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meadows at more sheltered sites (Swan Bay, Point 
Henry). Overall, heavier seeds from exposed sites 
performed better in germination experiments and 
persisted (remained viable) longer compared to small 
seeds from sheltered sites. Seeds from sheltered sites 
showed contrasting levels of seed performance. Small 
seeds from Swan Bay had the lowest germination but 
the proportion of viable seeds after 12 months were 
much higher (41%) than similar sized seeds from 
Point Henry (0%). There are clear life history benefits 
of large seeds that facilitate seed persistence and ger-
mination at exposed sites; however, the performance 
of smaller seeds varied between sites and may be a 
function of other site-specific advantages.

Keywords Life history · Reproduction · 
Germination · Seed morphology · Zostera · 
Heterozostera

Introduction

The size of seeds produced by angiosperms plays a 
major role in survival and persistence of plant popu-
lations, influencing germination, dispersal and seed-
ling survival (Eriksson, 1999; Fricke et  al., 2019). 
Seeds not only vary in size (dimension and mass) by 
ten orders of magnitude across species but can also 
show intra-specific variation (Fenner & Thompson, 
2005; Moles et al., 2005). High mortality rates occur 
at the germination and seedling stage and seed traits 
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such as seed size can have a strong effect on plant fit-
ness (Vaughton & Ramsey, 1998). Large seeds have 
greater resources for seedling metabolism to utilize 
during germination and an increased ability to tol-
erate stress, enabling greater seedling survival and 
growth (Vaughton & Ramsey, 1998). While larger 
seeds may provide a competitive advantage, smaller 
seeds require less energy to produce and disperse 
further. As a result, theory predicts that plants will 
tradeoff between seed size and the number of seeds 
produced, but the evidence is inconsistent with many 
studies finding no relationship between seed size and 
the number of seeds produced (Parciak, 2002; Halp-
ern, 2005; Sõber & Ramula, 2013; Brancalion & 
Rodrigues, 2014).

Variation in seed size across species and individu-
als within populations are well documented, but intra-
specific seed variations across habitats has received 
less attention (Olejniczak et  al., 2018; Fricke et  al., 
2019). Within a species, seed size can vary at the 
plant scale, within and across ovules, fruit and indi-
viduals, and, at larger scales across habitats, seasons 
or latitudes (Parciak, 2002; Fenner & Thompson., 
2005). Habitat suitability across populations can play 
a major role in determining seed size as plants adapt 
to local conditions (Münzbergová & Plačková, 2010). 
For instance, changing conditions across an eleva-
tion gradient determines seed size in species from 
the Asteracaea and Primulaceae families (Olejniczak 
et al., 2018). However, seed size is not always adap-
tive and may be influenced by population parameters 
including density and heredity (Halpern, 2005).

Advantages of larger seeds include greater maxi-
mum germination and faster germination rates, longer 
dormancy, production of larger more competitive 
seedlings and increased survival, whereas smaller 
seeds can disperse further and produce more seed-
lings relative to reproductive mass (Vaughton & 
Ramsey, 1998; Fricke et al., 2019). Variation in seed 
traits is thought to be driven to a large extent by the 
abiotic and biotic environment the parent plant expe-
riences (Venable & Brown, 1988). In stressful condi-
tions, large seeds are produced, which contain more 
resources, improving fitness and leading to positive 
selection (Venable & Brown, 1988; Paz & Martinez-
Ramos, 2003; Quero et al., 2007). The advantages of 
large seeds, however, are diminished in favourable 
conditions where selection pressures on germina-
tion are reduced, and there are sufficient resources 

for seedling survival from smaller seeds (Venable & 
Brown, 1988; Paz & Martinez-Ramos, 2003; Hierro 
et al., 2020).

Seagrasses are globally distributed marine angio-
sperms and display a range of life history traits rang-
ing from persistent perennials to more ephemeral 
annual populations (Orth et  al., 2006). Historically, 
asexual growth was thought to be the primary mecha-
nism for inter-annual meadow persistence; however, 
recent research has shown the importance of seeds in 
maintaining populations, even in perennial meadows 
(Kendrick et al., 2012; O’Brien et al., 2017; Johnson 
et al., 2020). In some seagrass species, the ability of 
seeds to remain viable in the seed bank and germinate 
are critical for persistence, resilience and the estab-
lishment of new populations (Hughes & Stachowicz, 
2011; McMahon et al., 2014; Sherman et al., 2018). 
Although the impacts of seed size on seed perfor-
mance is well known in terrestrial plants (Venable 
& Brown, 1988; Fricke et  al., 2019), the effects of 
seagrass seed size on seed germination, persistence 
and dispersal have received little attention (Delefosse 
et al., 2016).

