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ABSTRACT 

Context. Conservation translocations are increasingly being used in the management of rare plants, 
yet have low success in maintaining populations through recruitment. Aims. We investigated whether 
the survival of translocated plants, recruitment and, therefore, cost effectiveness, can be improved by 
selecting optimal microsites for both adults and seedlings. Methods. Caladenia colorata 
plants propagated symbiotically with Serendipita australiana (n = 735) were introduced to 
four sites where the pollinator was present and vegetation matched wild populations. Plant 
demography was monitored over 6 years. The relationship between microsite variables and 
measures of orchid survival, re-emergence, flowering and recruitment were analysed with 
generalised linear mixed-effects models. We then estimated potential improvement in emergence 
and recruitment, if microsite selection was optimised. Key results. A total of 77% of plants 
survived translocation, and populations grew by 84% through recruitment (n = 615). Survival was 
positively associated with cover of leaf litter, graminoids and cryptogams. Recruitment was 
positively correlated with soil moisture. The majority of recruitment was within 5 cm of adult 
C. colorata plants. The potential improvement by selecting favourable microsites increased adult 
survival by up to 8% and recruitment by 10–40%. Conclusions. Incorporating both the 
germination niche and adult plant niche within plant translocations more broadly could significantly 
improve long-term population persistence and the utilisation of conservation funding. 
Implications. Our results are directly applicable to 58 endangered Caladenia species in the 
subgenus Calonema, owing to their shared mycorrhizal association with S. australiana. Furthermore, 
our results are applicable to all plant translocations as understanding germination niche and 
microhabitat requirements is likely to improve success overall. 
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In total, 39% of all plant species are at risk of extinction (Nic Lughadha et al. 2020). 
Conservation translocation, sometimes known as rewilding or reintroduction, is 
increasingly being used as a key tool to aid the recovery of threatened plants (Silcock 
et al. 2019). Conservation translocation is an intensive conservation action, typically 
undertaken when a species faces substantial extinction risk (Seddon et al. 2014), or if 
the original site becomes unsuitable through habitat degradation (Maunder 1992) or  
climate change (Thomas 2011). Translocations typically involve reinforcement (bolstering 
existing populations), reintroduction (establishing new populations within a species 
current range) or assisted colonisation (outside their known range; Seddon 2010). 
Unfortunately, despite some noted success stories (Colas et al. 2008; Draper Munt et al. 
2016; Reiter et al. 2016), conservation translocations of plants are generally 
characterised by low success rates and little to no recruitment (see reviews by Godefroid 
et al. 2011 and Silcock et al. 2019). However, given the vast number of conservation 
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translocations being conducted, improved implementation 
could allow this method to play a substantial role in the 
preservation of numerous species of threatened plants. 
Clearly, conservation translocations are a well-recognised 
part of the plant conservation toolkit, the challenge that 
remains is how to implement them to maximum effect. 

Plant conservation translocations and associated habitat 
management actions require a significant time and financial 
investment (Zimmer et al. 2019). Reviews of the literature 
suggest that rather than conservation translocation being an 
inappropriate management action, translocations could be 
improved by increasing the founding population size 
(Albrecht and Maschinski 2012; Silcock et al. 2019), and by 
improving understanding of and utilising biological 
knowledge of a species to inform translocation site 
selection (Godefroid et al. 2011; Reiter et al. 2016, 2017). 
Critical for plant translocation success is understanding the 
regenerative niche of a species, which is the niche where 
the adult plant survives, disperses, and recruits, i.e. all that 
is required to produce the next generation (Grubb 1977). 
However, only a small proportion of translocations assess 
the habitat niche (or microsite; Grubb 1977) of the 
translocated propagules (i.e. the chemical and physical 
limits of the habitat, tolerated by the adults). For example, 
the review by Maschinski et al. (2012) found that only 11% 
of 200 translocations tested the microsite suitability for 
translocated individuals. Indeed, inferring the microsite 
requirements needed for recruitment on the basis of 
observations of senile, long-lived plants can be misleading 
(Rasmussen et al. 2015), often owing to threatened species 
in remnant populations not recruiting and being at their 
extinction threshold (Hanski and Ovaskainen 2002). Very 
few plant translocations have assessed the regenerative 
niche requirements at the microsite scale (for exceptions, 
see Maschinski et al. 2004; Wendelberger and Maschinski 
2016). Not considering the regenerative niche of a species 
could provide a partial explanation for the low survival 
rates and recruitment that characterise many translocations 
(Godefroid et al. 2011; Silcock et al. 2019). 

With over 28 484 species (WCSP 2021), the Orchidaceae is 
the second-largest plant family and features prominently on 
lists of threatened species in many countries (e.g. Dodson 
and Gentry 1991; Qin et al. 2017; Australian Government 
2021). Typically, orchids are reliant on one or a few species 
of pollinator to successfully achieve pollination and, 
therefore, seed set (Phillips et al. 2020). In addition, all 
orchids are reliant on mycorrhizal fungi for germination in 
the wild (Leake 1994; Rasmussen 2002; Rasmussen and 
Rasmussen 2009) and, to varying extents, as seedlings and 
adult plants (Girlanda et al. 2011; Selosse and Martos 2014; 
Gebauer et al. 2016). Consequently, for many species, 
consideration of both the pollinator and mycorrhizal fungi 
is essential when selecting translocation sites for orchids 
(Reiter et al. 2017, 2019). In orchids, the suitability of 
microsites for germination is likely to be determined by 

both the spatial distribution of the fungi, and the 
physiological requirements of both orchid and fungus. 

Studies of natural or translocated populations of orchids 
have often assessed habitat suitability at the population level 
and for suitability of adult persistence (Janes et al. 2010; 
Duncan and Moloney 2018; Janissen et al. 2021), or if 
comparing microsites, examined the persistence of flowering 
individuals (Moisan and Pellerin 2013), rather than seedlings. 
Investigation of microsites suitable for germination of 
terrestrial orchids (regenerative niche) has been undertaken 
using seed-burial trials, which is when seed is put in packets 
and buried near plants or across transects in existing 
populations (Rasmussen et al. 2015). 

