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Multiyear trend in reproduction
underpins interannual variation
In gametogenic development
of an Antarctic urchin

Rebecca De Leij?*, Lloyd S. Peck? & Laura J. Grange®

Ecosystems and their biota operate on cyclic rhythms, often entrained by predictable, small-scale
changes in their natural environment. Recording and understanding these rhythms can detangle
the effect of human induced shifts in the climate state from natural fluctuations. In this study,

we assess long-term patterns of reproductive investment in the Antarctic sea urchin, Sterechinus
neumayeri, in relation to changes in the environment to identify drivers of reproductive processes.
Polar marine biota are sensitive to small changes in their environment and so serve as a barometer
whose responses likely mirror effects that will be seen on a wider global scale in future climate change
scenarios. Our results indicate that seasonal reproductive periodicity in the urchin is underpinned

by a multiyear trend in reproductive investment beyond and in addition to, the previously reported
18-24 month gametogenic cycle. Our model provides evidence that annual reproductive investment
could be regulated by an endogenous rhythm since environmental factors only accounted for a small
proportion of the residual variation in gonad index. This research highlights a need for multiyear
datasets and the combination of biological time series data with large-scale climate metrics that
encapsulate multi-factorial climate state shifts, rather than using single explanatory variables to
inform changes in biological processes.

Reproduction is a fundamental process for all life. Reproductive periodicities are often intrinsic rhythms
entrained by external cues that aid synchronicity in reproduction, as well as timing the arrival of vulnerable
early life-stages with favourable conditions". To understand environmental influences on reproductive processes,
innate reproductive periodicities must be detangled from environmental fluctuations, both for regular seasonal
variation and isolated events.

Seasonal and annual reproductive periodicities have been well documented in marine invertebrates. Evi-
dence suggests that local environmental cues including photoperiod®*, water temperature>®, food availability”*,
and lunar cycles®”?, play roles in regulating gametogenesis. However, reproductive cycles and their drivers still
remain challenging to interpret, since they are often regulated by the interplay of multiple climate variables'.

Changes to the climate state can affect populations at local, regional and global scales'!~"3. For example, the
large-scale climate metric, Southern Oscillation Index (SOI), is most known for its regional impacts on the
tropical Pacific'"'*. However, strong links have been found between El Nifio- Southern Oscillation (ENSO)
and extreme events such a heat waves and storms, across the globe'®. SOI and extreme events drive ecologi-
cal processes'®!, and more specifically, reproductive processes'®!?, with some impacts reaching as far as
Antarctica®®>?!. Multi-factorial indices, rather than single variables, instead provide a context for large-scale
oceanographic variation, and hence integrate both locally measured components of weather and rarer, infre-
quent, extreme events!’.

Although regulation of gametogenesis, reproductive cycles and synchronisation of spawning events are
undoubtedly influenced by environmental factors, temporal patterns in some species are largely regulated by
endogenous rhythms that govern not only reproduction, but other developmental and biological functions such
as growth and seasonal activity?>?*. These rhythms may be caused by an internal oscillator, allocating energy
based on life history requirements on seasonal, annual or decadal cycles*.
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Figure 1. Location of Hangar Cove study site at Rothera Point, Adelaide Island, Antarctica (67°33'54.2"S
68°07'13.1"W) and insert map showing Rothera Point on Western Antarctic Peninsula. Marine environmental
data are collected at the site south west of Rothera Point as part of the British Antarctic Survey Rothera Time
Series monitoring programme (RaTS). Large-scale map indicates the position of Rothera Research Station on
Adelaide Island, on the Western Antarctic Peninsula. Figure modified from Grange et al. (2011).

To understand how climate interacts with fundamental biological processes such as reproduction, we first
need to identify these innate internal rhythms?*?*, especially for slow paced species, including many Antarctic
taxa. Antarctic marine invertebrates have adapted in situ over millennia to unique conditions characterised
by low and stable temperatures and extreme seasonality in light and food availability®®. Many species have
adapted to control and minimise energy expenditure®?, and exhibit extended reproductive cycles, where game-
togenesis often takes 18-24 months to complete instead of the 6-12 months characteristic of their temperate
counterparts?>?,

The Antarctic sea urchin, Sterechinus neumayeri, is one of the most functionally important Antarctic shallow
marine species. It has a circumpolar distribution and is the most dominant echinoid in the near-shore benthic
community, having recorded abundances up to 223 individuals m=*. Sterechinus neumayeri is an important
predator and grazer. It is also a model research species due to its ease of husbandry, including laboratory spawn-
ing and larval culture®"2. The urchin also has an extended 18-24 month gametogenic cycle.

This study aims to document the reproductive ecology of S. neumayeri across multiple years, characterising
seasonal and interannual variability and the key factors underpinning reproductive allocation. To this purpose,
we investigated the reproductive cycle of S. neumayeri over a seven-year period (2012-2018). Seasonal and
interannual variations in reproductive condition were explored in relation to locally measured environmental
variables (e.g., temperature, chlorophyll a, etc.) and the regional climate metrics SOI and SAM due to their influ-
ence in the Southern Ocean and connection with extreme events (Fig. 1).

Results

The total number of female urchins collected each year exceeded the number of males. Overall, the sex ratio was
significantly skewed towards females at 1.32:1 (chi-squared =13.38, p<0.001, n="718) (Supplementary informa-
tion, Table S1). The gonad index was significantly higher in females (t(661) =2.26 , p =0.024) however there was
no significant difference in animal size between the sexes (Supplementary information, Table S2).

Seasonal cycles. Males and females exhibited seasonal cycles in gonad index (GI), oocyte size, nutri-
tive phagocyte proportions and male maturity (Fig. 2), where both males and females presented synchronous
cycles, although there was considerable individual variability. GI peaked in June and September for both males
(12.8£1.97 S.E. and 9.54 +1.48 S.E,, respectively) and females (11.1+1.05 S.E. and 12.6 +1.24 S.E., respectively).
In both cases, GI then decreased to a minimum in January (5.74+0.59 S.E. for males, and 5.67+0.40 S.E. for
females, Fig. 2A). For females, mean oocyte size, measured as equivalent circular diameter (ECD; pm), increased
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Figure 2. Monthly changes for Sterechinus neumayeri in (A) gonad index for males (blue) and females (red);
(B) mean equivalent circular diameter (ECD) of oocytes present in female gonads; (C) percentage (%) of gonad
tissue in females composed of nutritive phagocytes; (D) percentage frequency (%) of male gonad maturity stages
where frequencies are smoothed by the function y ~ x using the local regression smoother (LOESS) method. The
smoothing span was chosen to reflect seasonal changes. Data as box plots are displayed with the central line in
the boxes representing the median value, the upper and lower hinges representing the 25th and 75th percentiles,
and the upper/lower whiskers representing the largest/smallest value, no further than 1.5 times the interquartile
range from the hinge. All data outside these ranges are plotted as points.
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Figure 3. Monthly female gonad index as proportional area of nutritive phagocytes (NP) and oocytes. Monthly
data for proportions are + the standard error of the NP or oocyte equivalent GI based on replicate months.
Chlorophyll data are represented on the secondary y-axis and have been averaged from the time series (2012-
2018), + standard error.

