and reproductive status was recorded as presence or 
absence of flowers or fruit.

Predictor variables

Four predictor variables were used in analyses: fencing, 
watering, rainfall in the 30 days prior to planting and the 
rainfall deviation from the 30-year average in the two years 
following planting.

Fencing is the most common management intervention 
used in SWAFR translocations to limit vertebrate herbivory. 
Fencing was carried out around either individual plants, 
groups of plants or the entire site, and was designed to 

exclude the vertebrate herbivores most common to the area 
where the translocation site was located, primarily rabbits 
(Oryctolagus cuniculus), goats (Capra hircus), and western 
grey kangaroos (Macropus fuliginosus). Fences were con-
structed of single strand wire and wire netting to 1.2 m in 
height. The netting also extended out 0.25 m horizontally at 
the base of fences, to prevent animals digging underneath. 
Fence size (length and width) was scaled to fit the number 
of plants and spatial layout and so varied between species. 
Cages around individual plants were made from wire net-
ting and were 0.9 m in height and approximately 0.6 m in 
diameter and held in place with metal stakes.

Watering of plants was another common management 
intervention and was used to minimise the impact of the 
summer dry period (drought) in SWAFR translocations. 
Watering was implemented independent of whether it was 
likely to be a dry or wet year and independently of rainfall 
zones, rather it was used as resources and funding permit-
ted. Water was applied to the root zone of plants from water 
tanks via a gravity-fed drip irrigation system controlled by 
a timer. The delivery of water was calibrated using adjust-
able drippers. Water was given once a week for the first two 
dry seasons (November to April) after planting. However, as 
the systems were gravity-fed, it was not possible to deliver 
an exact amount and, therefore, watering was assumed to 
deliver approximately one litre of water to irrigated plants 
once a week.

Fig. 1   Map of southwest West-
ern Australia showing the trans-
location sites in this study (pink 
dots), the Southwest Australian 
Floristic Region (green area) 
and rainfall isohyets in mm 
(blue lines). Study sites and spe-
cies translocated are described 
in Online Resource 1
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Rainfall, and when it occurred, was considered likely 
to impact translocation establishment. Planting usually 
occurred at the onset of reliable seasonal rainfall. However, 
planting sometimes occurred just prior to reliable winter 
rains when the soil was still dry after the summer drought, to 
meet financial obligations. Therefore, the impact of rainfall 
in the 30 days prior to planting was investigated. The amount 
of rainfall following planting was also considered likely to 
impact translocation success, as the SWAFR region can have 
long dry periods, especially over the hot summer period. 
Therefore, the deviation of rainfall (increase or decrease) in 
the two years following planting from the long-term mean 
was investigated. The two rainfall variables were collated 
using data from the Australian Bureau of Meteorology (BoM 
2019) from the weather station geographically closest to 
each translocation site. A 30-year mean rainfall was calcu-
lated for the period 1970 to 1999 from the BoM climate data. 
Prior to 1970, rainfall in the SWAFR was 10 to 20% higher 
(BoM 2019); therefore, the period from 1970 to 1999 was 
used to calculate the average as it best represents the long-
term rainfall for the sites during the period the translocations 
for this analysis were established and monitored.

Model development

We used a series of hierarchical models to assess transloca-
tion outcomes for all plant species. Translocation outcomes 
were measured by four different response variables, each 
modelled individually. These were the time until mortal-
ity of each individual plant (survival), height growth, and 
crown-width growth, and whether plants were reproductive 
(presence of flowers or fruit). Planting date was used as the 
starting point for the monitoring data used for each model.

Models for all four response variables had a similar struc-
ture, written in pseudocode: response ~ days + propagule 
type + predictors + (1 + predictors | species) + (1 | source 
pop) + (1 | site) + (1 | plant no).

These models assess the effects of age, propagule type, 
and the four main predictor variables (fencing, watering, 
rainfall deviation in two years following planting, and rain-
fall in 30 days prior to planting) on plant translocation out-
comes. The model for rainfall deviation in the two years fol-
lowing planting showed a positive effect if greater than mean 
rainfall improved outcomes or if less than mean rainfall 
made outcomes worse. The rainfall deviation model showed 
a negative effect if less than mean rainfall improved out-
comes or greater than mean rainfall made outcomes worse. 
Rainfall deviation and rainfall prior to planting predictors 
were spread consistently across fencing and watering treat-
ments (Figure S1 Online Resource 2). The models addition-
ally included random-effect terms to account for differences 
in average response among species, species-specific effects 

of the four main predictor variables, and differences among 
source populations, sites, and individual plants.

