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ABSTRACT

Context. Silver banksia (Banksia marginata) savannas of south-eastern Australia were formerly
widespread but are now largely cleared and fragmented, with small populations often showing
recruitment limitation. Which may, in part, be due to seed predation by yellow-tailed black
cockatoos (Zanda funerea), which have been observed foraging for seed. Aims. The study
aimed to investigate the impact of pre-dispersal seed predation by yellow-tailed black cockatoos
on fruit crop between early development and seed release. Additionally, we wanted to assess
seed fitness from partially damaged and discarded cones. Methods. The study quantified silver
banksia infructescence removal at four populations between early December and seed release in
March. We also quantified seed mass and germinability of seeds from cones removed in December,
February and March. Key results. All populations experienced significant seed predation (>50%),
with almost complete removal of cones from some populations. Early removal limits seed release
from cones (only 18% of early removed follicles released seed). Further, early removal also signifi-
cantly reduced seed mass and germination.Conclusions. Pre-dispersal seed predation by cockatoos
is likely to act as a strong filter for recruitment limitation in silver banksia, by negatively affecting annual
seed crop size, seed fitness and germinability. Implications. Our study showed the potential impact
fragmentation can have on antagonistic plant–animal interactions. Small, isolated B. marginata
populations are likely to continue to decline without active strategies to remedy seed predation
such as large-scale restoration.

Keywords: Banksia marginata, fragmentation, germination, granivory, parrots, recruitment
limitation, seed, seed predation, Zanda funerea.

Introduction

Seed limitation affects the ability of plants to recruit new individuals (Eriksson and Ehrlén 
1992), with subsequent impacts on population viability and plant community assembly 
(Grubb 1977; Foster and Tilman 2003). Plant population size is an important 
determinant of seed set (Morgan 1995; Severns 2003; Broadhurst et al. 2008), with 
smaller populations often producing fewer seeds (per individual) than larger popula-
tions because of Allee effects (Forsyth 2003; Xia et al. 2013), defined as the relationship 
between fitness (e.g. seed set) and population size or density (Stephens et al. 1999). The 
causes for smaller populations producing fewer seeds can be varied and may reflect low 
pollinator visitation (Dauber et al. 2010; Ballarin et al. 2022a), loss of compatible mates 
(Young et al. 2000; Pickup and Young 2008), inbreeding outcomes (Miller et al. 2020) 
and high levels of seed predation (Ballarin et al. 2022b). Therefore, to understand the 
causes of population-level recruitment limitation, it is important to first understand the 
processes that limit seed production and availability. 

Seed loss owing to animals has long been recognised in the ecological (Brannon 1927; 
Janzen 1971) and agricultural literature (Brown et al. 2007; Tschumi et al. 2018). Some 
plant species have evolved strategies to minimise seed loss to seed predators, such as 
hiding fruit and seed by use of a decoy (Groom et al. 1994), protective structures (e.g. spines 
and thorns; Coffey et al. 1999), production of plant-defence compounds (Veldman et al. 2007) 
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or seed-masting events (Wright et al. 2014). Given the 
evolution of such responses to prevent seed loss, there is 
clearly a reproductive cost to the removal of fruit and seed 
to justify the selection and evolution of these types of traits. 

Seed predators might be particularly important for small 
plant populations. Kurkjian et al. (2017), for example, found 
that in north-western California the rate of seed predation by 
small mammals of a threatened legume (Lupinus constancei) 
would likely lead to its extinction. In neotropical Brazilian 
savannas, seed predation has been recorded to be as high as 
60% in some woody species, e.g. Schefflera macrocarpa 
(Araliaceae) (Salazar et al. 2012). If one also considers that the 
exclusion of seed predators results in increases in seedling 
establishment (Vaz Ferreira et al. 2011), there is clear 
demonstration that seed predators can be important drivers 
of recruitment-limitation in plant populations. 

Parrots are thought to be significant pre-dispersal seed preda-
tors that consume large quantities of seed crops (Coates-Estrada 
et al. 1993; Francisco et al. 2008; Villaseñor-Sánchez et al. 2010; 
Seburanga 2014). In Australia, many parrots are considered to 
be generalist granivores consuming the seeds of a wide range 
of plant species (Long 1984; Lee et al. 2013; McNab and 
Sanders 2014), including the yellow-tailed black cockatoo 
(Zanda funerea) (Mcinnes and Carne 1978; Possingham 
1986; Stock et al. 2013). The role of parrots in seed limitation 
might be especially important where habitat fragmentation 
has occurred, partly because seed predators may focus their 
feeding activity on few remaining patches (Francisco et al. 
2002; Pizo and Vieira 2004) rather than spreading foraging 
activity across a larger area and may act as an important 
Allee effect. However, this has been poorly documented in 
Australia, despite the many granivorous parrots found there. 