Seed-burial trials may not be appropriate for threatened 
species, because seed sources may be limited, and orchid 
recruitment is sporadic and often weather dependent 
(Phillips et al. 2020). Furthermore, this method does not 
resolve if microsite conditions can support adult plants 
(Phillips et al. 2020). Similarly, changes in rainfall patterns 
between years could see orchids germinate that may not 
survive (Jersáková and Malinová 2007). In the case of many 
threatened species, sites may be degraded, within the urban 
landscape (Duncan and Moloney 2018; Janissen et al. 2021) 
and unrepresentative of the broader habitat requirements of 
the species. To optimise conservation translocation plantings 
and funding to the greatest effect, and ensure successful 
recruitment and sustainable populations, we need to know 
both the sites that are suitable for adult plants and the sites 
that are suitable for recruitment, and where these intersect. 

In Australia, the orchid flora is characterised by high 
endemism (Major 1988) and many threatened species, with 
16% of all nationally threatened plants being orchids 
(Australian Government 2021). Australian orchids have 
recently been characterised by rapid declines, making 
conservation translocation a key conservation action for many 
species (Australian Government 2021). Caladenia, with  an  
Australasian distribution (WCSP 2021), contains 382 species 
(Backhouse et al. 2019) and is the most threatened genus of 
Australian plants. Caladenia has 71 endangered taxa, of which 
58 belong to the subgenus Calonema. Our study focuses on the 
subgenus Calonema, because understanding microsite 
preference will inform the largest proportion of proposed 
conservation translocations. We used Caladenia colorata 
D.L.Jones as a model species to examine whether a better 
understanding of the regenerative niche can (1) improve 
survival and flowering of adults, (2) increase recruitment in 
translocated populations, and (3) reduce translocation cost. 

Materials and methods 

Study species 

Caladenia colorata is a terrestrial orchid that is nationally 
endangered under the Environment Protection Biodiversity 
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and Conservation Act 1999 and endemic to south-eastern 
Australia (Reiter et al. 2018). The total number of wild 
plants across Victoria and South Australia is fewer than 900 
individuals, known from 11 sites (Obst 2005), with many 
plants not having been observed for many years. Threats to 
the species include habitat destruction, controlled burns at 
inappropriate times of year, removal of roadside 
populations with machinery, grazing, and weed invasion 
(Obst 2005; Reiter et al. 2018). 

Caladenia colorata typically grows up to 30 cm in height 
when flowering, with a single hairy leaf to 10 cm and one to 
three flowers on a solitary scape per year, with flowers in 
colour from pale yellow to pink or yellow with a red lip, and 
having a subtle sweet smell (Fig. 1a). Caladenia colorata 
flowers in spring, from mid-September to October, and 
undergoes annual dormancy as an underground tuber over 
the summer and autumn months (December–April). Caladenia 
colorata occurs in sandy soils in open Eucalyptus-dominated 
woodland (Obst 2005; Reiter et al. 2018). The majority of 
Caladenia in subgenus Calonema are pollinated by thynnid 
wasps (Hymenoptera, Thynnidae; Phillips et al. 2009), with 
C. colorata being primarily pollinated by a single species of 
nectar-foraging thynnid wasp (Reiter et al. 2018). 

Caladenia and related genera are known to form 
mycorrhizal associations with members of the genus 
Serendipita (Serendipitaceae) in the order Sebacinales 
(Weiß et al. 2016; Whitehead et al. 2017). Serendipita 
forms mycorrhizal associations with orchids world-wide, 
along with liverworts, herbaceous angiosperms and other 
ectomycorrhizal plants (Weiß et al. 2016). In Caladenia 
subgenus Calonema, mycorrhizal specificity is high, with 
most orchid species using a single species of mycorrhiza 
(Reiter et al. 2020), Serendipita australiana, including 
C. colorata (Reiter et al. 2020; Oktalira et al. 2021). 

Propagation 

Sixty plants from across the remaining Victorian populations 
of C. colorata were hand-pollinated between flowers greater 
than 10 m apart. Seed was collected from pods, 4–6 weeks 

after pollination. The seed was cleaned and dried at 15% 
relative humidity for 10 days, before being stored at −20°C 
until further use. 

Mycorrhiza were isolated from the collar region of six 
orchids. Collars were collected and taken back to the 
laboratory where they were washed thoroughly to remove 
dirt. Samples were then rinsed for 15 min under running 
water in a tea strainer. Samples were sterilised using 0.05% 
NaOCl for 3 min under a laminar flow and then rinsed 
three times in sterile distilled water. Glass knives were used 
to slice open the collars and individual pelotons were 
pipetted out and serially rinsed in seven droplets of sterile 
distilled water, and plated onto fungal isolation medium 

L−1(FIM; Clements et al. 1986) containing 0.05 g 
streptomycin. Cultures were grown for 2 months, before 
being used in germination trials. The identification of the 
mycorrhizal fungi used in the germination trial as 
S. australiana was published in Reiter et al. (2020). 

Plants were grown from seed to mature flowering 
individuals by using the techniques described in Reiter et al. 
(2016). Seeds were surface-sterilised with 0.5% NaOCl (10% 
Domestos) for 3 min, drained by vacuum onto a 3-μm pore 
filter, rinsed with sterile water and plated onto sterile filter 
paper on plates of oatmeal agar (OMA; Clements and 
Ellyard 1979) with 0.1 g L−1 yeast extract, in a laminar 
flow cabinet. A 1-cm OMA agar block colonised with S. 
australiana was placed on two ends of the filter paper. 
Plates were sealed with Parafilm and incubated in the dark 
at a temperature cycle of 16°C for 8 h and 22°C for 16 h, 
for 3 months. Once protocorms germinated, they were 
transferred to growth racks, with the above temperature 
cycle and a light period of 16 h and dark period of 8 h. 
Seedlings were aseptically transferred to plastic food 
containers, containing a 3-cm layer of OMA with a 3-cm 
layer of symbiotic replating media, consisting of 2.5 g 
finely ground oats L−1, 0.1 g yeast extract L−1, 1000 mL 
vermiculite L−1 and 100 mL de-ionised water L−1 over the 
top of the agar base. Seedlings were grown for a further 8– 
12 weeks before de-flasking. Plants were de-flasked into 
Royal Botanic Gardens Victoria terrestrial orchid potting 

Fig. 1. (a) Caladenia colorata growing in nursery, (b) introduction site, (c) introduced plant with microsite grid, and (d) introduced plant 
surrounded by recruits. 
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mix (Bio Gro) in the shade house. De-flasked plants had their 
container upturned, covering the pot for 2 weeks after de-
flasking, to maintain humidity and minimise transplant 
shock. Pots were watered as required. After plants had been 
through two summer dormancies in the nursery, they were 
considered ready for translocation (Fig. 1a). 