The model for survival (time until mortality) differed 
from the other models in two ways. First, this model did 
not include a random intercept for individual plants because 
this response (days until mortality) was observed only once 
for each individual. Second, the survival model required an 
additional term to account for censored observations, that is, 
plants that were recorded alive at their most recent survey.

We used different error distributions for each response 
variable. Survival (days until mortality) was assumed to 
follow a Weibull distribution, reproductive status a Ber-
noulli distribution, and both growth response variables 
were assumed to follow a lognormal distribution. We used 
Bayesian inference, and all models were fitted in R 4.1.2 (R 
Core Team 2021) with brms 2.16.3 (Bürkner 2017) and Stan 
2.21.0 (Stan Development Team 2021). Model inferences 
were based on four chains of 20,000 iterations, discarding 
the first 10,000 iterations and saving every 10th iteration, 
resulting in a total of 4000 posterior draws. Models were 
assessed for appropriateness with posterior predictive checks 
and model fit was estimated with Bayesian R2 values (Gel-
man et al. 2018).

Results

Posterior predictive checks indicated that all four mod-
els were appropriately specified (Figures S1–S4 Online 
Resource 2). Based on Bayesian R2 values, these models 
explained 50% of the variation in survival outcomes (days 
until mortality), 45% of the variation in reproductive status, 
74% of the variation in height growth, and 67% of the vari-
ation in crown growth.

The use of fences to protect translocated plants from 
herbivores resulted in a positive survival effect across all 
species and was the only response variable to have a consist-
ently positive impact across all species. It also had one of the 
largest effect sizes on survival of all the predictor variables, 
although credible intervals were quite variable among spe-
cies (Fig. 2). By contrast, fencing had, on average, negligi-
ble impact on height growth and reproduction and even a 
slightly negative impact on crown growth, although cred-
ible intervals were variable among species, with some quite 
wide (e.g. Gastrolobium lutefolium) and some quite narrow 
(e.g. Lambertia orbifolia subsp. orbifolia) (Fig. 2). Although 
individual species responded positively for the growth or 
reproduction response variables, these were generally not the 
same species across these three response variables.

Watering over the first two dry seasons had no effect on 
survival (averaged across species), although survival of sev-
eral individual species was positively influenced by watering 
(Fig. 3). Across all species, watering had a negligible effect 
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on height and crown growth. The largest effect of water-
ing was on the probability of reproduction, with all spe-
cies except one (Synaphea quartzitica) showing a positive 
response to watering. Credible intervals for each of the four 
response variables showed notable variation among species.

Rainfall deviation in the 2  years post-planting was 
associated with a positive effect across all species for all 
four response variables (i.e. above-average rainfall was 

associated with increased survival, growth, and likelihood 
of reproduction) (Fig. 4). It was the only predictor to have 
a positive effect for all response variables. However, for 
the survival response variable thirty species had a posi-
tive response to rainfall deviation but a negative or neutral 
response to watering (Figs. 3 and 4). Conversely, 11 spe-
cies had a negative survival response to rainfall deviation 
but a positive survival response to watering. Confounding 

Fig. 2   Effects of fencing on plant translocation outcomes. Estimated 
values are the link-scale effect of fencing on survival, reproduc-
tion, and growth of each species. Positive values indicate that fenc-
ing increased a given response variable. Points are median estimated 
effects, thick lines bound 80% credible intervals, and thin lines bound 

95% credible intervals. The dashed black line is at zero (no effect), 
and the dashed grey line is the mean estimated effect over all species. 
Colours denote the most- common rainfall zone in which each species 
occurs (values in mm per year)
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of watering and rainfall deviation outcomes is considered 
unlikely as watering was applied independent of rainfall 
predictions or rainfall zones. Only two species (Grevil-
lea maccutcheonii and Grevillea humifusa) responded 
positively for the survival response to both watering and 
rainfall deviation. The amount of rainfall in the 30 days 

prior to planting across all species had a negligible effect 
on survival, growth and reproduction, although some spe-
cies had a small positive response to this variable (Fig. 5).

