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Abstract

Translocation of threatened plants is increasingly being used as a conservation or mitigation action. The
success of this practice is mixed and methods to increase likelihood of success are commonly investigated.
Using a long-lived perennial shrub endemic to the Sydney Basin, Australia, as a case study, we examined the
role of pre-planting nutrient loading (High, Low) and addition of Provenance (home soil) on growth and
flowering, where Provenance soils had on average 50% lower nutrients than the Low treatment. We found
that Provenance and Low treated plants grew better under propagation compared to High treatments, but
these differences did not persist. At 11 months post planting, Provenance treated plants had growth rates no
different from any other treatments and that plants under both High and Provenance soil treatments had
higher peak flowering events, indicating that Provenance treated soils could confer a flowering advantage akin
to fertilisation. This study demonstrates that there were no negative effects of growing plants using home soil,

despite a lower nutrient status than standard propagation medium. Translocations, particularly reintroduction
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or augmentation, should consider home soil treatment within pilot studies as a simple and cost-effective

method of potentially reducing transplant shock, providing ethical and phytosanitary measures are addressed.
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Introduction

Global pressures from urbanisation and a changing climate are increasing the need for a suite of in
situ and ex situ conservation tools to protect biodiversity. Translocation of threatened plants is one
such tool and is defined as the movement or direct transport of plants or plant material from one
area to another for conservation or mitigation purposes, in order to benefit a species or ecosystem
(IUCN 2013). Despite its increasing popularity (Silcock et al. 2019), this process is resource
demanding and the success rates uncertain (Godefroid et al. 2011; Dalrymple et al. 2012; Guerrant Jr
2013). Translocation guidelines have therefore been developed to introduce practices that improve
establishment success rate, and generally converge on several key factors including understanding of
species ecology and biology, propagation, planting and long term maintenance and monitoring (Falk

et al. 1996; Maschinski & Albrecht 2017; Commander 2018).

Pre-planting actions used to facilitate translocation successes are numerous and can include
confirmation of best propagule type (Guerrant Jr & Kaye 2007), identification of planting sites with
critical pollinators (Reiter et al. 2017) and host plants (Lawrence & Kaye 2008), site preparation
(Godefroid et al. 2011), inoculation with generic laboratory culture and species symbiotic mycorrhiza
(Zubek et al. 2009; Reiter et al. 2018), germination optimisation (Cochrane et al. 2002), selective
propagation (Godefroid et al. 2016) and population mixing based on optimum population genetics
(Shapcott et al. 2009; Cuneo et al. 2018; Van Rossum & Raspé 2018) or genetic home site advantage
(Montalvo & Ellstrand 2000). However nursery propagation treatments, such as the application of
fertiliser (nutrient loading), or the addition of small amounts of ‘home soil’ (whole soil) as an
inoculation medium, have only been investigated in a handful of translocation studies (Fisher &
Jayachandran 2002; Zimmer 2016; Brancaleoni et al. 2018; Michaelis & Diekmann 2018; Ruisi-
Besares 2019). This is despite the fact that the effects of growing media are commonly investigated
in commercial silviculture, horticulture and forest restoration studies (Salifu & Jacobs 2006; Salifu et

al. 2009; Jacobs et al. 2015).
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Nursery based nutrient loading has been shown to facilitate growth and nutrient storage in woody
perennial seedlings (mostly silviculture and forest restoration studies of northern hemisphere
Populus, Quercus and Pinus species), subsequently improving transplant competitive ability and
stress resistance with the consequence of reduced post-planting care requirements (Timmer 1997;
Casselman et al. 2006; Schott et al. 2016). Nitrogen concentration, particularly, has been linked with
higher drought resistance and frost tolerance due to a suite of changes in functional attributes
including higher root and shoot growth, greater stem diameter and greater above and below ground
biomass (Fernandez et al. 2007; Oliet et al. 2009; Oliet et al. 2013; Schott et al. 2016). These effects
appear to be strongest when loading occurs pre-planting (usually in autumn) (Oliet, Puértolas et al.
2013, Schott, Snively et al. 2016), however results are heavily influenced by species, region and
climate, particularly in xeric environments. Several studies have demonstrated inconsistent impacts
of fertilization on growth and survival (Cuesta et al. 2010; Trubat et al. 2010), or results in which
nutrient deprivation (nutrient hardening) in the late stages of growth favours survival, because of
reduced above ground biomass, reduced leaf size, and higher water use efficiency (Trubat et al.
2011). Inconsistencies in post-planting response to nutrient loading have been mirrored in

horticultural plants, particularly where transplanted to semi-arid environments (Franco et al. 2006).