Selection of the conservation translocation sites 

Four translocation sites were selected on the basis of the 
following requirements: the bushland containing the sites 
was greater than 100 ha, the sites had vegetation and soil 
matching the extant sites of C. colorata (Fig. 1b, including 
having sandy loam soil and the presenence of Eucalyptus 
costata subsp. murrayana), the land is permanently protected 
(covenanted private property) and the pollinator was 
confirmed to be present prior to translocation (Reiter et al. 
2016, 2018; Reiter 2021). In addition, each site was fenced 
with rabbit proof fencing, and individual plants were caged 
to prevent herbivory. The translocation sites chosen for 
C. colorata were located inside a large (>100 ha), intact, 
privately owned property under a Trust for Nature 
conservation covenant, adjacent to the Little Desert National 
Park in south-eastern Australia (Fig. 2). The closest wild 

population was 6 km away from the translocation sites 
(Fig. 2). The four translocation sites within the overall 
property were in open woodland that occurs in swales 
within the landscape and are dominated by Eucalyptus 
leucoxylon and Eucalyptus incrassata (Fig. 1b). The rainfall 
at the translocation sites is typically seasonal, with winter 
rainfall being dominant (Supplementary Fig. S1), and hot, 
dry summers (Bureau of Meteorology 2020). Within the 
study time frame, rainfall in 2015 was considered below 
average and a year of drought, whereas all other years were 
near average rainfall (Bureau of Meteorology 2020). 

Layout of the translocated populations 

One population of C. colorata was planted at each of the four 
translocation sites. Orchids were planted in three 30 × 30-m 
populations (Sites A, C and D) and one 15 × 15-m population 
(Site B). The translocation sites were separated by at least 
200 m. Orchids within an introduced population were planted 
in a grid design, where each unit within the grid was 1 m2, 
with a plant in each corner of the square and one in the 
middle. Each unit was separated from another by 4 m 
(Fig. S2). This ensured that each plant in a population had 
the microsite selected by the plot design rather than any 

Fig. 2. Location of Caladenia colorata wild sites (square) in Victoria, Australia, and the translocation sites 
(circle, A–D) in this study. 
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predefined vegetation characteristics. Plants were introduced 
in 2015, 2016, 2017 and 2018. In total, 735 plants were 
included in this study, with the following numbers planted 
each year: n = 320 (2015), n = 187 (2016), n = 177 (2017) 
and n = 51 (2018). Random plants in 2016–2018 were 
planted as doubles (two orchids approximately 5 cm apart 
from each other) and the majority of 2015 plants were 
planted as doubles (as we had assumed in 2015, there 
would be a higher mortality due to translocation stress). 
Orchids that were unable to be traced through time as 
individuals were excluded from this study. 

Orchids were planted in July, with a numbered permanent 
marker placed 10 cm to the north of each plant, to aid in re-
emergence monitoring and identification of the plants in 
subsequent years (Fig. 1c). The location of each plant was 
triangulated in the field to aid future detection. Each plant 
was caged and watered (up to the monthly average rainfall, 
only if rainfall fell below average) for the first season only, 
until plants entered their first summer dormancy in the wild. 

Microsite variable collection 

In 2018, we assessed the microsite characteristics of each of 
the 735 introduced plants and that of the recruits from the 
2015 to 2016 plantings. Six plants were excluded from the 
analysis due to incomplete emergence data (leaving a total 
of n = 729). To help estimate the cover of microsite 
variables, we used a 10 × 10-cm wire square and placed 
this around the plant, with the focal plant at the centre of 
the square (Fig. 1c). We used a 10 × 10-cm square because 
we considered that this would be appropriate to record 
microsite charactieristics at a scale relevant to orchid 
emergence and recruitment. For each square, we recorded 
percentage cover of leaf litter, bare ground, cryptogams 
(mosses, liverworts, hornworts and lichens), shrubs, and 
graminoid monocots (grasses, sedges and rushes). The 
orchid was not included in the estimation of vegetation 
cover. In each square, we measured moisture and 
temperature by using a WET-2 Sensor (Delta-T Devices Ltd) 
attached to a HH2 Moisture Meter (Delta-T Devices Ltd) 
calibrated to sandy soil (with a maximum error of 4%), by 
inserting the probe three times randomly into different 
areas within the 10 × 10-cm square. All sites were sampled 
for moisture on the same day, during the active growing time 
of C. colorata, in late winter. We used the mean of the three 
soil moisture measurements for the analysis. Because 
moisture varies throughout the year, these measurements 
serve as an indicative qualitative comparison among 
microsites. 

Monitoring of the translocated orchids 

Plants were monitored each year after planting for emergence 
(July), flowering (September–October) and seed set 
(November–December). In addition, any recruits were 

recorded (Fig. 1d). Substantial numbers (hundreds) of 
recruits were first seen in the introduced populations in 
July–September of 2018. The translocated populations were 
then surveyed by walking transects 1 m apart within and 
outside the 30 × 30-m fences, to record the number and 
location of the recruits. This resulted in 615 recruits being 
located, that were subsequently tagged, with their distance 
from the closest adult plant measured (cm). Of these 
recruits, 416 were within the 10 × 10-cm squares that had 
microsite variables recorded and, thus, were used in the 
analysis of the regenerative niche (Fig. 1d). 

Data analysis 

All analyses were conducted in R (ver. 4.0.2, R Foundation for 
Statistical Computing, Vienna, Austria, see https://cran.r-
project.org/bin/windows/base/). We used generalised 
linear mixed-effects models (GLMM) with a binomial error 
distribution, to assess the relationship among microsite 
variables (soil moisture (%), soil temperature (°C), percentage 
cover of leaf litter, bare ground, cryptogams, shrubs or 
graminoids) and measures of orchid survival (emergence 
after 1 year and after 2 or more years), and flowering 1 and 
2 years after planting. Modelling was undertaken using the 
package ‘lme4’ (ver. 1.1.28, see https://cran.r-project.org/ 
web/packages/lme4/; Bates et al. 2015). 