from January to peak in July (74.4 pm+0.57 pm S.E.), followed by a decline and a subsequent increase again
in September (71.8 um +0.68 pum S.E.). Mean ECD then decreased from September to a minimum in January
(46.3 um+0.31 um S.E., Fig. 2B). The proportion of gonad area dedicated to nutritive phagocytes (NPs) was
inversely related to ECD (r?=0.45, p <0.001), where, as oocytes matured, relative proportions of NPs decreased
(Fig. 2C). However, as a proportion of GI, NPs increased in April to 60.8% +2.1% S.E. of GI, and then again
in December to 79.6% +2.0% S.E. of GI. At its lowest, the proportion of GI accounted for by NPs declined to
49.5% +£2.8% S.E. of GI in August (Fig. 3). The overall GI pattern with two peaks resulted from the combined
variation in oocyte and NPs.

The proportion of males in spent and recovering maturity stages peaked in January (52.0% +13.2% S.E.),
followed by increasing proportions of individuals transitioning to growing stages of maturity, peaking in May
(75.7% £ 7.0% S.E., Fig. 2D). Following this peak, proportions of mature males increased from May to October/
November (peaking at 87.7% +10.3% S.E. of individuals), from which point the proportion of spent and recover-
ing individuals increased again until January (Fig. 2D).

Changes in gonad index. The partials plot analysis revealed co-linearity between temperature and chlo-
rophyll-a (Chl-a) (Pearson’s r=0.73) and between salinity and temperature (Pearson’s r =0.54). Therefore, based
on a weighted importance analysis, only Chl-a was included in the model. The starting model fit (null model)
was as per Eq. (1).

Gonad Index = f(Time) + ¢ (1)

where f is the smoothing function. This model had an AIC of 1368. Initially, single environmental variables
considered as potentially ecologically influential, were added to the model. Following automated comparisons
of all possible model variations, Chl-a was identified as the main environmental predictor of GI variation, with
sex as a factor and as an interaction with the smoothed functions of time and Chl-a. Since other single environ-
mental variables were not considered significant, the large-scale climate metrics, SOI and SAM, were included
as additional factors to Chl-a and sex. There is some evidence that SOI and the SAM can influence each other®.
However, the partials plot in our time-series did not reveal co-linearity between SAM and SOI. Other studies
have also reported weak relationships between these metrics****. As such, we included both metrics in our model
since both were significant factors in explaining some of the remaining variance in GI and together, improved the
model AIC. It should however be noted that the SAM had the lowest relative importance comparative to other
variables in the model (Supplementary information, Fig. S1). The final model resulted as per Eq. (2).

Gonad Index = f(Time, by = Sex) + f(Chlorophyll, bySex)

2
+ f(SOI, by Sex) + f(SAM) + Sex + ¢ @

This model had an AIC of 1259, compared to the null model. This model was ranked highest with regards
to AIC, and explained 41.4% of the variance in GI. Model predictions fitted well with the raw data and aside
from the functions of time and sex, environmental covariates, Chl-a, SOI and SAM, were considered the best
predictors of variance in GI, explaining 12.4% of the variance. The model met the assumptions of homogeneity
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Figure 4. Smoothers of the effect of the three non-parametric terms: time, Southern Oscillation Index (SOI),
chlorophyll and Southern Annular Mode (SAM), on the gonad index of Sterechinus neumayeri, from the
optimal GAM model. Shaded area represents a 95% confidence interval and data points represent raw gonad
index data. The magnitude of change in gonad index as a response to the change in the x-variable is represented

on the y-axis as the square-root transformed gonad index. For the axis ‘time), year intervals are plotted on every
Ist January. Green represents males and yellow represents females.

of variance and model residuals were normally distributed. All Cooks distance values were <0.034 and were not
considered influential®.

The estimated covariate smoothers (Fig. 4) show there was a positive relationship for the smooth function
of time, where both male and female GI increased from mid-2013 to mid-2016. Male GI then declined until the
end of the time series suggesting a multiyear trend. The variation in GI explained by the model was limited by
the individual GI variability within each month sampled. However, the model captures the overall increasing
and decreasing trend observed over time.
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Figure 5. Seasonal cycle of gonad index for males (solid green line) and females (solid yellow line), extracted
from decomposition analysis, overlaid on seasonal cycle of chlorophyll (dotted black line) extracted from
decomposition analysis.

For the covariate SOI, there were limited data for extreme negative SOI values of <15, and so over-inter-
pretation of the model predictions at this tail end was avoided. In comparison, data collected for SOI values> -5
were comprehensive and showed a negative association between GI and SOI for females when SOI was positive.
This was not the case for males, where the relationship was not significant. For the covariate SAM, there was
evidence of a bell-shaped curve in the relationship, with GI values peaking at SAM values of 0. Negative and
positive SAM values resulted in lower GI. There was less certainty in the negative association between GI and
positive SAM values due to the increase in the 95% confidence interval (CI) and the poor fit between the data
points and the model prediction. As such, over-interpretation of this association was avoided.

There was good data coverage at low Chl-a concentration because of the highly seasonal productivity. How-
ever, the association of GI with Chl-a concentration was negative for males from concentrations exceeding
1.5 mg m>. This downward trend followed an initial increase in GI for both males and females at low Chl-a
concentrations. This inverse relationship was also evident from the decomposition analysis, where seasonal cycles
were extracted from both GI and Chl-a (Fig. 5).

Chlorophyll and temperature trends, extracted by decomposition analysis, showed positive linear relation-
ships with SOI, where positive values of SOI (La Nifia) correlated with high temperature (R*=0.207, p<0.001)
and Chl-a concentrations (R?=0.226, p<0.001) (Supplementary information, Fig. S2 and S3). Other variables
lacked significant linear relationships, lagged or unlagged, with the SOI trend.