In naturally nutrient-poor regions, such as many parts of Australia, nursery based nutrient loading
research for restoration and plant transplant benefit is uncommon. Field application of fertiliser for
restoration and silvicultural purposes does occur, often resulting in varied responses driven by
environmental conditions (Stoneman et al. 1995; Rokich & Dixon 2007), but clear guidelines for, or
an understanding of the positive or negative impacts of nutrient application pre-planting are limited.
Many Australian plant species are known to be negatively impacted by artificially increased nutrient
levels in situ, most often from residual fertiliser and run-off (Thomson & Leishman 2004 and the
references therein), with some particularly P sensitive species suffering reduced biomass

accumulation as a result (Standish et al. 2007).
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Promoting mutualistic relationships with soil microbiota, such as mycorrhiza and rhizobacteria, at
the pre-planting stage has been found to increase establishment success and reduce transplant
shock in threatened plant translocation (Haskins & Pence 2012). Mutualistic relationships afford
plants access to limited nutrients, particularly phosphorous and nitrogen, and micro nutrients such
as zinc and copper (Barea & Jeffries 1995), but also confer greater absorption of water to afford
drought and pathogen resistance (Haskins & Pence 2012 and the references therein). Within low
phosphorous systems, such as Australia, these relationships are critical for increasing root area and
ability for P uptake (Handreck 1997) and have increasingly been used within commercial horticulture
to increase plant establishment and flowering post planting (Baum et al. 2015). The soil biota is also
influential in determining plant community structure and assemblage (Wardle et al. 2004). For
management of threatened flora, inoculation is sometimes critical for propagation of species with
symbiotic associations such as orchids (Batty et al. 2001; Reiter et al. 2018), and many other species
have mycorrhiza specific relationships based on geographic, climatic and edaphic constraints

(Gemma et al. 2002; Bothe et al. 2010; Reiter et al. 2013).

Home soil inoculation is one method of introducing species or location specific microbiota and
recent studies have shown that it can provide similar results to the application of generic
rhizobacterium cultures for some species (Michaelis & Diekmann 2018). Home soil may contribute
potentially unidentified co-associations, such as helper bacteria like Pseudomonas (Duponnois &
Plenchette 2003), increase plant tolerance to biotic stress and immune response to pathogens
(Chialva et al. 2018), expedite acclimatisation to the home environment before planting, and can
reduce the risk of microbial competition post-planting as may occur with commercial plant growth
promoters (Haskins & Pence 2012). Conversely, home soil inoculation can also potentially introduce
soil borne pathogens (Mendes et al. 2013 and the references therein). The use of home soil

inoculation as part of pre-planting translocation planning is uncommon.
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Because of the resource demands and the need to secure adequate funds for implementing
translocation of threatened species (ACT 2017; Commander 2018), methods to increase the
likelihood of translocated plant survival and reproduction, including production and planting, must
be tested. Using the Critically Endangered species Hibbertia spanantha as a case study, a long-lived
perennial subshrub endemic to the Sydney Basin Bioregion in temperate Australia, we sought to
examine the impact of pre-planting nutrient loading and home soil application on plant growth and
flowering (as an early indicator of reproduction) post-translocation. Use of fertilisation for
propagation of threatened plants has generally focused on growth response under provision of
traditionally limiting nutrients, often phosphorus (Fisher & Jayachandran 2002; Gemma et al. 2002),
but these impacts are rarely examined under translocation scenarios. Specifically, we asked:

(i) How does increased nutrient loading, compared to home soil addition, affect seedling growth
under nursery conditions?

(ii) Does pre-planting treatment affect growth and flowering of individuals post-planting?

Methods

Study region and species

Hibbertia spanantha Toelken & A.F. Robinson is a decumbent to sprawling subshrub to
approximately 30 cm high (Supplementary material 1). It is a member of the Dilleniaceae, a family of
mainly shrubs, with 11 genera, of which the genus Hibbertia is known to have vascular-arbuscular
mycorrhizal associations (VAM) associations (Brundrett & Abbott 1991). Described as growing in dry
open forests, H. spanantha is generally associated with shale sandstone transition soils (DPIE 2020)
within the Sydney Basin Bioregion. The species was originally known from only two populations in
2013 when cuttings were first collected for propagation, expanding to a total of four populations by
2019. The largest population contains 89 stems, some of which are suspected ramets. The smallest
population is restricted to one plant. Anecdotal evidence suggests that H. spanantha is clonal, and

the small populations may also consist of ramets. Each population is highly fragmented, with an area



151  of occupancy (AOO) no greater than 100m?2. Its restricted range, small population size, low area of
152 occupancy and the low observed recruitment of most populations, compounded by threats from
153 urbanisation in the Sydney Basin, have resulted in a listing of Critically Endangered (Commonwealth
154  EPBC Act 1999 and NSW BC Act 2016) and within the 100 Australian species at most risk from

155  extinction (Silcock 2018). Due to this status, H. spanantha is the subject of a translocation project

156  with an aim to augment the current distribution.