To date, there have been few published studies on 
seagrass seed size and related ecological implica-
tions, with the majority focusing on the widespread 
species Zostera marina (Linnaeus 1753), which pro-
duces small hard seeds (Table 1). For Z. marina, seed 
size can vary across and within seagrass populations 
(Wyllie-Echeverria et  al., 2003; Delefosse et  al., 
2016; Jørgensen et al., 2019; Combs et al., 2020). For 
example, a 14% difference in weight was reported 
between seagrass meadows in Washington and New 
York in the United States and a 49% difference across 
sites in Denmark (Wyllie-Echeverria et  al., 2003; 
Delefosse et  al., 2016). While initial viability does 
not differ across seed size (Combs et al., 2020), larger 
Z. marina seeds have higher starch reserves rela-
tive to smaller seeds and are able to persist longer in 
the seed bank, produce larger seedlings and emerge 
from greater burial depths (Delefosse et  al., 2016; 
Jørgensen et  al., 2019; Combs et  al., 2020). Smaller 
seeds, on the other hand, are able to germinate more 
quickly and have lower sinking velocity, which allows 
for greater dispersal (Delefosse et  al., 2016; Jør-
gensen et al., 2019). The importance of seed size on 
germination rates and persistence for other seagrass 
species is unknown and may have important ecologi-
cal consequences.
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The seagrass Heterozostera nigricaulis (Kuo 
2005), formerly H. tasmanica (Den Hartog 1970) or 
Zostera nigricaulis (Jacob and Les 2009), is com-
mon throughout southern Australia in nearshore 
habitats where meadow persistence can be linked 
to environmental conditions (Hirst et  al., 2016, 
2017a). It can form extensive meadows under shel-
tered conditions but is often ephemeral and patchy 
in exposed locations (Ball et al., 2014). Heterozos-
tera nigricaulis meadows are highly productive, 
provide important habitats for fish and inverte-
brates and store large amounts of carbon in their 
sediment (Bulthuis & Woelkerling, 1983; Edgar & 
Shaw, 1995; Jenkins et al., 2002; Hutchinson et al., 
2014; Macreadie et  al., 2014). Reproductive effort 
of H. nigricaulis varies strongly across both space 
and time with spathe production ranging from < 10 
to < 3000/m2 (Smith et al., 2016a; Cumming et al., 
2017) and the limited number of germination stud-
ies for this species shows low germination rates of 
seeds in laboratory trials (Smith et al., 2016a; Cum-
ming et  al., 2017). This study aims to (i) quantify 
differences in H. nigricaulis seed size across four 
sites in Port Phillip Bay Australia with different 
environmental, sediment and meadow characteris-
tics and (ii) to determine if greater seed size (length, 
width, volume) and mass (wet weight) offered eco-
logical benefits such as faster germination rates, 
higher germination success or greater seed persis-
tence in the seed bank.

Methods

Seagrass seeds from H. nigricaulis were collected 
from four sites, Blairgowrie, Edwards Point, Point 
Henry and Swan Bay in Port Phillip Bay, Victoria, 
Australia to assess variations in seed size across sea-
grass populations and between years (Fig.  1). Each 
site has distinct physical and seagrass meadow char-
acteristics (Table 2). Blairgowrie and Edwards Point 
have similar environmental conditions and are both 
located 14–15  km from the mouth of Port Philip 
Bay. They are both exposed to the prevailing wind 
and wave conditions, have relatively high sediment 
grain size and low sediment organic matter and nitro-
gen availability (Jenkins et al., 2015; Thomson et al., 
2015; Hirst et  al., 2017b). Meadows at Blairgowrie 
and Edwards Point have high biomass, but the total 
area of seagrass varies under different climatic condi-
tions (Ball et al., 2014; Smith et al., 2016a). In con-
trast, seagrass at Point Henry and Swan Bay forms 
large persistent meadows with fine sediment of high 
organic matter content that are protected from wind 
and wave action. While Swan Bay is located closer 
to the mouth of Port Phillip Bay than Blairgow-
rie or Edwards Point, there is only a small opening 
to the larger bay creating calm conditions. The den-
sity of reproductive spathes is high but varies annu-
ally at Blairgowrie (2,467 ± 578 SE spathes/m2) and 
moderate at Swan Bay (1,125 ± 340 SE) and Point 
Henry (1,427 ± 307 SE) (Smith et al., 2016a). Spathe 

Table 1  Seagrass seed length and weight values from the literature. *Diameter of Halophila seeds as they are considered spherical

Species Length (mm) Dry Weight (mg) Wet weight (mg) Location Source

Zostera marina 2.7–3.6 0.7–4.4 Fyn, Denmark Delefosse et al. (2016)
Zostera marina 3.0–3.8 Swedish West Coast Infantes and Moksnes (2018)
Zostera marina 3.1–3.8 2.3–10.8 North America (NY, Wash-

ington and Alaska)
Wyllie-Echeverria et al. 