Oocyte growth and maturation. Oocyte mean diameters varied significantly between years for the
months March-August and also for November and December, with March having the most interannual vari-
ability. For all other months, the mean ECD was not significantly different between years (Supplementary infor-
mation, Table S3).

Size distributions of developing oocytes within individual females were bimodal for most months of the year
(i.e., from February/March, through to October). In December oocyte sizes were mostly 6-80 pm. The oocyte
distribution then broadened, with bimodal peaks appearing from January to February/March, and oocyte sizes
ranging from 12-122 pm. In July, the frequency of large oocytes (80-135 um), peaked at 51.1% £4.9% S.E.,
and steadily decreased until November, when they almost disappeared from the distribution accounting for
9.6% +2.5% S.E. of the distribution. Over this period, a cohort of small oocytes (12-80 pm) increased in fre-
quency from 49.0% +4.9% S.E. in July, through to 90.4% +2.5% S.E. in December (Supplementary information,
Fig. S4).

Male maturity. Males varied in reproductive maturity on both seasonal and interannual scales. Substantial
individual variation was evident since the maturity categorisation was broad, with 105+20 S.D. individuals
in each category emphasising the large variation. Across the time-series, from March 2012-2017, there were
periodicities in the proportion of maturity stages present (Fig. 6). A distinct bell curve in the proportion of
mature males occurred from March 2012-2015, peaking in March 2013. This distribution overlapped almost
simultaneous bell curves in spent/recovering and growing stages, which peaked in March 2015 and November
2015, respectively.

Discussion

Data presented here comprise the longest reproductive time series of an Antarctic benthic marine invertebrate
to date and are the first to provide evidence that reproductive allocation may be accumulated across a multiyear
scale with no evidence for an environmental link. Where multiyear studies have been conducted, evidence is
building that some marine invertebrates have endogenously driven growth and reproductive cycles, in which

Scientific Reports |

(2021) 11:18868 | https://doi.org/10.1038/s41598-021-98444-4 nature portfolio



www.nature.com/scientificreports/

100 Spent/Recovering (Stage 1

o G‘?owing (Stage )( ge ) Males

> [ Mature (Stage 3)

n 75

> 75

3

®©

= 50

>

(&)

C

S

g 25

w

ES

0‘

Month: Mar Jul Nov Mar Jul Nov Mar Jul Nov Mar Jul Nov Mar Jul Nov Mar
Year: 2012 2013 2014 2015 2016 2017

JulianDay: 1 183 306 426 548 671 791 913 10361156 1278 1401 1522 1644 1767 1887

Figure 6. Long-term changes in the percentage frequency (%), represented as a density plot, of maturity stages
in the male sample population from March 2012-March 2017. Frequency densities derived from (LOESS)
method. The smoothing span was chosen to reflect long-term changes rather than seasonal variability.

environmental variation is independent, or interacts with this internal rhythm to regulate reproductive invest-
ment and growth over time'?2. Our model outcomes suggest a multiyear trend in reproductive investment which
could suggest an innate endogenous rhythm. Owed to the number of years comprising the time series, repetition
of this trend has not been captured in our dataset and therefore it is necessary to interpret these results with
caution. However, several studies have recorded multiyear cycles of similar periodicities in a range of Antarctic
species. For the crab-eater seal around the Antarctic Peninsula, the juvenile leopard seal at Macquarie Island,
and the Weddell seal in McMurdo Sound, 4-5 year intervals for both reproduction and population peaks have
been identified?'. Other Antarctic research has shown that some bivalves exhibit endogenous growth cycles,
with a 9.06 year cycle present for Aequiyoldia eightsi, and two endogenous cycles of 5 and 6.6-years reported for
Laternula elliptica®. There is therefore evidence for a temporal mediator of growth and reproductive investment
in Antarctica, possibly because of low temperature effects on biological rates and extreme seasonality, where it
may take multiple years to build reserves, with seasonal spawning and growth taking place against a backdrop
of long-term investment over several years.

The very small number of multiyear investigations suggests endogenous cycles in growth and reproduction
may be more common than previously identified. A similar trend to that identified in GI was also evident in
our male maturity data, where we observed a single peak in each maturity stage across a 5 year period, with the
‘growing’ phase of maturity, matching the shape of the curve for variation in male GI. Extreme interannual vari-
ation in reproductive condition and a circaseptennial rhythm (7-year cycle) has been previously proposed for S.
neumayeri*® based on studies of the Pacific purple sea urchin, Strongylocentrotus purpuratus.

Alongside the temporal signal in GI, our data also indicate that there is environmental entrainment of this
periodicity as the whole population builds gonad and spawns synchronously across the cycle. This entrainment
likely arises from a combination of factors. However, our analysis identified a negative relationship in female GI
when the SOI signal is positive (La Nifia) and negative relationship in both male and female GI when the SAM
signal is negative. Climate coupled atmospheric-oceanic-sea-ice processes, like SOI and SAM, are known to
impact ecosystem variability in Antarctica, especially for the Antarctic Peninsula®®-*. These effects could result
from direct links caused by changes in physical factors including ocean temperature, or else indirect links result-
ing from altered primary productivity and food web dynamics®+"*2. Effects could also result from a combination
of, or synergistic interactions between, factors. Isolating a single cause and effect of these large-scale climate
indices is challenging, when many environmental factors are closely linked and the consequences of change in
one variable cascades through multiple physical and biological pathways*.

Relationships between SOI and climate parameters in Antarctica are non-linear, but there is strong evidence
that El Nifio and La Nifa signals are translated widely across the southern hemisphere!?**. Here La Nifa episodes
have been correlated with warm SST anomalies and decreased sea-ice extent, while El Nifo episodes produce
opposite effects?™**. Our time series encapsulates El Nifio years up to values of -20, and La Nifia values of +10.
Our model predictions indicate a negative association with reproductive investment for females when SOI is posi-
tive (La Nifia), and a positive association when SOI is negative (El Nifio). Reasons for this are unclear, however
our regression analysis of Chl-a and temperature against SOIL, suggest that positive SOI correlated with higher
temperatures and higher chlorophyll concentrations, outside the usual seasonal variation. These relationships
would likely have implications for sea-ice cover and water column stratification'”*. Because of this interaction
of factors, the SOI can be used to highlight extremes in the environment and multifactorial shifts, rather than
that of a single mechanism driving an ecological response.

The drop in GI at positive SOI (La Nifia) is only present in females. Reasons for this could be owed to a higher
energy requirement for oocyte development*”*%, Therefore, reproductive costs for females may be higher and
trade-offs in energy allocation to reproduction may be necessary during periods of environmental change®.
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Possible changes in environmental variables as a result of La Nifia events may then result in a reduction of GI
indices for females only.