Predictor variables (soil moisture, soil temperature, 
percentage cover of leaf litter, bare ground, cryptogams, 
shrub or graminoid) were checked for pairwise correlations by 
using Spearman’s rank correlation coefficient. Leaf litter cover 
and bare ground were correlated (Spearman’s coefficient = 
−0.79), so we retained leaf litter cover for the models. All 
other variables were not strongly correlated (Spearman’s 
coefficient < 0.7). Multicollinearity between the predictor 
variables in the models was assessed using variance inflation 
factors (VIF) in the package ‘car’ (ver. 3.0.12, see https://CRAN. 
R-project.org/package=car; Fox and Weisberg 2019). In all  
cases, VIF was <2, indicating no issues with multicollinearity. 

Models were run separately for C. colorata planted in 2015 
and those planted in 2016–2018, because these years differed 
in the number of double plantings. In 2015, 309 of 319 plants 
were doubles, whereas there were only 69 of 410 planted as 
doubles in the following years (2016–2018). The 10 singles 
from 2015 and the 69 doubles from 2016 to 2018 were 
excluded from the analysis. Each of the double plants 
(planted within 10 cm of each other) from 2015 were 
assigned to a unique pair number. 

Models for 2015 included pair number nested within site as 
a random factor, whereas models for 2016–2018 included only 
site as a random factor. In all cases, model selection was 
conducted using backwards stepwise regression, starting 
with a model containing all the predictors and removing 
those that were not significant. Significance of predictors 
(P < 0.05) was determined by likelihood-ratio tests (X2) 
comparing a model with and without the variable of interest, 
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using ANOVA. Only significant predictors were retained for the 
final models. Model assumptions were assessed using the 
simulateResiduals function in the package ‘DHARMa’ (ver. 
0.4.1, see https://cran.r-project.org/package1/4DHARMa). 
We also tested for a possible interaction between leaf litter 
cover and mean soil moisture, for all measures of orchid 
survival, flowering and recruitment. 

We used a GLMM with a negative binomial error 
distribution to investigate the relationship between microsite 
variables and recruitment (number of seedlings). A negative 
binomial distribution was used to account for overdispersion. 
When modelling recruitment, we included only recruitment 
data from the sites that were planted in 2015 and 2016 and 
those plants that had flowered at least once during the study 
period (because these had likely set seed at least once during 
the study period, average pollination rate for C. colorata is 
50.70 ± 2.20% (s.e.) for an individual flower, with plants 
having up to four flowers, Reiter et al. 2018). Data from the 
2017 planting year was excluded from the analysis, because 
only 14 microsites had recruits, whereas 62 microsites in 
2015 and 69 microsites in 2016 plantings had recruits. Our 
analysis of recruitment also excluded all microsites that did 
not have a surviving adult plant (that had flowered and set 
seed). There were only 16 occurrences of recruitment that 
were excluded, with the other 153 excluded microsites 
having no recruitment. 

Cost analysis 

We calculated the potential improvement in survival and 
recruitment, if we were to select favourable microsites for 
translocation of plants, on the basis of the results of our 
models. Initially, we calculated the base rates (proportion) 
of emergence in the first year, after 2 or more years (for 
orchids planted in 2015 and 2016–2018), and recruitment 
(orchids planted in 2015 and 2016). Base rates were 
calculated as the proportion of orchids that emerged for 
each planting year, or the proportion of microsites with at 
least one recruit. 

We then used the models to predict the value of each of 
the significant explanatory variables where the 95% 

confidence intervals for emergence or recruitment 
exceeded the base rate. On the basis of this, we then 
selected the microsites with these values for the 
explanatory variables and calculated the probability of 
emergence, and there being at least one recruit, for these 
sites. Finally, we compared the difference between the 
emergence and recruitment rates for the ‘optimal’ sites 
and the base rates for the whole sample, to determine a 
percentage improvement, if optimal microsites were 
selected for translocations. 

The percentage improvement in survival was then 
converted into a cost saving, on the basis of published 
estimates of the costs of conservation translocations. The 
average price in Australian dollars (A$) for introduction of 
a single population was estimated by Zimmer et al. (2019) 
as A$102 941 ± $49 089 (s.e.). For a population of 
approximately 200 individuals, the cost of translocation 
would equate to approximately A$514 ± $245 (s.e.) per 
plant. However, this is likely to represent only a small 
proportion of the total cost of translocation, once 
considerations such as preliminary ecological studies on 
mycorrhiza, pollinators and genetic diversity are included. 
In addition, this is likely to underestimate cost because the 
majority of translocations that have occurred in Australia 
were fewer than 200 individuals (Silcock et al. 2019). 

Results 

Between 70 and 90% of the 735 adult C. colorata plants 
translocated between 2015 and 2018 re-emerged 12 months 
after planting, depending on the year of translocation (Table 1). 
Emergence 2 or more years post-translocation (monitoring 
2015–2020) ranged between 67 and 86% of plants (Table 1), 
depending on year of translocation. Flowering ranged from 41 
to 68% in the first year post-planting and between 34 and 59% 
2 or more years post-planting (Table 1). Emergence after 2 or 
more years did not differ between those plants planted as 
doubles (78%, 297 of 379) and those planted as singles 
(77%, 274 of 355). 

Table 1. Emergence and flowering of adult Caladenia colorata translocated between 2015 and 2018, 12 months, and 2+ years after planting (plants 
monitored 2015–2020). 

Year planted 2015 2016 2017 2018 Total 

Emerge first year 70% (226) 92% (173) 90% (161) 82% (42) 602 

Emerge 2+ years 77% (247) 86% (161) 70% (124) 67% (33) 565 

Flowered year of planting 6% (20) 60% (113) 58% (103) 39% (20) 256 

Flowered first year 43% (139) 68% (127) 41% (72) 67% (34) 372 

Flowered 2+ years 53% (169) 59% (110) 46% (82) 34% (17) 378 

Number planted 320 187 177 51 735 

Numbers of plants are given in parentheses. 
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Is emergence and flowering of translocated 
orchids affected by microsite conditions? 