157  The study site for planting individuals was a small urban reserve fragment in the northern suburbs of
158 Sydney, New South Wales, Australia, with translocation sites located no greater than 20m from the
159  known wild population, comprising eight extant plants. Vegetation is described as Sydney Coastal
160 Dry Sclerophyll Forest (Keith 2006) and the site receives an average annual rainfall of 1079mm (BOM
161 2019), distributed relatively evenly across the year, with higher falls in summer and autumn.

162 Potential planting locations were chosen based on proximity to wild plants and perceived similar

163 microclimate; the parent plants being observed to persist in canopy gaps.

164  Propagation and nutrient application

165  The production of seeds in H. spanantha is sporadic and, within some populations, viability is

166  thought to be low based on preliminary testing by the Australian PlantBank. In 2013 the Australian
167 Botanic Garden Mt Annan established an ex situ collection of H. spanantha based on cuttings of
168  three plants from the study population, which at that time was believed to contain only five plants.
169  The total population was revised to eight by 2016, following additional searches. Propagation

170 material for our experiment was sourced from this ex situ collection and, like the extant wild

171 population, is likely to be from a single genetic lineage. Propagation occurred in a local NIASA

172 (Nursery Industry Accreditation Scheme Australia) and EcoHort certified nursery (Australian

173 Environmental Management certification). Cuttings of 100mm length were taken on 7 June 2017
174  from semi-hard wood material with 50% of the leaf material removed from the base of individual

175 cuttings and struck using a two-stage hormone treatment (Esi-root [Esiroot, Chatswood, NSW
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Australia] 20 minute immersion soak and Clonex Purple [Yates, Clayton, VIC Australia ]) applied to
the base 15mm. Cuttings were struck in a vermiculite/perlite propagation mix in punnets and were
stored in greenhouses with controlled base heat applied at 22°C and regular misting periods during
daylight hours. Striking was first observed on 16 August 2017 and plants were transferred to potting

medium on the 31 August 2017.

A customised potting medium of organic (composted pine bark and coir peat) and inorganic matter
(fine sand) was prepared, identified by the nursery to maximise growth in Australian native species
and based on ratios outlined in Handreck et al. (2002). This growth medium conforms with
Australian Standards (AS 3743, 2007) of physical structure to balance porosity and drainage, water
holding capacity and promote root growth. Into 160L of standard growth medium, 384g of the
commonly used control release fertilizer (Green Jacket No.5 [Australian Growing Solutions, Tyabb,
VIC Australia]) was added, which contains low P suitable for Australian native species. Ratios of
nutrients within Green Jacket are described as NPKS 20:1.5:9:1.5. An additional 30g of Yate
FlowTrace (Yates, Clayton, VIC Australia) was combined with the 160L of potting media to provide

trace elements, particularly Fe.

Our experimental design involved growing plants in three types of media; a high nutrient mix (High),

a low nutrient mix (Low) and a treatment that included addition of Provenance (home) soil mix.

To prepare different levels of nutrient loading (High and Low), additional control release fertilizer
(Green Jacket) was added to the standard potting medium (approx. 7.5¢g for High and 3.5 g for Low).
For the Provenance soil treatment mix, soil was collected from the O and A horizon (top 15 cm)
within the root zone of the wild plants, one week prior to potting. Soil was sieved to 5mm, to
remove large roots and leaf litter. Home soil was then mixed at 50:50 ratio with standard potting
medium. Mean nutrient levels of High, Low and Provenance soil treatments used for the

experiments are shown in Table 1.
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A total of 25 plants were available for the experiment and were transferred as struck cuttings
directly into pre-mixed potting medium. We acknowledge that threatened species research is often
hampered by smaller sample sizes and that results therefore need to be interpreted with this in
mind. Ten plants were potted in 125ml forestry tubes filled with the High nutrient level treatment
and a further 10 with the Low treatment. The remaining five plants were potted into tubes
containing the Provenance soil mix. Fertiliser and provenance soil mixes were reapplied across all

treatments at the same ratios in February 2018, during repotting.