(2003)
Zostera marina 3.4–3.8 3.6–4.9 Limfjorden, Denmark Jørgensen et al. (2019)
Zostera marina 0.5 \–1.1 0.6–3.1 1.5– 4.3 North America (North 

Carolina)
Combs et al. (2020)

Zostera marina 3.0 ± 0.49 3.6 ± 0.09 North America (Chesa-
peake Bay)

Orth et al. (1994)

Posidonia oceanica 320– 650 Italy, Mediterranean Balestri et al. (2009)
Posidonia australis 21.2 ± 0.34 232 ± 9.01 Perth, Australia Ruiz-Montoya et al. (2012)
Halophila ovalis 1.29 ± 0.03* 1.5 ± 0.06 Perth, Australia Ruiz-Montoya et al. (2012)
Halodule wrightii 1.7–2.6 North America (Gulf of 

Mexico)
Darnell et al. (2015)

Enhalus acoroides 11.1–11.4 Sulawesi, Indonesia Artika et al. (2020)
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production at Edwards Point (238 ± 93 SE) is much 
lower than the other sites (Smith, 2016a, b). At Blair-
gowrie, Swan Bay and Point Henry high levels of 
sexual reproduction and recruitment have resulted in 
high genotypic diversity (> 85% unique genotypes), 
while at Point Edwards, asexual reproduction appears 
to be more important in maintaining the population 
with only 55% of the population consisting of unique 
genotypes (Smith unpublished data).

Flowering shoots with mature spadices were 
collected by hand from each site during Decem-
ber each year between 2012 and 2015 when seeds 
reach maturity (Smith et al., 2016a). Samples were 
stored in separate outdoor mesocosms with flow-
through seawater (60 L volume, 60 × 35 × 30 cm) at 
the Victorian Marine Science Consortium (VMSC) 
in Queenscliff, Victoria under ambient conditions 
for 6–8  weeks. Once seeds had dehisced from the 
reproductive shoots, they were sorted by hand and 
sieved (710  µm mesh) to separate mature seeds 
from other material (Marion & Orth, 2010). Seeds 
were then stored in 1L tanks with light aeration and 
flow through seawater (~ 21  °C) (Jarvis & Moore, 

2010, 2015; Marion & Orth, 2010). Seeds were not 
collected from Point Edwards in 2013 because of 
the absence of spathes.

Seed size and mass

Seed mass and size dimension were measured 
across annual flowering seasons to determine differ-
ences across sites. Each year (2012–2015) 25 seeds 
from each of the four sites, Blairgowrie, Edwards 
Point, Swan Bay, and Point Henry were weighed to 
determine any differences in seed mass. Seeds were 
dabbed dry with paper towel and weighed to the near-
est 0.01  mg using an A&D K0001 microbalance. 
Seed length and width at the widest point were meas-
ured for 25 seeds from each site in 2012, 2013 and 
2015. Seeds were examined under a microscope 
(Motic SMZ140), and lengths and widths were cal-
culated from the microscope graticule. Seeds were 
assumed to be prolate ellipsoids and the volume of 
each seed calculated using the formula 4/3*π* length

2
 * 

(
diameter

2
)2 (Satterly, 1960).

Fig. 1  Location of Het-
erozostera nigricaulis seed 
collection sites to assess 
seed morphology and 
germination and storage 
experiments
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Seed buoyancy

Seed dispersal distance and quality can be related 
to seed buoyancy and fall velocity (Marion & Orth, 
2010). To assess seed buoyancy, the fall rate for 
seeds from all sites was quantified in 2013 and 2015 
with site being used as a proxy for seed size (Blair-
gowrie = large, Point Edwards = intermediate, Point 
Henry, Swan Bay = small). Individual seeds were 
weighed and fall velocity tests were conducted where 
seeds were released just under the water surface in 
water at a salinity of 32 and the time for the seeds to 
sink 40  cm was recorded. In 2013, the fall velocity 
of 25 seeds from Blairgowrie, Point Henry and Swan 
Bay was calculated and in 2015, 15 seeds from all 
four sites were calculated.

Seed persistence

Changes in seed viability over time were tested to 
determine if seed size was related to persistence in 
the seed bank and if this varied between sites. Seeds 
collected in 2012 were kept in aerated ambient flow 
through water and after 0, 3, 6 and 12  months, and 
during each sampling, 4 replicates of 20 seeds for 
each site were tested for viability. Viability tests were 
undertaken by removing the seed coat and soaking 
seeds in 1% tetrazolium chloride solution for 48  h. 
Seeds were recorded as viable if more than 50% of 
the cotyledon was pink after 48  h (Conacher et  al., 
1994). Data were reported as mean (± SE) per cent 
viability per each time step (N = 4).