For those orchids planted in 2015, emergence 1 year after 
introduction was positively related to cryptogam cover 
(P = 0.004) and negatively related to shrub cover 
(P = 0.039, Fig. 3a). For those orchids planted in 2016– 
2018, emergence was positively related to leaf litter cover 
(P = 0.012, Table 2, Fig. 3b). 

Emergence 2 or more years after planting was positively 
correlated with leaf litter cover, for all planting years 
(P < 0.001; P = 0.001, for 2015 and 2016–2018, respectively; 
Fig. 3c, f ). In addition, emergence was also positively 
correlated with cryptogam cover (P = 0.005, Fig. 3e) and 
graminoid cover (P = 0.007, Table 2, Fig. 3d), for those 
plants planted in 2015. 

For plants translocated in 2015, flowering in the second 
year after planting (i.e. 16 months post-planting) and 2 or 
more years after planting (28, 40 months plus after 
planting) was positively associated with leaf litter cover 
(P = 0.049 and P < 0.001 respectively, Table 3) and graminoid 
cover (P = 0.033 and P = 0.016 respectively, Table 3). 
Furthermore, for the 2015 planting year, flowering 2 or 
more years after planting was positively associated with 
cryptogam cover (P = 0.030, Table 3). For the 2016 
planting year, flowering 2 or more years post planting was 
positively associated with soil moisture (P = 0.004, Tables 
3, S1). No other microsite variables had significant 
associations with flowering (Tables 3, S1) 

What affects the germination niche of 
translocated orchids? 

Of the 615 recruits, 73.8% (n = 454) were within 5 cm of an 
adult plant and 4% (n = 24) were within 5–10 cm from an 
adult plant, with recruitment sharply decreasing the longer 
the distance from an adult plant, to a maximum distance of 
440 cm from any adult (Fig. 4). Recruitment occurred 
patchily across the four introduction sites. 

Number of recruits was positively correlated with soil 
moisture in both the 2015 and 2016 planting years (P = 0.031 
and P = 0.008 respectively, Table 4, Fig. 5a, b). Number of 
recruits was also negatively correlated with shrub cover for 
the 2016 planting year (P = 0.012, Table 4, Fig. 5c). 

Cost analysis 

Emergence in the first year for orchids planted in 2015 was 
72.2% (n = 223 of 309), whereas emergence of plants at 
sites with low shrub cover (0% cover) was 73.6% (n = 198 
of 269), resulting in a change of 1.4%. Emergence of 
orchids planted in 2016–2018 was 85.0% (n = 290 of 341), 
with a 5.2% improvement to 90.2% if only sites with 100% 
litter cover were selected (n = 175 of 194). 

To maintain consistency and keep results comparable 
among years, we used leaf litter cover to calculate the 
improvement in emergence after more than 2 years, only 
for those orchids planted in 2015. Emergence after 2 years 
was 77.4% (n = 247 of 319) and increased to 85.4% when 
only microsites with greater than 90% leaf litter cover were 
selected (n = 135 of 158), an increase of 8%. For those 
orchids planted in 2016–2018, emergence after 2 years was 
76.3% (n = 258 of 338), and increased to 83.0%, an 
improvement of 6.7%, for microsites with 100% leaf litter 
cover (n = 195 of 235). 

For those orchids planted in 2015, the base level of 
recruitment (at least one recruit) was 30.3% (n = 61 of 201 
microsites). For microsites that had 4% soil moisture or 
greater, the percentage of sites with recruits only 
marginally increased to 32.1% (n = 53 of 165). 
Recruitment rate was higher for those orchids planted in 
2016, with at least one recruit at 46.8% (n = 66 of 141) of 
microsites. When considering microsites with less than 5% 
shrub cover and greater than or equal to 4% moisture, the 
percentage of microsites with at least one recruit increased 
by 10.9%, to 57.7% (n = 30 of 52). 

In this study, which included 735 translocated plants, an 
increased survival of 8% of adult plants would equate to an 
equivalent cost saving of A$30 223 ± $14 406 (s.e.), on the 
basis of cost estimates in Zimmer et al. (2019). In addition, 
an improved recruitment rate of 10% in our study (based 
on 615 recruits; at least one recruit per microsite) would 
translate to a cost saving of A$31 611 ± 15 067 (s.e.) to 
$179 900 ± $85 750 (s.e.) in an increased number of plants 
that would not otherwise need to be introduced into the 
population. 

Discussion 

Using Caladenia colorata as our model species, we were 
able to show that through a better understanding of the 
regenerative niche, microsites for translocation could be 
tailored to improve both survival of adult plants and 
recruitment. By choosing sites with high leaf litter cover 
and soil moisture, and low shrub cover, on the basis of our 
modelled data, we could achieve an 8% increase in adult 
survival and a 10.9% increase in recruitment, in translocated 
populations. The improvement in survival of adults and 
increased recruitment through selecting favourable 
microsites will lead to reduced translocation costs, by 
reducing the number of individuals needed to establish a 
viable population and a reduction in death of translocated 
plants. Furthermore, this is the first study to examine the 
distribution of recruits from adult plants in an introduced 
orchid population, showing that most recruits are within 
5 cm of adult plants, with limited and sporadic recruitment 
up to 4 m. 
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Fig. 3. Probability of emergence of translocated Caladenia colorata 12 months after translocation (a) with 
percentage shrub cover (2015 translocated plants) and (b) with percentage leaf litter cover (2016–2018 
translocated plants). Probability of emergence of C. colorata 2 or more years after translocation (c) with 
percentage leaf litter cover (2015 translocated plants), (d) with percentage graminoid cover, (e) with 
percentage cryptogam cover and (f ) with percentage leaf litter cover (2016–2018 translocated plants). 
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Table 2. Results of binomial generalised linear mixed-effects models investigating the influence of microhabitat characteristics on the emergence 
of Caladenia colorata, after 1 year and more than 2 years. 