Soil analysis

To assess variation in soil characteristics field soils from the parent population (within 5m of wild
plants) were collected with a hand auger to depth of the soil parent material (i.e., sandstone). Field
characteristics (texture, colour) and pH were used to determine the soil description. Field soils from
the parent site and potting medium (nursery mixes including home soil mix) were oven dried.
Chemical analysis was conducted on both potting medium (n=24) (collected in February, five months
after plants were potted) and field soils (n=24) (top 15cm only) by commercial laboratory CSBP and
included nitrogen (Ammonium and Nitrate mg/kg), Phosphorous Colwell (mg/kg), Potassium Colwell

(mg/kg) and Organic Carbon (%).

Field planting design

Propagated plants were installed in a randomised block design in April 2018, with five individuals
planted randomly in each of five 1m x 1m blocks at a field site spanning a linear range of
approximately 100m; blocks were named Upper, Lower, Compound, Central and Burnt. Each block
was within 20 metres of a wild population and included two plants from each of the High and Low
nutrient soil treatment and one from the Provenance soil treatment. In one block, this was reduced
to four plants due to senescence in the nursery of a plant under the High treatment. Plants were

labelled with aluminium tags. Note that each block was similar, although the one labelled Burnt had
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been subject to fire seven years prior to the experiment (and was colloquially known as the burnt

area).

Plants were watered in by hand using 5L per plant. Follow up watering was undertaken at a rate of
4L per plant every two days for the first week, then 4L every three days for the second week. Plants
were then hand watered weekly for the next month, at a rate of 3L per plant. After initial
establishment, watering was undertaken by hand on an as needs basis (when soil was no longer
damp to the touch and there was observable plant stress of drying leaves and tip wilting). Due to an
unseasonably dry winter, frequent hand watering was required; over the course of 12 months plants
received a minimum of 115.5L per plant by hand and an additional 1220ml from natural rainfall (rain
gauge 1.8km from the site). Due to this extreme heat and water stress, all translocated plants

exhibited leaf desiccation and leaf drop during summer and some senesced.

Mycorrhizal infection

Fine roots were collected during repotting in February 2018 prior to planting (5 months after original
potting) from all 24 plants. Roots were cleared and stained based on methods from Brundrett et al
(1996). When necessary, roots were cleared using KOH (10%) in a water bath for approximately 2 h.
Fungal hyphae in roots were stained with Trypan Blue (1%) dissolved in lactic acid: distilled water:
glycerol in the proportions 2:1:1 for 24 h. A solution of lactic acid: distilled water: glycerol (2:1:1) was
used for de-staining and storage. Sub-samples of roots were viewed under magnification using a
compound microscope to determine the presence of internal hyphae and vesicles. Infection was

scored (0-3), 0 being absent and 3 being near total fungal colonisation of root.

Plant growth and flowering

Pre-planting growth was assessed in the nursery environment fortnightly for 7 months (223 days).
Growth parameters measured were height (h) of tallest branch (mm) and width (mm) measured tip
to tip. Secondary measures of orthogonal widths (mm) were also collected, but as the species grows

most consistently along one axis, orthogonal width was subsequently not considered a reliable

10
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representative growth metric. Plant growth post-planting was monitored monthly for 11.5 months
(358 days). At the end of nursery propagation, it became evident that height was no longer a
consistent metric due to the sprawling growth pattern of this species as it aged, which is also
common in other Hibbertia species (Cuneo et al. 2018). Measurements of growth in the field were
therefore taken as width only, while height and width measurements were retained as the key

metrics during pre-planting propagation.

Growth was calculated as the average height and width in the nursery and average width in the field.
Comparisons of growth were made after 15 and 31 weeks for the nursery experiments, and 15 and
47 weeks for field growth experiments. Single measures of growth such as height or width have
been found to correlate well with other metrics such as plant volume (Maguire & Menges, 2011).
Relative growth rates (RGR) for each treatment were calculated at the same time points as growth
comparisons, using "(In(g2) — In(g1))/(t2 — t1)" (Price & Munns 1999; Hoffmann & Poorter
2002), where g2 is the final width and g1 is the width at first measurement, t2 is time at final
measurement and t1 is time of measurement commencement (in months). Height and width were
used as non-destructive surrogates for biomass to calculate RGR, as is common practice in many

studies of seedling and juvenile plant growth in situ (e.g.Menges et al. 2016).