Woodlands and savannas in south-eastern Australia have 
experienced extensive land clearing since European settlement 
and what remains is now highly fragmented (Yates and Hobbs 
1997). Trees in this landscape were once common and 
widespread, with species such as Banksia marginata 
(Proteaceae) functionally important, supporting a diverse 
community of vertebrate and invertebrate pollinators (Lunt 
1997; Sinclair and Atchison 2012). These Banksia trees are 
now largely limited to small linear remnant savanna along 
road and rail reserves (Sinclair and Atchison 2012; Heyes 
et al. 2020) and many of these populations show evidence of 
recruitment limitation and seed predation (Heyes et al. 2020), 
with cone destruction being consistent with damage recorded 
in banksias by Zanda spp. elsewhere (Scott and Black 1981; 
Witkowski et al. 1991). Many B. marginata populations are 
anecdotally reported by seed collectors to have lost entire 
crops over multiple years (D. Frost, pers. comm.). During 
foraging, Z. funerea has been observed removing Banksia 
cones to extract seed (S. Heyes, pers. obs., 2017), with many 
of the discarded cones containing intact follicles. This does 
have the potential to be a source of seed for recruitment, but 
such foraging is also likely to incur a cost to seed fitness if 
cones are removed before seeds have fully developed. The 

loss of such cones and seed in small and highly fragmented 
populations may contribute to recruitment limitation if 
large numbers of fruit and seed are removed from the seed 
pool prior to dispersal. 

Despite these reports and anecdotal observations of seed 
predation by Z. funerea, and given that B. marginata occurs 
in small patches of fragmented savannas, we wanted to 
evaluate how seed predation affects the availability of seed 
for recruitment because this may be a potential driver of 
decline in B. marginata (Heyes et al. 2020). In this study, we 
wanted to understand whether seed predation is an important 
driver of recruitment failure and whether timing of seed 
predation had any impact on the fitness of seed that may 
escape predation; therefore, we hypothesise that (1) seed 
predation by Z. funerea is contributing to high rates (>50%) 
of B. marginata cone removal in fragmented savanna, and 
(2) early cone-removal events lead to reduced fitness of 
seeds not directly affected by predation. 

Methods

Study area

The study occurred in western Victoria, Australia, on a range 
of quaternary basalts, granite, and sandstone soils. Mean 
annual rainfall ranges between 558 and 702 mm and mean 
maximum annual temperature is 17.4–19.2°C (Bureau of 
Meteorology 2018). Historically, the area has supported 
non-Eucalyptus grassy woodlands and savanna dominated 
by B. marginata and Allocasuarina verticillata, but land-use 
intensification (stock grazing, cropping) has reduced the 
original ecosystem to small, isolated remnants where grazing 
has been excluded. Four study sites were selected (Table 1); all 
had B. marginata, with populations ranging in size from 56 
to >500 trees. All occur along roadsides as fragments 
surrounded by agricultural landscapes. 

Study species

B. marginata (Proteaceae) is a widely distributed, highly 
variable shrub to small tree from south-eastern Australia 

Table 1. Location and site descriptions of Banksia marginata
populations distributed across western Victoria, Australia.

Site
name

Abbreviation Location Rainfall
(mm)

Population
size

Illabarook ILA 37°48 0S,
143°40 0E

558 56

Caramut CAR 37°56 0S,
142°30 0E

628 127

Pittong PIT 37°41 0S,
143°27 0E

617 143

Minhamite MIN 37°59 0S,
142°20 0E

702 >500
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(Taylor 1988) with both fire-sensitive and fire-tolerant 
variants (Collins 2009). Flowering occurs from March to 
April (Jury 2023), with inflorescences forming on old nodes 
and forming an aggregate of dry woody follicles in an 
infructescence (cone) approximately 12 months later. Cones 
can contain as many as 150 follicles, with each follicle 
containing two papery, winged seeds that are separated by 
a woody septum. Seed is dehisced annually in early autumn, 
approximately 12 months after flowering (N. Kerr, S.D. Heyes, 
J.W. Morgan, unpubl. data). Seed is shortly winged, allowing 
for some degree of wind dispersal. 