Fig. 3   Effects of watering on plant translocation outcomes. Estimated 
values are the link-scale effect of watering on survival, reproduction, 
and growth of each species. Positive values indicate that watering 
following planting increased a given response variable. Points are 
median estimated effects, thick lines bound 80% credible intervals, 

and thin lines bound 95% credible intervals. The dashed black line 
is at zero (no effect), and the dashed grey line is the mean estimated 
effect over all species. Colours denote the most common rainfall zone 
in which each species occurs (values in mm per year)
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Discussion

As the establishment of new populations of threatened plants 
through translocation becomes an increasingly important 
option to prevent extinction, the factors that influence the 
likelihood of establishing resilient and viable populations 
have received increasing attention (Guerrant 2012, 2013; 

Dalrymple et al. 2011, 2012; Godefroid et al. 2011; Silcock 
et al. 2019). Our analysis of 50 translocations of threatened 
species established across the SWAFR showed that, in gen-
eral, excluding herbivores using fences increased survival, 
watering plants over the first two summer dry periods fol-
lowing planting increased the probability of reproduction, 
and an increase in rainfall from the long-term average in 

Fig. 4   Effects of the deviation from average rainfall in two years fol-
lowing planting on plant translocation outcomes. Estimated values 
are the link-scale effect of rainfall deviation on survival, reproduc-
tion, and growth of each species. Positive values indicate that higher-
than-average rainfall in the two years following planting increased a 
given response variable. Points are median estimated effects, thick 

lines bound 80% credible intervals, and thin lines bound 95% credible 
intervals. The dashed black line is at zero (no effect), and the dashed 
grey line is the mean estimated effect over all species. Colours denote 
the most common rainfall zone in which each species occurs (values 
in mm per year)



825Plant Ecology (2023) 224:817–830	

1 3

the two years after planting increased survival, growth, 
and probability of reproduction. These results highlight the 
importance in translocation establishment of herbivory and 
the need to account for seasonal water availability in Medi-
terranean ecosystems and, more broadly, in water limited 
environments.

Herbivores can reduce the establishment and fitness 
of translocated populations by impacting plant survival, 

growth, and reproduction (Albrecht and Long 2019) and, 
as such, excluding herbivores is one of the most common 
post-planting management techniques used in translocations 
of threatened plants (Guerrant 2012). In this study, fencing 
to protect plants from vertebrate herbivores consistently, 
strongly, increased plant survival across all the species, con-
sistent with many other studies of threatened plant translo-
cations (Maschinski et al. 2004; Jusaitis 2005; Fenu et al. 

Fig. 5   Effects of rainfall in the 30  days prior to planting on plant 
translocation outcomes. Estimated values are the link-scale effect of 
prior rainfall on survival, reproduction, and growth of each species. 
Positive values indicate that larger amounts of rainfall prior to plant-
ing increased a given response variable. Points are median estimated 

effects, thick lines bound 80% credible intervals, and thin lines bound 
95% credible intervals. The dashed black line is at zero (no effect), 
and the dashed grey line is the mean estimated effect over all species. 
Colours denote the most common rainfall zone in which each species 
occurs (values in mm per year)
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2016; Albrecht and Long 2019). Fences physically prevent 
vertebrate grazers and browsers from accessing the plants 
and, unless the fences are breached, this type of manage-
ment will have a long-lasting benefit to plant survival. How-
ever, in our study, herbivore exclusion did not benefit plant 
growth or reproduction, which contrasts with other studies 
where herbivory reduced growth (Jusaitis 2005; Buisson 
et al. 2015) and reproduction (Albrecht and Long 2019; 
Fenu et al. 2016). The translocated plants that survived 
herbivory outside the fences may have been protected in 
some way by other plants. They may grow under or through 
these other plants, so they are not seen, or were protected by 
the spines, prickles, or toxin defences of these other plants 
(Jusaitis 2005; Garcia and Obeso 2003). Plants that survive 
outside the fences in these safe havens are then able to grow 
and reproduce to the same extent as plants protected by the 
fences. For example, Acacia cochlocarpa subsp. cochlo-
carpa plants growing in unfenced and open sites were heav-
ily grazed, compared to those unfenced plants that were 
growing under large shrubs, which remained ungrazed (L. 
Monks pers obs.). There was also some variation around the 
effect sizes for many of the species for survival, growth and 
reproduction. While species with large sample sizes, such 
as Lambertia orbifolia subsp. orbifolia, did have less vari-
ation around the effect sizes, variability in herbivory, both 
spatially and temporally, is well documented (Huntly 1991).