Measurements of flowering were tracked post-field planting only and used as an estimate for
reproductive potential. Initially measures were taken monthly and increased to between weekly and
fortnightly during peak flowering (Nov-Jan). Flower production measurements were time of first
flowering (date at which first open flower was recorded), peak flower number (highest flower
production per plant) and time to 50% flower production (T50). T50 was calculated using a general
dose response model (often applied to germination time) in the drc package in R (Ritz, 2015). Water
stress and heat during summer affected most planted individuals, resulting in leaf drop and reduced

flowering. Severely affected plants were removed from the analysis, likewise any dead plants.

11
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Measurements of flowering and growth at 47 weeks post planting were therefore conducted on the

remaining 17 plants. All prior measurements were conducted on 24 plants.

Chlorotic growth observed during plant propagation was scored ordinally according to severity of
leaf yellowing; where plants with dark green foliage were perceived as healthy and scored at 0 and
plants with severely yellow/white chlorotic foliage, indicative of stress were scored 3. Scoring

continued until tube stock were planted into the field (i.e., 31weeks).

Statistical analysis

All statistical analyses and graphics were conducted using the statistical platform R (R
Developmental CoreTeam 2019). Soil nutrient levels and growth (RGR and [log] width and [log]
height at 15 and 31wks) of nursery plants were analysed using linear models (R base package), with
soil treatment (with the three levels High, Low or Provenance mixes) as the fixed factor. Additionally,
analyses of RGR were size-standardised by adding the starting dimensions of each plant as a
covariate, as larger plants are known to have a lower RGR relative to smaller plants when measured
over the same time period (Paul-Victor et al. 2010). Post-hoc tests of significance were conducted
using treatment contrasts in the summary function in R (Crawley, 2007). Assumptions of normality

were assessed via fitted vs residuals plot using base R plot.

For the response variables field growth ([log] width only at 15 and 47 weeks), peak flowering, time
to first flower and T50, we used linear mixed models with a Gaussian distribution and default
variance-covariance structure (unstructured) in the Ime4 package (Bates et al. 2015), again with soil
treatment as the fixed factor, and block as the random factor to constrain any random influence
between blocks. Note that due to near complete senescence in one block post-planting, analysis was
reduced to plants in four blocks in the 47 week analysis. Linear mixed models were also used to test
RGR (width) but with size at time of planting included as a covariate (as above). Due to decline of

many individuals towards the end of the experiment from heat stress and drought, RGR for field

12
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growth was only assessed at 15 weeks. Assumptions of normality were again assessed via fitted vs
residual plots and P values were calculated using the ImerTest package (Kuznetsova et al. 2017).
Posthoc tests of significance for the mixed models were made with Tukey pairwise comparisons

using glht in the multcomp package (Hothorn et al. 2008).

Degree of mycorrhizal infection and chlorotic foliage were scored ordinally and analysed with

Kruskal Wallis and Dunn’s post hoc analysis using the dplyr package (Hadley Wickham et al. 2020).

Results

Soil nutrients

Nutrients levels varied considerably between replicates however there was a clear difference
between High and other treatments. High variation could be explained by differences in root
biomass between plants and initial investigation found more complex root structure under
provenance soil and variation in root development between nutrient treatments (unpubl. data). The
concentrations of Nitrogen (NH4 and NO3), P and K were significantly higher in the High treatment
mix compared to the home Provenance soil mix (Table 1) used for growing plants in stock tubes
(P=0.005 [NH4], P=0.02 [NO3], P=0.009 [K] and P=0.02 [P]). NH4 concentrations and K
concentrations were also significantly higher in High treatments compared to Low (P=0.002 and P=
0.02 respectively). Organic Carbon (C) was significantly higher in High treatments compared to Low
(P=0.04), but not Provenance treatments (Table 1). No significant differences were detected

between Provenance and Low treatments (Table 1).

For soils at each of the home planting sites, nutrient content was broadly similar. There was no
significant variation in concentrations of NO3, while Upper and Central had higher P values than
Compound. Upper also had significantly lower NH4 and significantly higher K compared to most
other locations. Noticeably, soils from the Burnt site only differed significantly from other sites in a

higher C content (Table S2).

13



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

14

Overall, nutrient levels were between 2.8x (K) and 250x (NO3) lower in the field than the nursery
standard growth medium. Even Provenance soil treatment mixes from the nursery maintained

nutrient concentrations at least double (or much greater) that of the home soil values (Table 1).