Response variable Explanatory variable Planting year Est. s.e. d.f. X2 P 

Emerge first year 2015 

Intercept 2.124 0.556 

Soil temperature 1 0.048 0.826 

Mean moisture 1 0.138 0.710 

Leaf litter 1 0.199 0.654 

Cryptogam 1 0.004 0.948 

Graminoid 1 0.412 0.521 

Shrub −0.043 0.022 1 4.271 0.039 

Leaf litter × Mean moistureA 1 6.779 0.009 

Emerge first year 2016–2018 

Intercept 0.413 0.550 

Soil temperature 1 3.455 0.063 

Mean moisture 1 0.066 0.798 

Leaf litter 0.016 0.007 1 6.263 0.012 

Cryptogam 1 0.059 0.808 

Graminoid 1 2.190 0.139 

Shrub 1 0.010 0.921 

Leaf litter × Mean moistureA 1 0.162 0.688 

Emerge 2+ years 2015 

Intercept −1.409 0.801 

Soil temperature 1 1.830 0.176 

Mean moisture 1 1.395 0.238 

Leaf litter 0.039 0.011 1 19.984 <0.001 

Cryptogam 0.041 0.016 1 8.012 0.005 

Graminoid 0.110 0.047 1 7.210 0.007 

Shrub 1 0.000 1.000 

Leaf litter × Mean moistureA 1 0.892 0.345 

Emerge 2+ years 2016–2018 

Intercept −0.380 0.484 

Soil temperature 1 1.232 0.267 

Mean moisture 1 0.250 0.617 

Leaf litter 0.018 0.006 1 10.578 0.001 

Cryptogam 1 0.975 0.324 

Graminoid 1 3.729 0.053 

Shrub 1 1.519 0.218 

Leaf litter × Mean moistureA 1 0.170 0.681 

Emergence was modelled separately for orchids planted in 2015 and 2016–2018. Significance of the explanatory variables is based on likelihood-ratio tests (X2) 
comparing models with and without the variable of interest. Significant variables (P < 0.05) are in bold. Estimates (Est.) and standard errors (s.e.) are presented 
for variables included in the final model. 
ADenotes an interaction between two variables. 

Our conservation translocations of Caladenia colorata, 
which had plants propagated with their mycorrhiza and that 
had the pollinator present at the translocation site and 
suitable vegetation, had an average survival across the four 

sites of 77%, for plants 2 or more years after planting, and a 
growth in the populations of 84% through recruitment. When 
compared with the majority of plant translocations, which 
have typically had limited success (a global average of 
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Table 3. Results of binomial generalised linear and mixed-effects models investigating the influence of microhabitat characteristics on the 
probability of flowering of Caladenia colorata in the second year (16 months post-planting) and after 2 or more years (28 months, 40 months 
after planting). 

Response variable Explanatory variable Planting year Est. s.e. d.f. X2 P 

Flowering second year 2015 

Intercept −1.117 0.394 

Soil temperature 1 0.069 0.793 

Mean moisture 1 0.008 0.928 

Leaf litter 0.009 0.005 1 3.868 0.049 

Cryptogam 1 0.177 0.674 

Graminoid 0.063 0.024 1 4.571 0.033 

Shrub 1 0.134 0.714 

Leaf litter × Mean moistureA 1 0.377 0.539 

Flowering after more than 2 years 2015 

Intercept −2.084 0.694 

Soil temperature 1 0.809 0.368 

Mean moisture 1 0.000 1.000 

Leaf litter 0.025 0.008 1 13.717 <0.001 

Cryptogam 0.024 0.011 1 4.703 0.030 

Graminoid 0.068 0.030 1 5.814 0.016 

Shrub 1 0.427 0.514 

Leaf litter × Mean moistureA 1 0.099 0.754 

Flowering after more than 2 years 2016 

Intercept −1.314 0.678 

Soil temperature 1 1.867 0.172 

Mean moisture 0.367 0.136 1 8.175 0.004 

Leaf litter 1 0.167 0.683 

Cryptogam 1 0.822 0.365 

Graminoid 1 2.901 0.089 

Shrub 1 0.149 0.700 

Leaf litter × Mean moistureA 1 3.892 0.049 

Flowering was modelled separately for orchids planted in 2015, 2016, 2017 and 2018. Significance of the explanatory variables is based on likelihood-ratio tests (X2) 
comparing models with and without the variable of interest. Significant variables (P < 0.05) are in bold. Estimates (Est.) and standard errors (s.e.) are presented for 
variables included in the final model. Results from the models for Flowering second year (planting years 2016, 2017, 2018) and Flowering after more than 2 years 
(planting years 2017, 2018) are presented in the supplementary material (Table S1). 
ADenotes an interaction between two variables. 

survival in translocations using mature plants of 30.6 ± 5.8% 
(s.e.), and recruitment or seed set 16.6 ± 2.3% (s.e.), 
Godefroid et al. 2011; Dalrymple et al. 2012; Reiter et al. 
2016; Silcock et al. 2019), our approach that maximises the 
survival of the founder population and recruitment of the 
next generation, will provide significant financial savings and 
conservation outcomes for threatened plants. 

Is survival of translocated orchids affected by 
microsite conditions? 

The positive relationship between emergence and leaf litter 
cover strengthened when orchids had been planted for 2 or 

more years, regardless of year of planting or whether 
orchids had been planted in doubles. The link with leaf 
litter may be due to the relationship between C. colorata 
and its mycorrhizal partner, S. australiana. Sites in our 
study with higher litter may be acting as a carbon 
source for S. australiana, thus benefitting C. colorata. In  
laboratory trials, Mehra et al. (2017) demonstrated that 
orchid mycorrhizal fungi (OMF) of Caladenia, including 
S. australiana, grew well on litter, the complex carbon 
sources in litter and their metabolites, and hypothesised 
that litter in the wild may support the growth of orchids. 

Orchid mycorrhizal fungi can be highly patchy within 
orchid populations (Waud et al. 2016; Rock-Blake et al. 
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Fig. 4. Density of seedling recruits of Caladenia colorata from the 
distance to nearest adult plants (cm). 