Impacts of large-scale climate metrics on Antarctic biodiversity have been identified across a range of taxa.
Mammals including Weddell seals and Elephant seals have reproductive rates in phase with the SOI*"*2. Other
studies have shown strong links with plankton population abundance and krill reproductive recruitment
success®, and seasonal vertical migration behaviour'®. Abundance of the planktonic tunicate, Salpa thompsoni
has also been correlated with SOI*, as well as 5-year cycles in abundance peaks for krill, Euphausia superba,
where high abundance was associated with greater sea-ice extent™. The authors are unaware of any studies that
demonstrate such correlations for Antarctic benthic species or SOI effects on species or ecosystems this far south.

Interestingly, studies have shown that the SAM is more closely linked to interannual sea surface temperature
variability around the WAP, compared to SOI**. Our model exploration shows that the SOI accounts for more of
the variability in the GI of S. neumayeri than the SAM, and both temperature and SAM had low relative impor-
tance in predicting GI. These results further suggest that temperature is likely not the most important or only
driver of reproductive processes in these thermally sensitive species, and instead there is more complexity under-
lying the interaction between large-scale climate metrics, local environmental drivers, and biological functioning.

Temperature and Chl-a variation can be seasonal drivers of reproductive cycles”$. Our results show that Chl-a
concentration co-varies with reproductive condition in S.neumayeri, where the negative relationship between GI
and Chl-a alludes to spawning being correlated with Southern Ocean summer phytoplankton characteristics®"*2.
Model predictions show that when Chl-a concentrations increase, GI declined, which is indicative of spawn-
ing. The relationship between GI and Chl-a may be indirect, whereby spawning is initiated prior to the bloom
either by a trigger associated with early phytoplankton increase to facilitate feeding of planktonic larval stages®!
or another environmental factor co-varying with Chl-a. This hypothesis would also result in a negative asso-
ciation between trends in GI and Chl-a. Again, we see different responses for males and females to high Chl-a
concentrations. Since the GI relationship with Chl-a is likely a result of spawning, it may be that we observe
a smaller reduction in GI in females following spawning due to the presence of nutritive phagocytes (NPs).
We provide evidence that NPs are still present in the gonad following spawning, and hence will contribute to
the higher GI post-spawning. Although we do not have NP data for males in this study, for the temperate sea
urchin, Strongylocentrotus droebachiensis, the volume of NP in males was lower than in females throughout the
gametogenic cycle®. If NPs contribute less to the GI in males, it is reasonable that we would see a larger decline
in GI following spawning.

Seasonal patterns in S. neumayeri reproduction were evident in GI, male maturity and oocyte size distribu-
tions, all of which exhibited periods of maturation and growth, followed by phases that implied spawning across
several months (e.g., decreasing GI, decreasing mean oocyte size for females, or increasing spent/recovering
stages for males). Monthly changes in GI during the year highlight this reproductive seasonality. However, for
urchins, gonad tissue comprises both germ cells (gametes) and NPs>***. Our data demonstrate that fluctuations
in female GI are caused by both the maturation of gametes and changes in gonad proportions dedicated to NPs.
These changes are clearest in April, where GI increases significantly from March. However, this GI increase is due
primarily to larger NP increases, rather than oocytes. The April GI peak for females follows the end of the sum-
mer phytoplankton bloom and suggests the resultant phytodetrital pulse to the seafloor is the primary nutritional
source for this species. This explanation is further supported by fluctuations in S. neumayeri gut mass during the
season. Gut mass decreases during the first half of the austral winter, when feeding activity ceases, followed by
stabilisation until the onset of feeding in November®. Gut index data for S. neumayeri in 2017/18 also supports
this finding (Supplementary information, Fig. S5). NPs accumulate in late summer and early winter. During the
period of cessation of feeding in winter, NPs transfer nutrients to developing gametes. NP stores are also used to
meet the urchin’s energy requirements for metabolic maintenance during this time®. Our results suggest these
nutrient stores are important reproductive reserves in S. neumayeri as proportions vary inversely with mean
oocyte size and NPs are depleted as reserves are mobilised to maturing gametes.

This research demonstrates the need for long-term multiyear studies that encapsulate endogenous and envi-
ronmentally driven reproductive investment against a backdrop of seasonal change. Relationships between
reproductive cycles and single environmental variables are well reported, where spawning often coincides with
seasonal changes (e.g., in temperature and chlorophyll). However, gradual environmental shifts over several
years are rarely encompassed by single variable studies. Furthermore, it is more likely that such change occurs
from alterations in multiple interacting variables. Large-scale climate metrics (e.g., SOI and SAM), can capture
shifts in multifactorial environmental states and highlight how environmental alterations translate into ecologi-
cal processes.

Identifying endogenous rhythms for growth and reproduction enables the partitioning of these processes from
the effects of small-scale environmental change and large-scale environmental cycles on marine biodiversity. We
have identified a potential multiyear trend in reproduction in a polar sea-urchin, Sterechinus neumayeri, from
a seven year dataset. There may be even longer cycles, and cycles like these may be cumulative across decades
or multi-decadal timescales. To identify such long-term trends requires very long sampling and monitoring
programmes, but these would be invaluable when assessing the impacts of the current environmental change
that is occurring over decadal to centennial scales.

Methods

Study site and sampling. Sterechinus neumayeri were collected from Hangar Cove (67°33'54.2"S
68°07'13.1"W), located near the British Antarctic Survey’s Rothera Research Station on the Western Antarctic
Peninsula (Fig. 1). Adult urchins (19-51 mm diameter; n=16) were collected monthly (weather permitting)
from 2012 to 2018 by SCUBA divers (13-21 m depth), with the exception of a 6-month gap from August 2015 to
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January 2016, when thin ice prohibited access to the collection site. Specimens were preserved in 10% buffered
formalin solution until analysis.

Measuring reproductive condition. GI, oocyte size and tissue composition in females and maturity
stage in males were used to describe urchin reproductive condition. Total gonad wet mass was measured and
water content and dry gonad mass obtained from subsamples of gonad tissue. GI was used instead of direct
gonad mass to allow for differences in animal size, and was derived by calculating the gonad mass as a proportion
of total body size according to Eq. (3), following Bronstein et al. (2016):

__ Total gonad dry mass (mg)

GI (3)

Test diameter (mm)

A subsample of wet gonad tissue was examined for oocyte size and tissue composition for females, or matu-
rity stage for males following standard wax histology procedures®®. In brief, tissue was dehydrated in a graded
isopropanol series, cleared in XTF clearing agent, embedded in paraffin wax, sectioned at 7 um and stained with
haematoxylin and eosin.