Growth during propagation

Mean growth (width) of plants after 15 weeks propagation differed significantly between soil
treatments (F (221) =5.16, P=0.015). Post-hoc comparisons showed that plants grown under High
nutrient treatments were significantly smaller than both Low (t=-2.92, P=0.008) and Provenance (t=-
2.47, P=0.022) treatments (Fig 1a.). The RGR (width) mirrored these results and was significantly
impacted by treatment at 15 weeks (F (2,20 = 6.8, P=0.006) where the rate of growth in both Low and
Provenance treated plants was significantly higher than High treated plants (t=-3.33, P=0.004 and t=-
2.92, P=0.009 respectively) (Fig 1b.). Height was also significantly different between treatments (F
2,21) = 4.83, P=0.019), with plants grown under High nutrient treatments being significantly shorter
than those grown under Low (t=-2.8, P=0.012) and Provenance treatments (t=2.43, P=0.024).
Treatment likewise significantly impacted RGR (height) (F (2,20) =7.8, P=0.002) which was lower in
High relative to Low (t=-2.80, P=0.012) and Provenance treated plants (t=2.17, P=0.042). By 31
weeks there was no significant difference in growth between any treatment dimensions (F (2,21)
=1.78, P=0.19 [width], F (2,20) = 0.98, P=0.39 [height]) or RGR (width) (F (2,20 =1.81, P=0.19). There was
still a significant effect on RGR (height) (F (2,200 =7.05, P=0.005), driven by size at week one (t=-2.58,
P=0.02), however RGR of High treated plants was not significantly greater than either Provenance

(t=1.67, P=0.11) or Low (t=1.67, P=0.11).

Nutrient treatment also had a significant effect on plant health (x? =10.6, P=0.005), which was
measured by the average amount of chlorotic foliage. Plants grown under either High or Low
nutrient treatments had significantly higher average scoring (+ SE) of chlorotic growth compared to

Provenance soil treated plants (2.11 + 0.31, P=0.003 and 1.5 + 0.31, P=0.034 respectively). Chlorotic
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growth did not reoccur after the second nutrient application at 5 months, nor was it observed at all

in the Provenance treated plants (Supplementary material 2).

Growth in the field post-planting

By 15 weeks post planting the growth (width) differences observed during propagation were not
detectable between any treatment (F (2,21) = 0.92, P=0.42). At 47 weeks post planting, Provenance
and High nutrient treated plants tended to be wider than Low nutrient treated plants (Fig2b),
however this pattern was not significantly different (F 2,11y = 3.36, P=0.072). There were also no

significant differences found for RGR at 15 weeks (F (2,20) = 0.94, P=0.41) (data not shown).

Flowering post-planting

Treatment significantly impacted peak flowering (F (2,10) = 6.87, P=0.013) where peak production was
significantly greater in High treatments relative to Low (z=-3.49, P=0.001) and Provenance relative to
Low (z=2.71, P=0.018) (Fig 3). There was no significant effect of treatment on T50 (F (2,13 =0.38,

P=0.69) or time to first flowering (F 2,10 = 1.09, P=0.37).

Mycorrhizal infection

Roots of all treatments showed evidence of mycorrhizal infection, identified most often as branched
hyphae (although it was not clear if it was internal or external). One plant of the 24 appeared to
have no evidence of infection (a plant in the Provenance soil treatment). Infection in a further two
plants (both High treatment) was indistinct, however the remaining high nutrient plants had definite
mycorrhizal presence, possibly vesicles. Average scores assigned to the degree of infection (+SE)
were 1.44 (+0.23) (High), 1.6 £ 0.22 (Low), 1.8 £0.49 (Provenance). Anecdotally we also observed a
greater root biomass and greater root maturation (identified by brown colour and hardening) in

plants under Provenance compared to High treatments.
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Discussion

Experimental assessment of nursery cultural practices designed to facilitate translocated plant
establishment and buffer against initial transplanting shock are uncommon in the translocation
literature. Despite general encouragement to consider planting environment by hardening prior to
planting (Jacobs & Landis 2009), there is little correlation between nursery growing medium and
intended recipient location, and research into home/whole soil propagation has only occurred in a
handful of studies which generally focus on the introduction of beneficial soil microbes (Haskins &
Pence 2012; Michaelis & Diekmann 2018; Ruisi-Besares 2019). This gap is particularly pertinent in

systems where plants are subject to both nutrient and climatic stressors, such as Australia.