2017; Voyron et al. 2017). Furthermore, the presence of OMF 
can be correlated with the presence of orchids and microsite 
conditions (McCormick et al. 2009; Waud et al. 2016; Rock-
Blake et al. 2017). The extent to which OMF supports 
mature photosynthetic orchids is an area of active research 
and varies between species and habitats (McCormick et al. 
2018). However, green orchids can be highly dependent on 
their OMF for a source of carbon and nitrogen (Hynson 
et al. 2013). Caladenia do not have true roots, and are 

partly dependent on OMF for nutrition (Smith 1966; Harley 
and Smith 1983). Achlorophyllous mutants are regularly 
seen in symbiotic laboratory cultivation (N. Reiter, pers. 
obs), showing that as seedlings they can be completely 
reliant on their symbiotic fungi for nutrition. 

Like many Australian terrestrial orchids, C. colorata is 
annually summer dormant, and is capable of prolonged 
dormancy of 1–3 years (Tremblay et al. 2009). Increased 
mycorrhizal density in and surrounding adults in the 
temperate North American orchid Isotria medeoloides is 
correlated with re-emergence of adult orchids from 
dormancy (Rock-Blake et al. 2017). Introduction sites with 
higher litter cover at the microsite scale thus could increase 
the density of mycorrhiza and therefore aid emergence 
post-dormancy, as was seen in our study. We found no 
consistent association with microsite characters and 
flowering, among years or sites (Table 3). A longer 
monitoring period may be required to see the effects of 
microsite on flowering, as only the oldest introductions 
(2015) had any significant correlation with microsites, with 
significant positive effects of leaf litter on flowering 2 or 
more years post-planting. 

Survival of adult plants 2 years or more after introduction 
was positively associated with the presence of cryptogams 
(mosses, liverworts, hornworts and lichens) and graminoids 

Table 4. Results of negative binomial generalised linear and mixed-effects models investigating the influence of microhabitat characteristics on the 
number of recruits of Caladenia colorata. 

Response variable Explanatory variable Planting year Est. s.e. d.f. X2 P 

Number of recruits 2015 

Intercept −3.485 0.990 

Soil temperature 1 0.484 0.484 

Mean moisture 0.381 0.180 1 4.665 0.031 

Leaf litter 1 0.000 1.000 

Cryptogam 1 0.120 0.729 

Graminoid 1 0.000 1.000 

Shrub 1 0.081 0.777 

Leaf litter × Mean moistureA 1 0.313 0.576 

Number of recruits 2016 

Intercept −0.640 0.585 

Soil temperature 1 2.482 0.115 

Mean moisture 0.231 0.111 1 7.110 0.008 

Leaf litter 1 0.602 0.438 

Cryptogam 1 0.307 0.580 

Graminoid 1 1.422 0.233 

Shrub −0.032 0.013 1 6.373 0.012 

Leaf litter × Mean moistureA 1 8.451 0.004 

Modelling was conducted separately for orchids planted in 2015 and 2016. Significance of the explanatory variables is based on likelihood-ratio tests (X2) comparing 
models with and without the variable of interest. Significant variables (P < 0.05) are in bold. Estimates (Est.) and standard errors (s.e.) are presented for variables included 
in the final model. The model for 2016 was fitted using a GLM. 
ADenotes an interaction between two variables. 
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Fig. 5. Number of recruits of Caladenia colorata in relation to (a) soil moisture (%) for sites planted in 2015 and (b) soil moisture (%) 
and (c) shrub cover (%) for sites planted in 2016. 

(grasses and sedges), for C. colorata planted in a drought year 
(2015). Furthermore, flowering in the oldest introductions 
(2015) was positively associated with graminoids and 
cryptogams (Table 2). The association of C. colorata with the 
presence of graminoids and cryptogams may be due to these 
plants forming an endophytic or mycorrhizal relationship 
with Serendipita (which Caladenia are mycorrhizal with). 
There are no examples that we are aware of where 
Australian orchid mycorrhizal Serendipita has been found 
associating with Australian native graminoids. However, 
Riess et al. (2014)  found that Sebacinales, including 13 
operational taxonomic units of Serendipita, occurred  across  
agricultural and native grasslands. Serendipita have also 
been flagged as playing a potential role in facilitating 

decomposition of organic matter to crop species (Craven and 
Ray 2019). In addition, members of the Serendipitaceae 
have been found to be the main symbiont of leafy liverworts 
(Bidartondo and Duckett 2010; Newsham and Bridge 2010) 
and thalloid liverworts (Kottke et al. 2003). The positive 
association of emergence with graminoids and cryptogams, 
along with the wide distribution of Serendipita australiana, 
suggests that further research is warranted into the mycorrhizal 
and endophytic association of Serendipita in Australia, and 
whether Australian native grasses or cryptogams form 
symbioses with Serendipita. 

For orchids planted in 2015, survival of adult plants in the 
year after planting was negatively correlated with shrub 
cover. The negative association with shrub cover may be 
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due to restrictions in light, water and general competition 
with these species (Wilson 1988; Casper and Jackson 1997) 
that had been exacerbated due to the drought in 2015, with 
less than 127 mL of rain during the non-dormant period of 
C. colorata (May–October), compared with a long-term 
average of 252 mL (Bureau of Meteorology 2020, Fig. S1). 
To our knowledge, there are few studies that assess survival 
of orchids with their co-occurring plant species. However, 
Reiter et al. (2018) found no benefit of 10 commonly co-
occurring plants on the growth of the Australian terrestrial 
orchid, Thelymitra epipactoides (Orchidaceae), and a 
negative effect of five co-occurring plant species, suggesting 
that competition is occurring either between the plants or 
their mycobionts. 

What affects the germination niche of 
translocated orchids? 

Recruitment is key to ensuring self-sustaining populations 
following the implementation of conservation translocations. 
However, a review of orchid translocations globally found 
that only 2% (n = 74) had any level of recruitment (Reiter 
et al. 2016). The majority of all recruits in this study were 
within 5 cm of a translocated adult plant, with sporadic 
recruitment found to a distance of 4 m from adult plants. 
This suggests that the area within close proximity to the 
adults and the selection of favourable microsites for the 
adults is crucial for subsequent population growth. 