Individuals were sexed and female tissue sections viewed under a light microscope (Olympus BHS (BH-2))
at x 10 magnification and photographed using a Nikon D5000 camera (Supplementary information, Fig. S6). To
obtain oocyte size data, outlines were drawn around representative oocytes in images using imaging software,
Fiji (image-] v2)*€. Only oocytes with a visible nucleus or nucleolus were measured to ensure oocytes were
centrally sectioned and maximum circumferences measured. Where possible, at least 5 females were analysed
each month and 100 oocytes measured at random per female. Subsamples of 100 oocytes were used to calculate
an average oocyte size distribution?®. Oocyte area (A) was used to calculate the ECD according to Eq. (4), used
in previous studies®®* to determine the size of a spherical oocyte with an equivalent area.

ECD = Uﬂ (4)
L

Male tissue sections observed under light microscope at x 10 magnification were staged for maturity based
on the development of the testes. Testis maturity level (Supplementary information, Fig. S7) was categorised
from representative images following?

Stage 1: Spent/Recovering: Lumen empty. Nutritive phagocytic tissue lining is of variable thickness and pos-
sibly a thin layer of spermatogonia on the germinal epithelium.

Stage 2: Growing: Spermatogonia visible on germinal epithelium; spermatozoa present at moderate density
in lumen.

Stage 3: Mature: Lumen densely packed with mature spermatozoa in swirls. Lumen stains intense blue. Sper-
matid production may still be evident. Nutritive tissue generally highly reduced.

To visualise changes in male maturity as a continuous variable, both seasonally and across years, the occur-
rence of each stage was converted to a percentage frequency for each month ((number of individuals at given
stage/number males sampled in month) x 100). Percentage frequency of maturity stage was then modelled as a
smoothed function for month, using the local regression smoother (LOESS) method®.

Nutritive phagocytes (NPs). Sea urchin gonad tissue serves two functions. Tissues contain both the
developing gametes and NPs, a storage tissue. Variation in GI is thus a product of variation in both tissue types
and not limited to maturing gametes. Understanding how the proportions of these tissues change seasonally is
important to understanding gonad function and interpreting seasonal GI variation. Images taken for oocyte
size were, therefore, used to quantify proportions of NPs to oocytes in female gonads. For this purpose, three
females from each month were selected at random, where for each, three images of histological sections from
different areas in the gonad were used to provide a representative assessment. The relative areas occupied by
germ cells and NPs were calculated using Fiji (image-]J v2) ‘Area’ tool. This process involved first selecting only
NPs as defined by specific colour thresholds and converting these areas to a mask. The mask % area relative to
the image was then calculated. This process was also applied to oocytes. Gonad tissue was almost exclusively
formed from oocytes and NPs, hence % area of NPs and oocytes was calculated relative to the total gonad tissue
area in each image.

To relate NP and oocyte % areas to gonad size, and inform how these proportions contribute to seasonal GI
variation, NP and oocyte proportions in the gonad were averaged across individuals for each month using images
that were of highest quality from across the time-series. Following this, NP and oocyte percentages were scaled to
represent relative proportions of the corresponding GI (averaged for all females for each month). Gonad oocyte
and NP proportions were calculated based on % area tissue coverage estimates from image analysis according

to Eq. (5).
Ao Anp
—— | =AAo; | ———— | = AAnp
Ao + Anp Ao + Anp

AAo x GI = Oocyte proportion of the gonad
AAnp x GI = Nutritive phagocyte proportion of the gonad
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where Ao = Percentage area of oocytes; Anp = Percentage area of nutritive phagocytes; AAo = adjusted area of
oocytes relative to gonad tissue total area; AAnp = adjusted area of nutritive phagocytes relative to gonad tissue
total area; AAo =monthly mean of AAo; AAnp =monthly mean of AAnp; GI=monthly mean of female GI.

Environmental covariates. Environmental data were collected weekly from Ryder Bay (67°34'12.0"S
68°13'30.0"W), ~4 km west of Hangar Cove. This oceanographic sampling regime is an on-going part of the
Rothera Oceanographic and Biological Time Series (RaTS) that has run continuously since 1997°*¢*. Data from
March 2012 to March 2018 were obtained for physiological drivers including temperature and salinity (at 15 m
depth), as well as sea-ice extent and Chl-a concentration (a proxy for food availability). The regional climate
metrics, SOI and SAM, were also considered as a covariate measure. SOI was represented as the standardised
anomaly of the mean atmospheric sea level pressure (MSLP) difference between Tahiti and Darwin (Australian
Bureau of Meteorology), calculated according to Eq. (6).

SOl — 1OPdiff— Pdiffav P
- SD(Pdiff) (©)
where Pdiff = (average Tahiti MSLP for the month)—(average Darwin MSLP for the month); Pdiffav=long-term
average of Pdiff for each month, SD (Pdiff) =long-term standard deviation of Pdiff for the month in question.
SAM was represented as the standardized 3-month running mean value of the Antarctic Oscillation index,
reported by NOAA National Weather Service Climate Prediction Centre.

Data analysis. Data were initially tested for normality and homogeneity of variance, and identification of
outliers and between-variable relationships, as per Zuur et al. (2007). A chi-squared test was used to assess
whether sex ratios deviated from 1:1. A t-test was used to determine differences in size (i.e. test diameter and
whole animal mass) and GI between males and females. An analysis of variance (ANOVA) was also used to
determine differences in oocyte size between months of comparable gametogenic maturation/ stage across the
time series (i.e., between years). Where significant difference were found (p <0.05), the ANOVA was followed by
a post-hoc Tukey pair-wise test.

An initial linear regression model of GI with time revealed patterns in the residuals, indicating an underly-
ing non-linear relationship. Following this, a generalised additive model (GAM) was used to examine factors
influencing reproductive state®. The response variable, GI, was used as a measure of reproductive state and
modelled against smoothed ecological and environmental variables. Time, Chl-a, temperature, fast ice concen-
tration, salinity, SAM and SOI were considered in the model as continuous predictors. Month and season were
considered as factors accounting for seasonal periodicities and modelled as main effect predictors using cyclic
cubic regression splines, and finally sex was considered both as an interactive and main effect predictor. In order
to meet the assumptions of normality, GI was square root transformed.