In our study of the threatened species H. spanantha, we found that High rates of fertiliser addition
significantly reduced the growth and relative growth rates of plants during propagation, relative to
Low and Provenance treatments. We also found that plant stress, assessed by the proportion of
plants with chlorotic growth, was evident in all nutrient supplemented treatments, but not in plants
grown using home Provenance soil mix. This outcome may be attributable to stress buffering
attributes of home soil inoculated plants (Chialva et al. 2018), but conclusions are limited by the
study design and further investigations into other potential drivers, such as texture and
micronutrients, are required. The fact that Provenance treated plants had an equally high or highest
RGR throughout propagation, along with soils treated at a reduced nutrient status, indicates that
high nutrient status and optimal potting medium structure does not necessarily drive growth rates,
at least for this species. While our results need to be interpreted with caution, due to the limited
sample size, the evidence that nursery growing conditions can impact plant flowering in the first
season post planting, with greater flower production in both High and Provenance treatments,
highlights that addition of parent soil during early propagation may impart an establishment and

flowering advantage distinct from nutrients alone.
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Our findings, that nutrient loading did not significantly increase plant growth in the nursery, are in
contrast to findings from other regions where native soils are more fertile (Oliet et al. 2009; Salifu et
al. 2009). Broadly, nutrient loading in such systems is applied based on increasing plant resilience
through nutrient (particularly N) facilitated biomass accumulation (Salifu & Jacobs 2006; Salifu et al.
2009; Grossnickle 2012; Jacobs et al. 2015). However, for Australian species and those of many other
biodiverse hotspots around the world, soils are extremely nutrient poor (e.g. Hopper et al. 2015),
and whilst there is general sentiment that many Australian native plants will respond positively to
fertiliser application (to a point) (Leake 1993; Handreck et al. 2002), propagating plants for
translocation back to nutrient-poor conditions presents a very different need. The fact that plants
under Provenance treatments had a lower nutrient status than other treatments (but still at least
double that of the home soil), and performed similarly to High nutrient treatments suggests both
that nutrient addition has limited use in low nutrient ecosystems and that a home soil advantage

may produce other benefits not tested in our study (Michaelis & Diekmann 2018).

The observed slower rate of tube-stock growth and chlorotic effects on all plants with nutrient
addition, may be attributed to P toxicity, and was notably absent after the second application of
fertiliser when plants were 5 months old. A potential mechanism explaining this was outlined by
Tomson and Leishman (2004), who noted that even nutrient sensitive Australian plants were able to
buffer or store excess applied nutrients if they were 6 or more months old. However, the ability to
recover may depend on the species and on how close to the P toxicity threshold plants have reached

(Groves & Keraitis 1976; Specht et al. 1977; Grose 1989).

One of our expectations regarding home soil application to nursery soil mixes was that it would
increase mycorrhizal infection. The ability of mycorrhiza to buffer plants against biotic and abiotic
stressors is well established in conservation biology and translocation (Barea & Jeffries 1995;
Gemma et al. 2002; Bothe et al. 2010; Haskins & Pence 2012 and the references therein) and has

been variously applied in commercial horticulture (Baum et al. 2015), particularly for transplanting
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nursery cultivated plants to stressful environments (Franco et al. 2006). Mycorrhiza were detected in
all samples in our study, and we note the limitation that only coarse estimates of root infection were
made, which do not discriminate between beneficial or pathogenic associations. Observations of
different root structures, maturity and biomass between High and Provenance treatments indicate
growing medium impacted root development, but this was not assessed in our study. We suggest
further investigation to identify whether there is a mycorrhizal association in provenance sourced
soils and if this could infer a home site advantave, particularly for reintroduction or augmentation

translocations.

Achieving a successful translocation relies on two core factors; post planting establishment and
reproduction (Menges 2008; Monks et al. 2012; Godefroid et al. 2016). Our study used flowering as
an early analogue of reproduction and found no influence of treatment on T50 or time to first
flower, however peak flowering was impacted, where plants under High and Provenance treatments
displayed a higher peak than Low treated plants. This may be due to less resilience maintained by
plants originally treated at Low nutrient levels, which displayed a decline in size in the field towards
the end of the experiment, under significant drought effects. Corresponding lower flowering levels
may therefore be related to this loss of condition. Together, this indicates that Provenance treated
soils could also confer a reproductive advantage akin to fertilisation, because both High and
Provenance treated plants maintained growth and produced similar flowering levels. In projects with
limited timelines or budgets, expediting flower production (and potentially recruitment and
establishment of a self-sustaining population) could significantly improve likelihood of long-term

translocation success.