Seed predation

In December 2017, six branches were randomly sampled 
throughout the canopy of 10 randomly sampled trees at 
each site (n = 60 × 4 = 240), with each branch being 
tagged and numbered. Many Banksia species retain dead 
florets on cones (He et al. 2011) that obscure individual 
follicles from visual inspection; each cone was therefore 
inspected by hand to confirm the presence of developing 
follicles. There was some evidence that seed predation had 
already begun at the time of initial sampling, with 
Z. funerea observed foraging in December at one of our 
study sites (CAR), and freshly discarded cones below trees at 
all sites (Fig. 1b), such that the data presented here is likely to 
have under-estimated predation. The sites were revisited in 
March 2018, coinciding with seed release, and all remaining 
cones on tagged branches were counted. 

Seed fitness

We assessed the effects of pre-dispersal cone removal on the 
seed fitness of unconsumed seeds in prematurely removed and 
discarded cones. To do this, we investigated how the timing of 
granivore foraging affects seed mass and germination of seed 
from cones removed from the parent plant. To mimic cockatoo 
removal, 10 trees were selected in November 2018, and six 
cones were caged with fine mesh bags to prevent removal 
by cockatoos (totalling 60 cones). Bagging occurred after 
flowering, so that pollination was not affected. Seed predation 
was already heavy in November at CAR with the entire crop of 
some trees being removed; therefore, 60 cones were randomly 
sampled across the entire population and caged using the 
same method. Caged cones were then removed from trees 
in each of December 2018 (n = 20, removed while seeds are 
still developing), February 2019 (n = 20) and March 2019 
(n = 20, removed at a time when seeds would be naturally 
beginning to start dispersing). These were placed in paper 
bags to dry at room temperature to allow follicles to open 
and release seed. The number of follicles opened and closed 
were counted for each of the three removal times for the 
Pittong population, only to see whether early removal 
affected the proportion of follicles that opened. 

Once released, seeds (n = 100) were randomly sampled for 
each removal time at each population. A subset of 40 of the 
100 seeds was weighed to obtain the seed mass to determine 
whether the timing of removal affected mean seed mass. All 
100 seed were then assessed for germination across a 9-week 
period. 

Fig. 1. Zanda funerea. (a) Foraging in Banksia marginata at Clarence, NSW (photo by Carol Probets); (b) the
litter of broken cones and follicles fromClarence, NSW, is typical of foraging by Z. funerea and was found at all our
study sites (photo by Carol Probets); (c) Z. funerea foraging in B. marginata at Dunkeld, Victoria (photo by Neil
Scott). All photos are used with permission.
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To test germination, seeds were surface-sterilised with 
sodium hypochlorite solution (1% NaOCl) and rinsed using 
distilled water. Ten replicates of 10 seeds were placed on 
Whatman grade 1 filter paper, moistened with 5 mL distilled 
water, and sealed with Parafilm to prevent water loss. Petri 
dishes were then randomly positioned in a Thermoline 
controlled-temperature cabinet (18°C constant temperature; 
12 h light and dark cycling). Germinants were counted every 
7 days for 9 weeks, with germination defined as the 
emergence of the radical. If Petri dishes were drying, a 
supplementary 1 mL of distilled water was added, and the 
dishes resealed with Parafilm. 

Data analysis

Analyses were performed using R ver. 4.1.2 (R Core Team 
2021), with all data visualisation produced using the 
‘ggplot2’ package (Wickham 2016). The reporting of 
P-values follows that outlined by Muff et al. (2022). 

To determine how cone loss to cockatoos varied across the 
fruiting season, generalised linear models (GLM) with a 
Poisson distribution were fit to cone loss data. To determine 
the most important variables affecting cone loss, we fit four 
models each with the number of cones as the response 
variable and site, treatment (i.e. month) and their interaction 
term as main effects. The four models included main effects 
of (1) site only, (2) month only, (3) month + site, and 
(4) month + site and their interaction term. These models 
were compared using Akaike’s information criterion (AIC) 
scores, which determined the fourth model, including the 
interaction term was the most parsimonious. 

To assess how early removal of cones by cockatoos affects 
seed mass, we assessed our cone-removal (simulated seed 
predator) data by using a two-way ANOVA (assuming a normal 
distribution). This included seed mass as the response variable 
and site and treatment (month) as the explanatory variables. 
Pairwise differences between terms were then investigated 
using Tukey’s honest significance difference tests. 