An initial pair’s plot was constructed to determine co-linearity between predictor variables before adding
them to the model. Of the explanatory variables that correlated (threshold correlation for inclusion =0.50), the
most ecologically relevant variable was included in the initial model. If both variables were ecologically relevant,
then the weakest predictor was removed. Penalised cubic regression splines were used to estimate the smooth
function for each non-cyclic predictor variable and with knots limited to 5 which was deemed adequate to explain
the data, without over-fitting®. Using the “FSSgam” package in R® a full-subsets information theoretical approach
was used to compare a complete model set of all predictor variables from the environmental and ecological data
available. Other relevant R packages for the model included the “MuMin” and “mgcv” packages®.

All candidate predictors were considered during the initial model exploration and ranked in order of con-
ditional probability, calculated by the Akaike Information Criterion (AIC). Variable weights were ranked by
importance and predictors ranking low were excluded. Residuals from the ‘best’ model were checked for normal-
ity and homogeneity of variance using the “gam.check” function in the “mgcv” package.

Decomposition analysis was carried out on the GI time series data as an alternative method, to identify any
overall trends and seasonal components. This analysis produced results very similar to the GAM model and
did not provide any additional information. However, this additional analysis did substantiate the GAM model
results (Supplementary information, Fig. $8). Decomposition of the environmental variables was also explored
and trends, seasonal cycles and residual variations were observed in relation to the GI trend. Decomposition of
the environmental variables allowed the trends observed for each factor to be regressed against SOI to determine
how this large-scale climate metric might relate to single variables measured in our time series. Lag effects were
also considered and incorporated where visualisation of the trends alluded to a delay in biological response.
The R code for this analysis is given in the Supplementary information (Supplementary information, Text S1).

Data availability
Data available from the Dryad Digital Repository https://doi.org/10.5061/dryad.6q573n5z1 7°.

Received: 29 April 2021; Accepted: 24 August 2021
Published online: 22 September 2021

References
1. Takemura, A., Rahman, M. S. & Park, Y. J. External and internal controls of lunar-related reproductive rhythms in fishes. J. Fish
Biol. 76, 7-26 (2010).
2. Brockington, S. & Clarke, A. The relative influence of temperature and food on the metabolism of a marine invertebrate. J. Exp.
Mar. Bio. Ecol. 258, 87-99 (2001).

Scientific Reports|  (2021)11:18868 | https://doi.org/10.1038/s41598-021-98444-4 nature portfolio