Given the proximity of recruits to introduced adult plants, 
site management of threatened Caladenia introductions will 
benefit from protection of adult plants from weeds and 
herbivory in the immediate vicinity of the introduced 
individuals (and thus potential recruits). This is the first 
study to examine recruitment location relative to adult 
plants and the microhabitat of recruits at a novel 
translocation site. In studies of orchids at wild sites, it is 
often difficult to distinguish parent plants from offspring 
without genetic studies. For example, in Jacquemyn et al. 
(2007), recruits of  Orchis purpurea were found to cluster 
within 4–5 m from adult plants. Our study of natural 
recruitment in an introduced population concurs with seed 
packet studies (i.e. Goodyera pubescens, Diez 2007; Caladenia 
arenicola, Batty et al. 2001; Monotropa hypopitys, Leake et al. 
2004) that have generally found decreasing seed germination 
the further the packets were placed from adult plants (for 
exceptions, see Spiranthes sinensis, Masuhara and Katsuya 
1994; Corallorhiza trifida, McKendrick et al. 2000). 

Germination and subsequent growth of seedlings are 
influenced profoundly by microsite (Grubb 1977; Veblen 
1992; Wendelberger and Maschinski 2009). For example, 
seedling survival has been shown to correlate with litter and 
soil moisture at scales of less than 1 m2 (in rainforest trees, 
Molofsky and Augspurger 1992; Fabaceae,  Wendelberger 
and Maschinski 2009). We found recruitment of C. colorata 
seedlings to be positively correlated with soil moisture. In 

vesicular arbuscular mycorrhiza, distribution and abundance 
of the fungus was affected by soil moisture (Jacobson 1997). 
There are few studies on the abiotic factors affecting the 
distribution of orchid mycorrhiza; however, in seed packet 
trials of Goodyera pubescences and two common American 
orchid species that form mycorrhizal associations with 
Tulasnella (Tullasnellaceae), protocorm germination increased 
with higher soil moisture and organic content (Scott and Carey 
2002; Diez 2007). Furthermore, in a recent study of the 
distribution of Ceratobasidium associated with orchids across 
the Australian continent, MaxEnt modelling found that 
orchid-associating Ceratobasidium taxa were correlated with 
both temperature and moisture (Freestone et al. 2021). 
Microsite conditions that support germination may differ 
from those conditions that support adult plants and are often 
influenced by the existing plants in the microsite (Tilman 
2004). However, although we found no correlation with 
recruitment and leaf litter in this study (although increased 
leaf litter was associated with survival of adult plants), 
recruits were generally found at sites that were also favourable 
to adult plants. 

Orchids require mycorrhizal fungi for germination and 
establishment, and therefore recruitment is highly dependent 
on the density (McCormick et al. 2012) and distribution of their 
mycorrhizal fungi (Rasmussen 1995). Some adult orchids can 
remain heavily colonised by their mycorrhizal fungi (Selosse 
et al. 2002; Gebauer and Meyer 2003; Bidartondo et al. 2004), 
receiving nutrition to some extent from the mycorrhizal fungi. 
All Caladenia species in subgenus Calonema examined are 
heavily colonised by Serendipita, which both germinates 
seedlings and maintains symbiosis with the adult plant 
(Reiter et al. 2020). The subsequent cluster of seedlings in 
the nearby vicinity of adult plants as seen with the majority 
of recruitment in this study may be due to a commensal 
relationship of the seedlings with the mycorrhizal fungi of 
the adult plants. Common mycorrhizal networks in other 
plants can transport minerals (Finlay and Read 1986) and  
carbon (Simard et al. 1997) between co-occurring plants. Our 
study suggests that initiation of translocation sites with adult 
plants to facilitate subsequent seedlings (either recruited or 
translocated), may be beneficial. 

Financial implications 

With limited financial resources currently available globally 
for conservation and translocation of threatened plants 
(Dalrymple et al. 2021) and increased pressure to prioritise 
species for conservation (see papers reviewed in Cullen 
2012), maximising what limited resources are currently 
available for plant conservation is critical. Given that 
anthropogenic climate change (Ciavarella et al. 2020) will 
result in assisted migration being the only option for 
translocation of many species (Dalrymple et al. 2021), 
understanding the niche that will sustain both adults and 
seedlings becomes increasingly important when choosing 
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sites outside of their known habitat (Bellis et al. 2020). Given 
that 70% of translocations are unsuccessful (average of results 
provided in reviews by Godefroid et al. 2011, Dalrymple et al. 
2021, Reiter et al. 2016 and Silcock et al. 2019), large 
financial savings could be made by modest improvements. 
On the basis of the assumptions of costs of translocating a 
population in Zimmer et al. (2019), broken down into a 
cost per propagule, we showed that combining the optimal 
microsite niche for both adult survival and recruitment can 
lead to a cost saving of A$31 611 ± $15 067 to $179 900 ± 
$85 750 for a single threatened species. If these microsite 
considerations were applied globally, financial savings 
could be large. 

Conservation implications 

Conservation translocations are on the rise (Silcock et al. 
2019). We demonstrated that by considering habitat 
matching, along with obligate symbiotic relationships with 
pollinators and mycorrhizal fungi, plant translocations can 
be successful. Orchids with Serendipita australiana OMF are 
continentally widespread in Australia (Reiter et al. 2020) 
and orchids that associate with other Serendipita are globally 
widespread, with many species such as Caladenia subgenus 
Calonema being a high priority for large-scale conservation 
translocation programs (Reiter et al. 2017, 2019; Reiter and 
Thomson 2018; Waudby et al. 2018). We showed that not 
only can orchids be introduced successfully at novel sites, 
but that their survival and recruitment can be enhanced 
by selecting the microsite habitat for both the adult plant 
and seedling recruitment. There are four key conservation 
implications arising from this research: (1) plant 
conservation translocations can be highly successful when 
symbiotic interactions and habitat are considered, (2) re-
emergence of adult plants and recruitment around adult 
plants are associated with different microsite factors, (3) 
selecting microsites that are beneficial for both adult 
survival and seedling recruitment is possible within the 
same microsite and would further improve translocation 
outcomes, and (4) seedling recruitment in Caladenia 
introductions is typically close to adult plants, the majority 
within 5 cm, thus protection from threats in the immediate 
vicinity of introduced plants is likely to be beneficial for 
population growth. 

Supplementary material 

Supplementary material is available online. 
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