Based on the resource demands of translocation as a conservation tool, factors which may increase
the likelihood of plant survival and reproduction should be incorporated at all stages, including
propagation. Although limited by small sample size due to the inherent problems of using

threatened species, our study demonstrates that plants from nutrient poor regions can be
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propagated under lower nutrients than conventionally employed, where they are co-propagated
with home soil, and that nutrient loading influences peak flowering and may impact relative growth
rates at least in the first season post planting. Although the influence of mycorrhiza and other co-
beneficial associations in home soil is, at this stage unclear, it caused no detriment, and we
recommend that where phytosanitary concerns can be controlled (and a thorough risk assessment
be undertaken including soil testing for diseases such as phytophthora if required) home soil be
incorporated as part of a well-designed translocation pilot study. We suggest further investigation of
the potential for use of this technique is warranted, but from these initial results consider that it is of
potential benefit to smaller-scale reintroduction or augmentation translocations. It is less potentially
suited to broad acre restoration or where it could impact the parent locations. Further research
could also investigate the quantities of home soil required to produce positive outcomes; our study
conservatively used 50% home soil however much smaller quantities may be equally beneficial as
inoculation medium. If this were the case, this technique could then be considered in larger scale

translocations using small quantities of home soil ‘inoculant’.

While Provenance treatment plants performed similarly to those from other treatments overall, the
benefits gained by improved plant condition during propagation suggests this is an approach worth
considering. In addition to positive outcomes for the plants themselves, reducing the costs
associated with nutrient addition would be beneficial for conservation projects which are often
community-driven and without recurrent funding. This study demonstrates that a nursery
propagation culture can and should be incorporated into translocation planning design and that

simple and cost-effective nursery practices are well placed as part of a translocation planning toolkit.
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Tables

Table 1 Mean nutrients (+SE) for growing medium treatments (High, Low, Provenance) measured

after 5 months in propagation. All values are in mg/kg, except C which is %. Home represents the

24

mean nutrients for soil from the five field planting sites. Provenance refers to the standard nursery

potting medium, mixed with 50% home soil (i.e., Provenance mix). Different lower-case letters

indicate significant differences between treatment levels (treatment contrasts, P < 0.05)

Treatment High Low Provenance Home
NHa 275 (47.0) @ 50.4 (44.6) b 25.2 (63.0) b 9.7 (0.8)
NOs 258.3 (42.17)2 202.9 (40.5)2> 76 (52.7)°b 0.79 (0.1)
P 79.7 (12.3) 46.8 (11.7)%®  27.4(16.6)" 6.75 (0.2)
K 412.9(60.8)2  227.6(48.2)%  169.4(68.2)%  80.6(5.3)
C 4.5 (0.09) 4.8(0.09) b 4.6 (0.12) 2 1.9 (0.1)
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Figure captions

Fig 1 Growth (width mean + SE) of H. spanantha after 15 weeks (top left) and 31 weeks (7 months)
propagation (top right), plus relative growth rate width (RGR) (mean + SE) of H. spanantha after 15
weeks (bottom left) and 31 weeks (bottom right) measured in mm. mm-1/month-1. For consistency
between propagation and planting measurements, growth (height) and RGR (height) is discussed in
text. Treatments are not significant, except where specified. Different letters indicate significant

differences between means (treatment contrasts, P < 0.05)

Fig 2 Growth (width mean * SE) of H. spanantha field-planted after 15 weeks (top left) and 47 weeks

(11 months) post-planting (top right). Treatments are not significant

Fig 3 Flowering (peak flower count mean * SE) of H. spanantha post planting among pre-planting
nutrient loading. Different letters indicate significant differences between means (Tukey contrasts, P

<0.05)
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Supplementary material captions (for accessibility)

Supplementary material 1 Image of flowering adult H. spanantha subshrub. Credit CDoyle

Supplementary material 2

Figure S1 Indicative images of plants under High, Low and Provenance treatment at 10- and 21-

weeks propagation showing size and chlorotic growth. Credit CDoyle

Table S1 Chlorotic severity scores for plants from each nutrient treatment level (mean +SE) at 15 and
27 weeks. Different lower-case letters indicate significant differences between severity (Dunn
Kruskal-Wallis multiple comparison, P < 0.05)

Table S2 Mean nutrients (+SE) in soils at each planting location. All values are in mg/kg except C
which is %. Different lower-case letters indicate significant differences between locations (treatment

contrasts, P < 0.05)

Table S3. Linear mixed effects models for (a) plant growth in the field at 47 weeks and (b) peak
flowering in response to propagation treatments of High nutrient mix, Low nutrient mix and
Provenance mix. For the fixed effects, reference level is Provenance. Significant values (< 0.05) are

highlighted in bold.
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