https://doi.org/10.5061/dryad.6q573n5z1

www.nature.com/scientificreports/

3. Kelly, M. S. Environmental parameters controlling gametogenesis in the echinoid Psammechinus miliaris. J. Exp. Mar. Bio. Ecol.
266, 67-80 (2001).
4. Muthiga, N. A. The reproductive biology of a new species of sea cucumber, Holothuria (Mertensiothuria) arenacava in a Kenyan
marine protected area: The possible role of light and temperature on gametogenesis and spawning. Mar. Biol. 149, 585-593 (2006).
5. Emilio, L. et al. Is the Orton’s rule still valid? Tropical sponge fecundity, rather than periodicity, is modulated by temperature and
other proximal cues. Hydrobiologia 815, 187-205 (2018).
6. St.Gelais, A. T., Chaves-Fonnegra, A., Moulding, A. L., Kosmynin, V. N. & Gilliam, D. S. Siderastrea siderea spawning and oocyte
resorption at high latitude. Invertebr. Reprod. Dev. 60, 212-222 (2016).
7. Zhadan, P. M., Vaschenko, M. A. & Ryazanov, S. D. Assessing the effect of environmental factors on the spawning activity of the
sea urchin Strongylocentrotus intermedius through video recording observations. Mar. Ecol. Prog. Ser. 588, 101-119 (2018).
8. Grange, L. ], Tyler, P. A,, Peck, L. S. & Cornelius, N. Long-term interannual cycles of the gametogenic ecology of the Antarctic
brittle star Ophionotus victoriae. Mar. Ecol. Prog. Ser. 278, 141-155 (2004).
9. Balogh, R., Wolfe, K. & Byrne, M. Gonad development and spawning of the vulnerable commercial sea cucumber, Stichopus her-
rmanni, in the southern Great Barrier Reef. . Mar. Biol. Assoc. United Kingdom 99, 487-495 (2019).
10. Stenseth, N. C. et al. Studying climate effects on ecology through the use of climate indices: The North Atlantic Oscillation, El
Nifo Southern Oscillation and beyond. Proc. R. Soc. B Biol. Sci. 270, 2087-2096 (2003).
11. Wood, S. et al. E1 Nino and coral larval dispersal across the eastern Pacific marine barrier. Nat. Commun. 7, 1 (2016).
12. Turner, J. The El Nifio-Southern Oscillation and Antarctica. Int. J. Climatol. 24, 1-31 (2004).
13. La, H. S. et al. Zooplankton and micronekton respond to climate fluctuations in the Amundsen Sea polynya, Antarctica.. Sci. Rep.
9,1-7 (2019).
14. Xuebin, Z. & Mcphaden, M. J. Eastern equatorial Pacific forcing of ENSO sea surface temperature anomalies. J. Clim. 21, 6070-6079
(2008).
15. Oliver, E. C.]. et al. Longer and more frequent marine heatwaves over the past century. Nat. Commun. 9, 1-12 (2018).
16. Ryan, J. P. et al. Causality of an extreme harmful algal bloom in Monterey Bay, California, during the 2014-2016 northeast Pacific
warm anomaly. Geophys. Res. Lett. 44, 5571-5579 (2017).
17. Conde, A. & Prado, M. Changes in phytoplankton vertical distribution during an El Nifio event. Ecol. Indic. 90, 201-205 (2018).
18. Santidrian Tomillo, P. et al. The impacts of extreme El Nifio events on sea turtle nesting populations. Clim. Change https://doi.org/
10.1007/s10584-020-02658-w (2020).
19. Wilson, S. K. et al. Climatic forcing and larval dispersal capabilities shape the replenishment of fishes and their habitat-forming
biota on a tropical coral reef. Ecol. Evol. 8, 1918-1928 (2018).
20. Welhouse, L., Lazzara, M., Keller, L., Tripoli, G. & Hitchman, M. Composite analysis of the effects of ENSO events on Antarctica.
J. Clim. 29, 1797-1808 (2016).
21. Testa, J. W. et al. Temporal variability in Antarctic marine ecosystems: periodic fluctuations in the phocid seals. Can. J. Fish. Aquat.
Sci. 48, 631-639 (1991).
22. Roman-Gonzalez, A. et al. Analysis of ontogenetic growth trends in two marine Antarctic bivalves Yoldia eightsi and Laternula
elliptica: Implications for sclerochronology. Palaeogeogr. Palaeoclimatol. Palaeoecol. 465, 300-306 (2017).
23. Brown, M. et al. Long-term effect of photoperiod, temperature and feeding regimes on the respiration rates of Antarctic Krill
(Euphausia superba). Open J. Mar. Sci. 3, 40-51 (2013).
24. Ainley, D. G. et al. Decadal trends in abundance, size and condition of Antarctic toothfish in McMurdo Sound, Antarctica,
1972-2011. Fish Fish. 14, 343-363 (2013).
25. Doney, S. C. et al. Climate Change Impacts on Marine Ecosystems. Ann. Rev. Mar. Sci. 4, 11-37 (2012).
26. Peck, L. S. Antarctic Marine Biodiversity: Adaptations, Environments and Responses to Change. Oceanogr. Mar. Biol. An Annu.
Rev. 56, 105-236 (2018).
27. Peck, L. S. A Cold Limit to Adaptation in the Sea. Trends Ecol. Evol. 31, 13-26 (2016).
28. Brockington, S., Peck, L. S. & Tyler, P. A. Gametogenesis and gonad mass cycles in the common circumpolar Antarctic echinoid
Sterechinus neumayeri. Mar. Ecol. Prog. Ser. 330, 139-147 (2007).
29. Grange, L. ], Tyler, P. A. & Peck, L. S. Multi-year observations on the gametogenic ecology of the Antarctic seastar Odontaster
validus. Mar. Biol. 153, 15-23 (2007).
30. Brockington, S. The seasonal ecology and physiology of Sterechinus neumayeri (Echinodermata; Echinoidea) at Adelaide Island,
Antarctica. PhD thesis The Open University. (2001).
31. Bosch, I, Beauchamp, K. A., Steele, M. E. & Pearse, J. S. Development, metamorphosis, and seasonal abundance of embryos and
larvae of the Antarctic sea urchin Sterechinus Neumayeri. Biol. Bull. 173, 126-135 (1987).
32. Stanwell-Smith, D. & Peck, L. S. Temperature and embryonic development in relation to spawning and field occurrence of larvae
of three Antarctic echinoderms. Biol. Bull. 194, 44-52 (1998).
33. Fogt, R. L., Bromwich, D. H. & Hines, K. M. Understanding the SAM influence on the South Pacific ENSO teleconnection. Clim.
Dyn. 36, 1555-1576 (2011).
34. Kwok, R. & Comiso, J. C. Spatial patterns of variability in Antarctic surface temperature: Connections to the Southern Hemisphere
Annular Mode and the Southern Oscillation. Geophys. Res. Lett. 29, 2-5 (2002).
35. Santamaria-Del-dngel, E. et al. Interannual climate variability in the west antarctic peninsula under austral summer conditions.
Remote Sens. 13,1 (2021).
36. Montgomery, D. & Peck, E. Introduction to linear regression analysis. (Wiley, 1992).
37. Halberg, F, Shankaraiah, K. & Giese, A. The chronobiology of marine invertebrates: methods of analysis. in Reproduction of marine
invertebrates, Vol IX. General aspects: seeking unity in diversity 331-384 (The Boxwood Press, 1987).
38. Loeb, V.]J., Hofmann, E. E,, Klinck, J. M., Holm-Hansen, O. & White, W. B. ENSO and variability of the antarctic peninsula pelagic
marine ecosystem. Antarct. Sci. 21, 135-148 (2009).
39. White, W. B,, Chen, S. C., Allan, R. J. & Stone, R. C. Positive feedbacks between the Antarctic Circumpolar Wave and the global
El Nifio-Southern Oscillation wave. J. Geophys. Res. C Ocean. 107, 29-31 (2002).
40. Saba, G. K. et al. Winter and spring controls on the summer food web of the coastal West Antarctic Peninsula. Nat. Commun. 5,
1-8 (2014).
41. Cavanagh, R. D. et al. A synergistic approach for evaluating climate model output for ecological applications. Front. Mar. Sci. 4, 1
(2017).
42. Vergani, D. E, Labraga, J. C., Stanganelli, Z. B. & Dunn, M. The effects of El Nifio-La Nifia on reproductive parameters of elephant
seals feeding in the Bellingshausen Sea. J. Biogeogr. 35, 248-256 (2008).
43. Clark, G. F. et al. Light-driven tipping points in polar ecosystems. Glob. Chang. Biol. 19, 3749-3761 (2013).
44. Schneider, D. P, Okumura, Y. & Deser, C. Observed Antarctic interannual climate variability and tropical linkages. J. Clim. 25,
4048-4066 (2012).
45. Yuan, X. ENSO-related impacts on Antarctic sea ice: A synthesis of phenomenon and mechanisms. Antarct. Sci. 16, 415-425
(2004).
46. Loeb, V. ]. & Santora, J. A. Population dynamics of Salpa thompsoni near the Antarctic Peninsula: Growth rates and interannual
variations in reproductive activity (1993-2009). Prog. Oceanogr. 96, 93-107 (2012).
Scientific Reports|  (2021) 11:18868 | https://doi.org/10.1038/s41598-021-98444-4 nature portfolio


https://doi.org/10.1007/s10584-020-02658-w
https://doi.org/10.1007/s10584-020-02658-w

www.nature.com/scientificreports/

47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

57.
58.
59.
. Rueden, C. T. et al. Image J2: Image] for the next generation of scientific image data. BMC Bioinformatics 18, 1-26 (2017).
61.
62.

63.
64.

65.
66.
67.
68.
69.

70.
71.

Moran, A. L., McAlister, J. S. & Whitehill, E. A. G. Eggs as energy: Revisiting the scaling of egg size and energetic content among
echinoderms. Biol. Bull. 224, 184-191 (2013).

Gomez-Robles, E. & Saucedo, P. E. Evaluation of quality indices of the gonad and somatic tissues involved in reproduction of the
pearl oyster Pinctada mazatlanica with histochemistry and digital image analysis. J. Shellfish Res. 28, 329-335 (2009).
Gomez-Valdez, M., Ocampo, L., Carvalho-Saucedo, L. & Gutiérrez-Gonzalez, J. Reproductive activity and seasonal variability in
the biochemical composition of a pen shell, Atrina maura.. Mar. Ecol. Prog. Ser. 663, 99-113 (2021).