Seed germination

Seeds collected in 2012 were germinated under con-
trolled conditions to determine if there was any vari-
ation in germination in seeds from different sites. 
Seeds for each site were placed in 4 replicate petri 
dishes containing 50 seeds in seawater at a salinity 
of 30. All replicates were kept under optimal condi-
tions for germination at 14 °C with a 12 h light cycle 
(Cumming et al., 2017). Prior to the beginning of the 
experiment, seeds were scarified using a razor and 
soaked in seawater with a salinity of 20 for 48  h to 
increase germination levels (Cumming et  al., 2017). 
Throughout the experiment, seeds were monitored 
for germination every 48 h for 17 weeks. Seeds were 
deemed to be germinated when the cotyledon had 

extended 5 mm from the seed (Conacher et al., 1994; 
Jarvis & Moore, 2010). Maximum per cent germina-
tion (mean ± SE) and mean time to germination per 
site were reported. At the completion of the experi-
ment, all ungerminated seeds were tested for viabil-
ity. Mean seed viability (± SE) was reported per site 
(N = 4).

Statistical analysis

All data analysis was performed in R statistical com-
putation software (Team, 2020). Data were examined 
for outliers, collinearity and variance inflation factors 
prior to analysis (Zuur et al., 2007). The relationship 
between seed mass and each of length, width and vol-
ume was assessed using a generalized linear model 
(GLM) using a gamma distribution (link = log) which 
accounted for the positive only nature of the response 
variables. Differences in seed mass, length, width and 
volume across sites and years were also analysed with 
a gamma distribution GLM with a log link. Seed fall 
velocity was also analysed with a gamma regression; 
however, this response was compared across seed 
mass, date and site. The effect of site and time on 
viability were analysed using a zero/one-inflated beta 
binomial (ZOIB) regression with the ‘gamlss’ pack-
age (Rigby & Stasinopoulos, 2005). ZOIB regression 
models are used to model response variables that are 
bound between or equal to 0 or 1 and contain a non-
negligible number of zeros and or ones such as seed 
viability (Ospina & Ferrari, 2010).

Maximum per cent germination across sites were 
analysed using a beta regression (‘betareg’, Cribari-
Neto & Zeileis, 2010). The use of beta regressions 
was selected as the variables of interest were continu-
ous and restricted to the interval (0, 1) (Zuur et  al., 
2007). Due to the potential for a large amount of right-
censored data characteristic of germination experi-
ments, Cox models were used to quantify effects of 
site on mean time to germination (MTG) (Scott et al., 
1984; McNair et  al., 2012). Non-germinated seeds 
were censored if germination did not occur and were 
flagged prior to analysis. Each seed was analysed 
independently using the ‘survival’ package (Therneau 
& Grambsch, 2000) to assess the distribution of ger-
mination times at each site. Violations of the propor-
tional hazards function were explored graphically 
by plotting separate non-parametric Kaplan–Meier 
survivorship functions for each site (McNair et  al., 
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2012), KM surv (Klein & Moeschberger, 2003). Cox 
models were then used to calculate the effects of site 
on time to germination (survival, Therneau & Gramb-
sch, 2000). The effect of site and time on viability at 
the completion of the germination experiment were 
analysed using a ZOIB regression (Rigby & Stasino-
poulos, 2005).

After running the global model, all non-relevant 
covariates were removed, and the model was re-run 
until only relevant covariates remained (Zuur et  al., 
2007). Residuals were also inspected visually for pat-
terns by plotting the fitted versus response variables. 
The best-fit model was considered to be the simplest 
model with the lowest Akaike information criterion 
(AIC) score (Zuur et al., 2007) which was calculated 
using the ‘MuMIn’ package (Barton, 2020). Overall 
effects of categorical variables were quantified via 
analysis of deviance for all model parameters using a 
type II ANOVA for models with no interaction terms 
and a type III ANOVA when interactions were pre-
sent (‘car’ package; Fox & Weisberg 2019). During 
post hoc analysis, all pairwise comparisons were 
computed from the contrasts between factors with a 
‘tukey’ adjustment using ‘lsmeans’ package (Lenth 
et al. 2021).

Results

Seed size and mass

Seed mass was positively related to seed length, 
width and volume (Fig. S1). There was a strong 
relationship between seed mass and both seed 
width  (F1 = 620.14, P < 0.001, r2 = 0.72) and vol-
ume  (F1 = 738.31, P < 0.001, r2 = 0.70). Seed mass 

and length had a significant relationship, but it was 
not as strong as seed width or volume  (F1 = 82.86, 
P < 0.001, r2 = 0.20).