To determine how early cone removal influences germi-
nation, we produced cumulative germination curves for the 
December, February and March cohorts by using parametric 
time-to-event models, as described by Onofri et al. (2018), 
using the ‘drcte’ package in R (Onofri 2022). A time-to-
event model was used because of the uncertainty associated 
with when each germination event occurred, which leads to 
unreliable standard errors (Onofri et al. 2019). All models 
included the number of germinated seed as the response 
variable and the number of seeds prior to and after counting 
as the explanatory variables (as per Onofri et al. 2019). To 
parametrise the model, we produced six time-to-event 
models by using different non-linear functions, including 
three log-logistic and three Weibull link functions (Onofri 
et al. 2018). We compared these models to determine the 
most parsimonious model (and therefore link function) by 

using AIC scores, which found that a Weibull Type 1 
distribution provided the best fit and was used for the final 
model. To test for differences between the germination 
curves, we used a likelihood ratio test by using the 
‘compCDF’ function in R. The resulting germination curves 
were then plotted with 95% confidence intervals. 

Results

Seed predation

Seed predation was apparent at all four sites (Fig. 2). Large 
numbers of cones were removed by foraging birds, namely, 
56% at MIN, 77% at ILA, 96% at PIT and 99% at CAR (Fig. 2). 
Evidence for removal of cones at each site included direct 
observation, scars where cones had been removed from the 
branch at the point of attachment, as well as a litter of 
discarded cones (both damaged and intact) under trees. There 
was very strong evidence of cone loss observed between 
December and March (P < 0.001). There was moderate 
(PIT, P = 0.01) to very strong evidence (P < 0.001) of an 
interaction between cone removal and sites, suggesting that 
seed predation is higher at some sites. 

Seed fitness

The timing of cone removal had a significant effect on seed 
mass (F = 18.269, P < 0.001), with removal of cones in 
December resulting in lower mean seed mass (Fig. 3, 0.0062 g; 
Tukey’s post hoc test, P < 0.001) compared with removal in 
February (0.0086 g) and March (0.0089 g). There was weak 
to moderate evidence (F = 2.306, P = 0.03) of a significant 
interaction between the timing of cone removal and site, 
suggesting that some sites are experiencing heavier foraging 
than others. The removal of cones also affected the ability 
of follicles to naturally open when dried under ambient 
conditions. Far fewer follicles opened when removed in 
December (18%) than in February (89%) and March (99%) 
(Fig. 4). 

Early removal of cones had a very strong negative effect on 
the germination of seed that was released from removed 
cones, with significant differences among germination curves 
(P < 0.005). The mean percentage germination of seeds 
removed in December was low (50%) when compared with 
cones removed in February (71%) and March (66%) (Fig. 5). 
However, cone removal did not appear to have much effect on 
median germination time (T50), with estimated scores for 
seeds from cones removed in March (3.7 weeks) being the 
same as for seeds germinated from cones removed in 
December (3.7 weeks) and February (4.1 weeks) (Table 2). 
The seeds germinated from cones removed in December 
also noticeably lacked a dark seed coat and appeared to be 
susceptible to moulds during germination. 
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Fig. 2. Boxplots comparing the number of
cones in branches of 10 trees at each study
site in December and the number of cones
remaining at the time of seed release in March.

Fig. 3. Boxplots comparing (a) the seed mass across four sites and (b) seed mass at each cone removal time (December,
February and March). The results of the Tukey HSD post hoc test represented by compact letter display above each boxplot
showing a shared letter where the means are not significantly different.

Discussion

Pre-dispersal seed predators are capable of removing large 
proportions of the cone crop in fragmented populations of 
B. marginata. We found high removal rates (>50%) in all 
populations and rates exceeding 90% of all cones at two 
sites. These rates are particularly high when compared with 
those in similar studies on other Banksia spp. Work on Banksia 
attenuata by Scott and Black (1981) found the highest 
removal to be 35% of cones, whereas Witkowski et al. (1991) 
found cone removal by parrots for Banksia baxteri and 
Banksia speciosa to be 20% and 10%, respectively. It is unclear 
from our study whether the substantial proportion of cones 
we observed being removed occurs across years, but 

anecdotal observations by seed collectors suggest that this 
could be the case (D. Frost, pers. comm.) and Z. funerea is 
known to exhibit habitual feeding behaviour, repeatedly 
visiting favoured food plants over multiple years (Way and 
van Weenen 2008; Moore 2022). Invertebrate seed predation 
can also contribute significantly to seed losses in Banksia 
(Cowling and Lamont 1987; Vaughton 1990) and, coupled 
with the exceptionally high rates of seed predation seen here, 
may well be a leading cause of recruitment failure observed 
previously in B. marginata in our study area (Heyes et al. 2020). 