Watering of translocated plants is another commonly 
applied management action, particularly in arid and Medi-
terranean climates (Guerrant 2012; Fenu et al. 2019). Many 
studies show the beneficial effects of irrigation on seedling 
survival (Castro et al. 2005; Siles et al. 2010; Dollard and 
Carrington 2013; Lopez-Jurado et al. 2019). However, in our 
study, we did not see an overall positive effect from water-
ing on survival and a mostly neutral to very weakly positive 
effect on growth across the range of habitats and rainfall 
zones. This suggests either that watering does not improve 
survival or growth, that watering was not applied at a level, 
or a frequency sufficient to minimise deaths or maximise 
growth (Siles et al. 2010), or that the watering was insuffi-
cient during events like periods of extreme heat or drought. 
Interestingly, despite no overall survival response to water-
ing, just under a third of the species showed a small positive 
effect from supplementary watering. As these species were 
distributed across the different rainfall zones, it may have 
been temporal rainfall patterns (i.e. short-term dry periods) 
rather than overall annual rainfall that played a role in this 
positive response. It’s possible, that if watering amount and/
or frequency is increased, the beneficial effect on seedling 
survival seen in other studies (e.g. Dollard and Carrington 
2013; Lopez-Jurado et al. 2019) would occur in our species. 
Watering could also be combined with other treatments such 
as mulch (Devine et al. 2007) or nurse plants (Castro et al. 
2002) to enhance its effectiveness.

The greatest benefit from supplementary watering was 
the probability that plants were reproductive, with all except 
one species showing a positive effect from watering. This is 
an interesting result as the likelihood of reproduction was 
increased long after the watering had ceased, suggesting 
that watering did have a beneficial effect on plant estab-
lishment, perhaps by improving root systems (Castro et al. 
2005), despite this not being reflected in increased sur-
vival. Increased probability of reproduction may mean an 
increased probability of recruitment of second-generation 
plants. Watering did indeed result in improved chances of 
recruitment in the Australia-wide review of translocation 
outcomes (Whitehead et al. 2023). However, in our case, 
recruitment was rarely seen, likely due to the longevity of 
the species and time lags to recruitment, which are common 
in many translocated species (Albrecht et al. 2019), and lack 
of a recruitment trigger, such as fire (Yates and Broadhurst 
2002). Nevertheless, watering increased the probability of 
reproduction, which should lead to larger seed bank avail-
ability when recruitment conditions are suitable and, there-
fore, an increased likelihood of establishing a self-sustaining 
population.

Where rainfall is limited, such as in arid areas, or rainfall 
is seasonal, such as in Mediterranean climates, the amount 
of rainfall during and after planting can have a large impact 
on translocation survival, growth, reproduction, and second-
generation seedling recruitment (Maschinski et al. 2004; 
Guerrant 2012). In our study, rainfall in the 30 days prior to 
planting had a negligible impact on translocation survival, 
growth, and reproduction. This may indicate that soil mois-
ture prior to planting plays a limited role in translocation 
establishment, or if conditions are drier than average, lack 
of soil moisture prior to planting can be overridden with 
watering during planting. This is useful knowledge when 
financial or logistical factors rather than just seasonal con-
siderations influence the timing of planting. In contrast, 
increased rainfall in the two years following planting was 
the only predictor variable to positively influence all four 
response variables. This result is not surprising given natu-
ral recruitment and establishment of many species relies on 
infrequent rainfall events or particularly wet years (Jusaitis 
2005; Castro et al. 2005; Wendelberger and Maschinski 
2016), and reproduction can be enhanced by increased 
rainfall (Duncan and Moloney 2018; Janissen et al. 2021). 
However, this clear result is not particularly helpful to man-
agers when translocation planning and preparation generally 
takes place well before accurate rainfall predictions can be 
made. Although there may be some benefit to using sea-
sonal weather forecasting to plan planting around adverse 
weather events in the short term (< 4 months) (Hagger et al. 
2018), once propagation has begun, planting cannot usu-
ally be delayed significantly to take into account longer-term 
weather predictions, so strategies that bet hedge against poor 
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climatic conditions, such as watering or planting across 
multiple years and sites are the best option (Siles et al. 
2010; Menges et al. 2016). Additionally, reduced rainfall, 
increased temperatures, and changes to rainfall seasonality 
are predicted for southwest Australia, with an increase in 
climate variability and extreme events predicted globally 
under many climate change scenarios (Indian Ocean Climate 
Initiative 2012; IPCC 2022). As such, the use of irrigation is 
likely to become more important in translocation establish-
ment, especially if the volume and frequency can be resolved 
to a point where it consistently improves survival and growth 
in addition to reproduction across all species.