Seed mass, length, width and volume showed 
significant interactions between sites and the year 
seeds were sampled (Table 3). Seeds from exposed 
sites with ephemeral meadows were consistently 
larger and heavier than seeds from sheltered sites 
with larger and more stable meadows. Blairgowrie, 
an exposed ephemeral meadow site, had heavier, 
wider and larger volume seeds than all other sites 
in all years sampled (Tukey’s Test P < 0.001). Over-
all Blairgowrie seeds were 53% heavier than seeds 
from Point Henry and Swan Bay (Fig.  2, 3). Seed 
lengths at Blairgowrie were longer than Point Henry 
and Swan Bay in 2012 (P < 0.001) and 2015 (Point 
Henry P = 0.041; Swan Bay P < 0.001), but there 
was no significant difference in 2013. Blairgowrie 
seeds were longer than seeds from Point Edwards in 
2012 (P = 0.015) but not in 2015. Seeds from Point 
Edwards were heavier, wider and had greater vol-
ume than those from Point Henry and Swan Bay 
(the protected and persistent meadow sites) in all 
years (P < 0.001), but there was no difference in 
length in any year except in 2015 when they were 
longer than Swan Bay (P < 0.001). Seeds from 
Point Henry were longer than Swan Bay in 2013 
(P = 0.006) and 2015 (P < 0.001), but there was no 
differences in 2012 or mass, width and volume in 
any years sampled.

The best model comparing seed fall velocity 
across sites, months and mass included mass and 
year (AIC = 241.5, R2 = 0.59). Seed mass had a 
strong positive relationship with fall rate (Wald Chi 
Square = 109.43, df = 1, P < 0.001) and year (Wald 
Chi Square = 35.44, df = 1, P < 0.001). Seeds from 

Table 3  Results from Generalized Linear Model with gamma distribution comparing seed mass, length, width and volume across 
sites and years

Seed-mass data were collected from 2012 to 2015 but length, width and volume were only collected in 2012, 2013 and 2015. Signifi-
cant results in bold

df Mass df Length Width Volume

F Pr(> F) F Pr(> F) F Pr(> F) F Pr(> F)

Site 3 168.78  < 0.001 3 15.295  < 0.001 75.843  < 0.001 82.667  < 0.001
Year 3 14.51  < 0.001 2 13.365  < 0.001 29.768  < 0.001 38.676  < 0.001
Site x Year 8 5.19  < 0.001 5 6.975  < 0.001 3.616 0.004 5.304 0.001
R2 0.65 0.29 0.55 0.55
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2015 sank faster than those from 2013, but both years 
had a similar positive relationship (Fig. 4).

Seed persistence

Seed viability varied significantly across sites and 
time (Table  4, Fig.  5). Viability of seeds from 
stable/protected meadows in Swan Bay (mean 

84 ± 1.2%), the smallest seeds by mass, was 
greater than the other sites after 3 months and only 
decreased slightly after 6 months (82 ± 3.2%). There 
was no difference across the other sites after three 
months (64 – 75% viability), but after 6  months, 
viability was lower at Point Henry (24 ± 3.5%) 
than Blairgowrie (46 ± 7.5%) and Edwards Point 
(44 ± 5.3%). After 12 months, viability at Swan Bay 

Fig. 2  Boxplot of Hetero-
zostera nigricaulis a seed 
mass (mg), b length (mm), 
c width (mm) to and d 
volume  (mm3) from each 
site in Port Phillip Bay each 
year from 2012 to 2015. 
No seeds were collected 
from Point Edwards in 
2013. Lower and upper 
box boundaries are the 
25th and 75th percentiles, 
respectively, line inside the 
box is the median and the 
lower and upper error bars 
represent the 10th and 90th 
percentiles
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decreased to 40% and was not significantly differ-
ent to seeds from Blairgowrie but was higher than 
those at Edwards Point and Point Henry which had 
no viable seeds.