Steinberg, D. K. et al. Long-term (1993-2013) changes in macrozooplankton off the Western Antarctic Peninsula. Deep. Res. Part
I Oceanogr. Res. Pap. 101, 54-70 (2015).

Rozema, P. D. et al. Interannual variability in phytoplankton biomass and species composition in northern Marguerite Bay (West
Antarctic Peninsula) is governed by both winter sea ice cover and summer stratification. Limnol. Oceanogr. 62, 235-252 (2017).
Starr, M., Himmelman, J. H. & Therriault, J. Direct coupling of marine invertebrate spawning with phytoplankton blooms. Science
247, 1071-1074 (1990).

Harrington, L. H., Walker, C. W. & Lesser, M. P. Stereological analysis of nutritive phagocytes and gametogenic cells during the
annual reproductive cycle of the green sea urchin, Strongylocentrotus droebachiensis.. Invertebr. Biol. 126, 202-209 (2007).
Magniez, P. Reproductive cycle of the brooding echinoid Abatus cordatus (Echinodermata) in Kerguelen (Antarctic Ocean): changes
in the organ indices, biochemical composition and caloric content of the gonads. Mar. Biol. 74, 55-64 (1983).

Pérez, A. F, Morriconi, E., Boy, C. & Calvo, J. Seasonal changes in energy allocation to somatic and reproductive body components
of the common cold temperature sea urchin Loxechinus albus in a Sub-Antarctic environment. Polar Biol. 31, 443-449 (2008).
Hernandez, E., Vézquez, O. A., Torruco, A. & Rahman, M. S. Reproductive cycle and gonadal development of the Atlantic sea
urchin Arbacia punctulata in the Gulf of Mexico: changes in nutritive phagocytes in relation to gametogenesis. Mar. Biol. Res. 16,
177-194 (2020).

Bronstein, O., Kroh, A. & Loya, Y. Reproduction of the long-spined sea urchin Diadema setosum in the Gulf of Aqaba - Implica-
tions for the use of gonad-indexes. Sci. Rep. 6, 1-11 (2016).

Alturkistani, H. A., Tashkandi, F M. & Mohammedsaleh, Z. M. Histological Stains: A Literature Review and Case Study. Glob. J.
Health Sci. 8, 72-79 (2015).

Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676-682 (2012).

Lau, S. C. Y, Grange, L. J., Peck, L. S. & Reed, A. J. The reproductive ecology of the Antarctic bivalve Aequiyoldia eightsii (Proto-
branchia: Sareptidae) follows neither Antarctic nor taxonomic patterns. Polar Biol. 41, 1693-1706 (2018).

Reed, A. J., Morris, J. P, Linse, K. & Thatje, S. Reproductive morphology of the deep-sea protobranch bivalves Yoldiella ecaudata,
Yoldiella sabrina, and Yoldiella valettei (Yoldiidae) from the Southern Ocean. Polar Biol. 37, 1383-1392 (2014).

Cleveland, W. S. Robust locally weighted regression and smoothing scatterplots. J. Am. Stat. Assoc. 74, 829-836 (1979).
Venables, H. J., Clarke, A. & Meredith, M. P. Wintertime controls on summer stratification and productivity at the western Antarctic
Peninsula. Limnol. Oceanogr. 58, 1035-1047 (2013).

Clarke, A., Meredith, M. P, Wallace, M. I, Brandon, M. A. & Thomas, D. N. Seasonal and interannual variability in temperature,
chlorophyll and macronutrients in northern Marguerite Bay, Antarctica.. Deep Res. Part II Top. Stud. Oceanogr. 55, 198-206 (2008).
Zuur, A., Ieno, E. N. & Smith, G. M. Analyzing Ecological Data. in Analyzing Ecological Data (ed. M. Gail, K. Krickeberg, J. Samet,
A. Tsiatis, W. W.) 23-47 (Springer-Verlag New York, 2007).

Burnham, K. P. & Anderson, D. R. Model selection and multimodel inference. A practical information-theoretical approach. Model
Selection and Multimodel Inference (Springer, 2002). https://doi.org/10.1007/978-0-387-22456-5_7

Fisher, R., Wilson, S. K., Sin, T. M., Lee, A. C. & Langlois, T. J. A simple function for full-subsets multiple regression in ecology
with R. Ecol. Evol. 8, 6104-6113 (2018).

Wood, S. Fast stable restricted maximum likelihood and marginal likelihood estimation of semiparametric generalized linear
models. J. R. Stat. Soc. 73, 3-36 (2011).

De Leij, R., Peck, L. S. & Grange, L. ]. R code and csv. files. https://doi.org/10.5061/dryad.6q573n5z1 (2021).

Grange, L. J., Peck, L. S. & Tyler, P. A. Reproductive ecology of the circumpolar Antarctic nemertean Parborlasia corrugatus: No
evidence for inter-annual variation. J. Exp. Mar. Bio. Ecol. 404, 98-107 (2011).

Acknowledgements

We would like to thank the British Antarctic Survey Rothera Diving team and marine assistants from 2012 -
2018, for collecting and preserving specimens, as well as collecting the RaTS data. Thanks goes to Dr. Hugh
Venables for providing the RaTS dataset as well as Madlaina Michelotti, Henry Ernst and Katie Margerum for
their contributions to the histology work. We would also like to thank Drs Clive Trueman, Jasmin Godbold
and Adel Heenan for their guidance and advice with the general additive modelling component of this paper.

Author contributions
L.S.P and L.J.G conceived and designed the study. R.D carried out the practical work and data processing. R.D,
L.J.G and L.S.P analysed the data, drafted the manuscript and approved its publication’

Funding
Funding was provided by Natural Environment Research Council (Grant No. NE/L002531/1).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-98444-4.

Correspondence and requests for materials should be addressed to R.D.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:18868 | https://doi.org/10.1038/s41598-021-98444-4 nature portfolio


https://doi.org/10.1007/978-0-387-22456-5_7
https://doi.org/10.5061/dryad.6q573n5z1
https://doi.org/10.1038/s41598-021-98444-4
https://doi.org/10.1038/s41598-021-98444-4
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:18868 | https://doi.org/10.1038/s41598-021-98444-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Multiyear trend in reproduction underpins interannual variation in gametogenic development of an Antarctic urchin
	Results
	Seasonal cycles. 
	Changes in gonad index. 
	Oocyte growth and maturation. 
	Male maturity. 

	Discussion
	Methods
	Study site and sampling. 
	Measuring reproductive condition. 
	Nutritive phagocytes (NPs). 
	Environmental covariates. 
	Data analysis. 

	References
	Acknowledgements