There was no consistent pattern to the rainfall zones of 
species that responded positively to watering or rainfall devi-
ation following planting. Species adapted to and planted in 
wetter rainfall zones did not respond to rainfall deviation 
or watering differently to species adapted to and planted in 
drier rainfall zones. There was a group of 30 species that 
had a positive survival response to rainfall deviation but a 
negative or neutral survival response to watering and another 
group of 11 species that responded negatively to rainfall 
deviation but positively to watering, with both groups con-
taining species from across the rainfall zones and across 
taxonomic groups. Local site conditions, habitat quality, and 
influence of neighbouring plants play an important role in 
plant establishment and population viability (Albrecht and 
Long 2019; Wendelberger and Maschinski 2016; Menges 
et al. 2016; Buisson et al. 2015) and more detailed studies 
at the site level may provide some insight into effects of 
these factors and their interactions. For example, inter-site 
variation in annual rainfall may have contributed to species 
tolerating a wide range in rainfall amounts for establishment. 
Indeed, rainfall reliability, rather than amounts, is suggested 
to be important for seedling establishment in jarrah forest 
within SWAFR (Standish et al. 2015). Many species may 
require average or above-average rainfall over one or more 
seasons for successful seedling establishment (Maschinski 
et al. 2004; Yates et al. 2011), and our findings suggest that 
watering is not needed to improve survival rates in the peri-
ods of above-average rainfall. Nevertheless, the long lead-in 
time to translocation planting does mean that the decision to 
irrigate, and allocation of budgets for watering is often made 
well in advance of knowledge of projected seasonal rainfall. 
Therefore, combined with the improved likelihood of repro-
duction with watering, our findings suggest this management 
action should be standard procedure, particularly given pro-
jections for a drying climate.

The value of using several measures to determine trans-
location success was highlighted by our study, as we found 
that at the broad level, across all species, there were dif-
ferent responses to the different management techniques 
or environmental conditions investigated. Survival was 
improved by fencing, the probability of reproduction was 

enhanced by watering, and survival, growth, and repro-
duction were increased by rainfall deviation. Survival is 
often the only measure of success (Godefroid et al. 2011; 
Guerrant 2012) and, if this was the case, our study would 
not have identified the value of watering in improving 
reproduction. In addition, as most of the species in our 
study were long-lived woody perennials, the long time-
frame over which monitoring occurred (in some cases up 
to 20 years) was necessary to understand some aspects of 
success such as reproduction, which took several years to 
begin for many species. However, this timeframe was still 
too short to understand other aspects such as recruitment 
of a second generation, as many of these species have epi-
sodic recruitment linked primarily to fire, which occurred 
infrequently in our translocated populations.

Long-term monitoring of translocations and analysis 
of the factors that contribute to successful establishment 
of self-sustaining populations is vital to ensure we learn 
from our efforts (Menges 2008; Albrecht and Long 2019). 
In our study, the best management strategy to maximise 
survival was to protect translocated plants from herbivory 
by fencing, which aligns with results from several studies 
in other regions (Maschinski et al. 2004; Jusaitis 2005; 
Buisson et al. 2015; Fenu et al. 2016; Albrecht and Long 
2019). Watering increased the likelihood of reproduction, 
and planting in years of above-average rainfall was ben-
eficial to survival, growth, and reproduction. Given that 
rainfall amount is difficult to predict when translocation 
planning begins, consideration should be given to select-
ing translocation sites at the wetter end of species’ climatic 
zones to improve success. As climate change models pre-
dict increased aridity and increased frequency, intensity, 
longevity and severity of drought in many areas globally 
(Cook et al. 2022; IPCC 2022), the results of this study 
could well apply across other regions with Mediterranean-
type climates and drylands where water is already a limit-
ing factor.
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