Seed germination

Germination of seeds from all sites was low 
(mean 16 ± 8.9%); however, there were significant 

Fig. 3  Heterozostera 
nigricaulis seeds from each 
of the sites sampled in Port 
Phillip Bay. Point Henry 
and Swan Bay are sheltered 
sites and Edwards Point and 
Blairgowrie exposed sites

Fig. 4  Relationship 
between Heterozostera nig-
ricaulis seed mass and fall 
velocity for seeds collected 
in 2013 and 2015. Shaded 
areas = 95% confidence 
intervals
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differences across sites  (t3 = − 9.61, P < 0.001, 
Table  5, Fig.  6). Seeds from exposed meadows 
at Edwards Point (23 ± 4.1%) and Blairgowrie 
(21 ± 4.3%) had the highest germination, followed 
by seeds from protected meadows at Point Henry 
(15 ± 6.7%), which all had similar mean germina-
tion. Seeds from protected meadows at Swan Bay had 
only 3 ± 1.7% germination, significantly lower than 
the other sites (P < 0.001). Mean time to germination 

(MTG) was significantly different across sites (Wald 
Chi  Square3 = 25.36, P < 0.001) ranging from 32 to 
55  days. Survival analysis found MTG at Blairgow-
rie (mean 47  days), Point Edwards (46  days) and 
Point Henry (32  days) had shorter MTG than Swan 
Bay (55 days, P < 0.001, Fig. 7). Seed viability at the 
end of the experiment (119 days) was twice as high at 
Blairgowrie (13 ± 3.6%) compared to Point Edwards 
(4 ± 3.3%) and Point Henry (3 ± 1.8%) (Table  4, 

Table 4  GAMLSS results 
from viability tests on H. 
nigricaulis seeds from each 
site 3, 6 and 12 months 
after collection

Significant results in bold

Parameter Coef SE t value P-value

Intercept 0.892 0.166 5.372  < 0.001
Edwards point 0.217 0.240 0.903 0.373
Point Henry − 0.325 0.229 − 1.421 0.164
Swan Bay 0.699 0.259 2.704 0.010
Months 6 − 1.072 0.225 − 4.763  < 0.001
Months 12 − 1.092 0.225 − 4.848  < 0.001
Edwards Point:Months 6 − 0.261 0.335 − 0.781 0.440
Point Henry:Months 6 − 0.665 0.327 − 2.036 0.049
Swan Bay:Months 6 1.002 0.357 2.803 0.008
Edwards Point:Months 12 − 1.689 0.405 − 4.177  < 0.001
Point Henry:Months 12 − 0.607 50,000.000 0.000 1.000
Swan Bay:Months 12 − 0.850 0.337 − 2.522 0.016

Fig. 5  Mean seed viability 
(± SE) for Heterozostera 
nigricaulis at each site after 
3, 6 and 12 months after 
collection
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Fig. 8). No seeds remained viable from Swan Bay at 
the end of the experimental period.

Discussion

The size and mass of seeds produced by angio-
sperms play a major role in survival and persistence 

of plant populations, influencing germination, dis-
persal and seedling survival (Eriksson, 1999; Fricke 
et al., 2019). Seeds of the seagrass H. nigricaulis in 
Port Phillip Bay showed consistent differences in 
size and mass between sites and years. This is the 
first time consistent inter-annual patterns in seed size 
and mass variation at relatively local spatial scales 
that have been shown for seagrass, with only a few 

Table 5  Results from 
zero/one inflated beta 
regression analysis for 
maximum germination of 
H. nigricaulis seeds across 
sites and GAMLSS results 
for seed viability at the 
end of the germination 
experiment (119 days)

Significant results in bold

Parameter Coef SE t value P-value

Maximum Germination
Intercept − 1.348 0.156 − 8.633  < 0.001
Edwards Point 0.150 0.216 0.695 0.505
Point Henry − 0.400 0.235 − 1.699 0.124
Swan Bay − 2.004 0.357 − 5.612  < 0.001

Viability after Experiment
Intercept − 1.929 0.135 − 14.303  < 0.001
Edwards Point − 0.910 0.260 − 3.504 0.004
Point Henry − 1.265 0.290 − 4.364  < 0.001
Swan Bay − 1.748 50,000.000 0.000 1.000

Fig. 6  Boxplot of 
proportional number of 
seeds germinated in each 
replicate (n = 3) from each 
site. Lower and upper 
box boundaries are the 
25th and 75th percentiles, 
respectively, line inside the 
box is the median and the 
lower and upper error bars 
represent the 10th and 90th 
percentiles. Note the y-axis 
only goes to 0.3
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studies previously investigating seagrass seed size or 
mass (Combs et al., 2020; Delefosse et al., 2016; Jør-
gensen et  al., 2019; Wyllie-Echeverria et  al., 2003). 
Seeds from the exposed sites, Blairgowrie & Edwards 
Point, were 53 and 19% heavier, respectively, than 
those from the most sheltered sites, Point Henry and 
Swan Bay, regardless of year. Differences in seed size 
across sites may underpin variations in life-history 
strategies as populations adapt to local conditions.