High rates of seed predation by parrots have been reported 
in other fragmented habitats such as the cerrado (Francisco 
et al. 2002; Pizo and Vieira 2004), but the effects of fragmen-
tation on seed predation are less clear when we examine the 
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Fig. 4. Stacked bar plot showing the cohort (December, February,
March) effects of removal of Banksia marginata cones on the percentage
of follicles that were able to open and release seed.

broader literature, with some studies showing an easing of 
seed-predation pressure in fragmented plant populations 
(Chacoff et al. 2004; Pizo and Vieira 2004; Fleury and Galetti 
2006; García and Chacoff 2007; Herrerías-Diego et al. 2008; 
Mendes et al. 2016; Chen et al. 2017). Seed predation has also 
been shown to be density dependent, with seed predator 
abundance increasing with stand density in tropical legumes 
(Jones and Comita 2010; Ballarin et al. 2022b); however, this 
was not found in our study, with lower cone loss at the largest 
and densest stand (MIN) and the second smallest and one of 
the least dense (ILA). Fragmentation of original savanna 
habitats in western Victoria has reduced most B. marginata 

Table 2. Seed mass, germination, time to 50% of the germinated seed
(T50) for December, February and March.

Month Seed Total Time to 50% Standard
mass (g) germination germination error (T50)

(T50) (weeks)

December 0.0062 50% 3.7 0.095

February 0.0086 71% 4.1 0.078

March 0.0089 66% 3.7 0.057

populations to small, highly isolated fragments, and isolation 
may play a role in the high rates of seed predation these 
populations are experiencing. Although Z. funerea is highly 
mobile and can readily access isolated B. marginata popula-
tions, the isolated nature of many populations (Miller et al. 
2020; Heyes et al. 2020) may mean that birds are spending 
more time within a population, satiating themselves on the 
entire crop, rather than moving among populations as might 
happen in a contiguous landscape with many trees. Indeed, in 
our study both populations that experienced most cone 
removal were both highly isolated stands, being located over 
10 km from their nearest fragmented Banksia population, 
whereas two sites (MIN and ILA) have numerous populations 
in the neighbourhood and may act to buffer over-exploitation 
by the foraging Z. funerea. Way and van Weenen (2008) 
suggested that Z. funerea nest attendance rates decrease as 
the birds travel further between foraging sites, which increases 
the risk of losing offspring. Given this risk, it is likely that birds 
would spend more time at a known B. marginata popula-
tions rather than searching the neighbourhood for more 
populations. 

Fig. 5. Germination curves showing the effect of cone removal on germination response for seed extracted
from Banksia marginata cones removed in December, February and March. Red line indicates mean germination
proportion and the grey bands indicate 95%CI. Time to 50%of total germinated seed ismarked by the blue dashed line.
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In addition to consuming seeds, Z. funerea and other 
cockatoos may potentially act as seed dispersers by carrying 
and dropping cones containing viable seed, and thus 
contribute to gene flow and long-distance dispersal (Tella 
et al. 2019). Anecdotal observations of cones dropped long 
distances from parent trees support this idea. However, we 
found that cone removal by cockatoos affected the subsequent 
release of seed from discarded cones and reduced the fitness of 
the remaining seed that was released, particularly for the seed 
from cones that were removed early. Earlier removal had 
a noticeable (negative) effect on seed mass and overall 
germination. An unexpected outcome was the observation 
that seeds from follicles removed early (December) failed to 
develop a dark seed coat; many of these became affected by 
mould in the germination cabinet study. Seed coats may 
function to protect the embryo from pathogens such as 
moulds (Hurd 1921; Warr et al. 1992) and, given that so 
few seeds are naturally released from cones when removed 
early and that such seed becomes mouldy and exhibits low 
germinability, any factor that leads to early cone removal 
appears likely to affect annual seed crops negatively. As such, 
the negative effects of early cone removal becomes crucial in 
small populations where reduced seed rain potentially 
already limits recruitment success. So, although it is possible 
that cockatoos occasionally facilitate long-distance gene flow, 
their involvement as a dispersal agent generally has a cost to 
the fitness of the parent plants. 

Seed predation can act as a strong filter on regeneration, 
compounding the effects of small population size (Allee 
effects), habitat isolation (inbreeding) and habitat quality 
(Krushelnycky 2014; Kurkjian et al. 2017). Managing small 
populations of B. marginata, so as to maintain (or grow) 
populations, will be challenging in the current landscape 
setting where cockatoos target small, isolated patches. Novel 
approaches, such as netting and caging plants, have been used 
by community groups to prevent seed predation, but this can 
be applied only at small scales. Increasing the number of 
populations across the landscape, and the number of plants 
in each population, via targeted re-introduction programs 
may alleviate seed limitation in the smaller populations by 
spreading predation ‘risk’ across larger and less isolated 
populations. Such activities have a lag period between 
planting and cone production, but these activities may also 
have added benefits by improving gene flow and reducing 
inbreeding risk to existing populations (Miller et al. 2020). 
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