Environmental conditions can be a major contribu-
tor to seed size and mass variation (Muller-Landau, 
2010; Qi et  al., 2014; Bergholz et  al., 2015). The 
fitness advantages of larger seeds: higher germina-
tion rates, greater seedling growth and survival, are 
manifested in unfavourable conditions when parental 
provisions can substitute environmental provisions 
(Venable & Brown, 1988; Bergholz et al., 2015). Poor 
maternal conditions can lead to either the produc-
tion of larger seeds that provide an advantage during 
germination and seedling establishment, or smaller 
seeds due to resource limitations (Qi et  al., 2014). 
Populations exposed to unfavourable light, water and 

nutrient conditions produce larger seeds than those 
in favourable conditions (Parciak, 2002; Quero et al., 
2007; Lázaro & Traveset, 2009; Muller-Landau, 
2010; Bergholz et al., 2015) although the results are 
often mixed including for seagrass where unfavour-
able conditions can result in the production of many 
small seeds (Halpern, 2005; Qi et al., 2014; Suárez-
Vidal et  al., 2017; Combs et  al., 2020). Populations 
with larger seeds are, therefore, more able to estab-
lish and colonize new or disturbed habitats, a strategy 
often used by invasive plant species which have been 
shown to produce larger seeds outside their natural 
range (Hierro et  al., 2013, 2020; Sõber & Ramula, 
2013).

In contrast, the benefits of large seeds are less 
important when the required resources can be read-
ily acquired from the local environment (Venable & 
Brown, 1988; Hierro et al., 2020). Consistent differ-
ences in seed size and mass across sites in Port Phil-
lip Bay suggest beneficial reproductive strategies that 
have evolved to ensure seedling recruitment and sur-
vival under the conditions experienced at each site 

Fig. 7  Probability of seed 
germination from exposed/
variable meadows at Blair-
gowrie and Edwards Point 
and protected/stable sites 
at Point Henry and Swan 
Bay over 119 days under 
controlled conditions
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leading to different reproductive strategies. Seagrass 
species increase reproductive output when stressed 
(Alexandre et  al., 2005; Diaz-Almela et  al., 2007; 
Cabaço & Santos, 2012) and in fragmented habitats 
(Livernois et  al., 2017; Marín-Guirao et  al., 2019; 
Stubler et al., 2017) which may be an important fac-
tor causing the greater seed mass observed at exposed 
sites (Blairgowrie and Edwards Point) where patches 
are smaller relative to the larger, more sheltered con-
tinuous meadows of Point Henry and Swan Bay.

Sites with large seeds, Blairgowrie and Edwards 
Point, had the highest rate of germination, germinated 
fastest and remained viable the longest showing clear 
benefits of large seeds in unfavourable conditions. 
Seagrass area and reproductive output at these sites 
vary temporally and are exposed to relatively high 
wave action, high current, low nitrogen availability 
and coarse sediment (Ball et  al., 2014; Hirst & Jen-
kins, 2017; Smith et  al., 2016a; Tran et  al., 2021). 
High sediment transport via waves and longshore 
currents at these sites have led to a constant flux in 
seagrass cover as meadows are smothered and eroded 
as sediment moves along the shore reducing meadow 

persistence (Ball et  al., 2014). Furthermore, nutrient 
availability can be limited at Blairgowrie reducing 
seagrass growth (Hirst & Jenkins, 2017). Greater seed 
germination and provision of more resources in larger 
seeds will provide a fitness advantage under these 
conditions. Larger seeds also have greater germina-
tion success at deeper burial depths which may be 
important at these sites that experience high wind and 
wave energy that resuspend sandy sediment and bury 
seeds more easily (Jørgensen et  al., 2019). Larger 
seeds also sink faster, reducing dispersal but allow-
ing seeds to stay within the meadow where conditions 
are more favourable (Delefosse et  al., 2016) which 
may be beneficial at patchy sites like Blairgowrie and 
Edwards Point. Additionally, seeds from Blairgowrie 
remained viable longer than other sites providing an 
additional fitness advantage. Longer seed persistence 
allows seeds to remain dormant throughout stressful 
conditions and germinate when conditions improve or 
when opportunities arise within the meadow.

Production of small seeds has several fitness ben-
efits including producing a larger number of prop-
agules per plant and greater dispersal potential 

Fig. 8  Boxplot of the pro-
portion of viable seeds at 
the end of the germination 
experiment (119 days) at 
exposed/variable meadows 
at Blairgowrie and Edwards 
Point and protected/stable 
sites at Point Henry and 
Swan Bay. Lower and upper 
box boundaries are the 
25th and 75th percentiles, 
respectively, line inside the 
box is the median and the 
lower and upper error bars 
represent the 10th and 90th 
percentilesa
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(Fricke et al., 2019). Small seeds were sampled at two 
sites, Point Henry and Swan Bay that have similar 
environmental conditions and generally have greater 
seed production than other sites (Smith et al., 2016a). 
Smaller, lighter seeds sank slower than larger heavier 
seeds, increasing the ability to disperse which may 
be important in large continuous meadows where 
competition for space is a key factor for seedling suc-
cess (Delefosse et al., 2016). Seeds from Point Henry 
and Swan Bay (which were the smallest and lightest 
seeds), however, showed contrasting results in the 
germination and storage experiments indicating that 
there may be specific adaptive pressures at each site 
(Lázaro & Traveset, 2009). Seeds from Point Henry 
germinated quickly, similar to the larger seeds but had 
poor capacity to persist over time whereas seeds from 
Swan Bay had very low germination but had a high 
proportion of viable seeds after 12  months in stor-
age similar to the large seeds from Blairgowrie. The 
ability of seeds from Swan Bay to remain viable for 
extended periods suggests some level of dormancy 
that requires specific cues to instigate germination 
that were not met in the germination experiment. 
Nitrogen levels in Swan Bay are low relative to the 
other sites and nitrogen uptake and provision by sea-
grass occurs via microbial pathways in the sediment, 
whereas at the other sites, nitrogen is catchment 
derived (Cook et  al., 2015; Hirst & Jenkins, 2017); 
(Wang et  al., 2017). Germination cues required to 
break dormancy can be site specific (Barga et  al., 
2017), and the microbial and/or nutrient conditions 
may be required to instigate germination in seeds 
from Swan Bay. Nutrients can play a key role in sea-
grass germination, increasing germination rates and 
reducing MGT (Wang et  al., 2017). Differences in 
nitrogen levels at Swan Bay and Point Henry may 
help explain differences in seed performance as seeds 
from Point Henry can germinate rapidly and have 
access to nutrients allowing seedling to grow rapidly 
whereas, at Swan Bay, seeds can remain dormant 
until nutrient or microbial conditions are favourable. 
The contrasting performance of small seeds under 
similar, favourable conditions suggests that local 
conditions play a key role in determining life-history 
traits within a species as local population adapt to 
specific environmental conditions.

Ecological theory predicts resources are allo-
cated to producing few large seeds that improves 
germination rates, seedling success and survival or 

to producing many small seeds, increasing the prob-
ability that some will survive and increasing disper-
sal abilities (Venable & Brown, 1988; Fricke et  al., 
2019). There is, however, increasing evidence that 
this is not always the case, and the tradeoff between 
seed size and number can be influenced by temporal 
and spatial conditions (Sõber & Ramula, 2013; Bran-
calion & Rodrigues, 2014). In Port Phillip Bay, the 
tradeoff between seed production and size is com-
plex. Sites that produced small seeds (Point Henry 
and Swan Bay) consistently produce high densities 
of reproductive spathes and had large seed banks and 
Edwards Point, which had intermediate sized seeds, 
produced few spathes and had a small seed bank 
(Smith et al., 2016a, b) in line with ecological theory. 
Blairgowrie, on the other hand, where larger seeds 
were produced, has strong annual variation in spathe 
and seeds density but maintains large seed sizes 
regardless of year (Smith et al., 2016a, b). Variation 
in seed density but not size suggests that the benefits 
of producing large seeds (higher germination, longer 
persistence) by seagrass at Blairgowrie outweigh the 
benefits of producing larger amounts of seed, but 
when conditions are favourable, they are able to avoid 
risk and take advantage to produce high volumes of 
larger, heavier seeds.

Conclusion

This study highlights the complex nature of sea-
grass life history strategies and the need to assess 
multiple performance traits in the context of local 
environmental conditions. Larger seeds can provide 
multiple fitness benefits (e.g. greater germination 
and persistence) but smaller seeds performed well 
at only single-contrasting traits, either germination 
or persistence. These results are consistent with 
traditional ecological theory where plants trade 
off between the benefits of seed size on germina-
tion producing larger seeds in stressful conditions 
(Blairgowrie) but provided conflicting results where 
small seeds have high germination (Point Henry) or 
long persistence (Swan Bay) at different sites. The 
fitness benefits of producing large or small seeds at 
each site will depend on local selection pressures 
and tradeoffs between the benefits of seed size on 
seedling success, dispersal, dormancy and fecun-
dity (Venable & Brown, 1988; Lázaro & Traveset, 
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2009). Our understanding of seagrass reproductive 
ecology is still in its infancy for many species and 
requires further research to improve our understand-
ing of seagrass life history strategies (York et  al., 
2017). Greater understanding of the benefits of 
large seeds on germination success and local adap-
tion of reproductive strategies will improve man-
agement strategies and restoration programmes of 
this keystone species.
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