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Population Overview

The sheep population on Hirta entered 2022 at a relatively low level as there was moderately
high mortality over winter with 172 tagged animals being found dead with in the study area.
Lambing began on the 8" of April and peaked on the 20th of April (Fig. 1), with 66.94% of
lambs born surviving.
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Figure 1. The temporal distribution of lamb births during 2022.

In December 2022, 738 tagged sheep were believed to be alive on Hirta, of which 515 regularly
used the study area, a decrease of 8.04% using the study area since the previous year. The age
distribution of the population is shown in Figure 2 and changes in sheep numbers in the study
area over time are shown in Figure 3.
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Figure 2. Age distribution of tagged Soay sheep presumed to be alive at the end of 2022.
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Figure 3. The number of sheep counted on the whole island and the number of tagged sheep
regularly using the study area since 1985.

One whole-island count yielded 1700 tagged and untagged sheep, with the details displayed in
Table 1. The total population had decreased by 20.26% since summer 2021 when it was 2132.
The whole island count is also shown in Figure 3.

Table 1. Demographic and geographic distribution of sheep observed during the count of Hirta
on August 16" 2022. Coat colours are DW = dark wild, DS = dark self. LW = light wild, and LS

= light self.
Location Females Males Lambs | Total
DW DS LW |LS DW DS |LW |LS
Conachair/Oiseval 194 8 46 0 57 2 14 1 122 444
Mullach Bi/ Cambir | 229 8 59 1 42 2 12 0 218 571
Ruaival/Village 278 6 67 5 80 1 32 1 215 685
Total 701 22 172 6 179 5 S8 2 555 1700




Reports on component studies

Are increases in productivity and changes in climate driving the increase in sheep
numbers?

Robin Pakeman.

The paper on long-term changes for the vegetation by Crawley et al (2021) showed that the
long-term trend in the sheep population is upwards, but that there were also similar upward
trends in heather biomass and in the productivity of the good quality grassland in Village Bay.
To see if these trends in biomass were similar for different vegetation types across the island,
data from the Landsat satellites was accessed. From the red and infra-red bands an index of
plant biomass, called the Normalised Vegetation Difference Index (NDVI) can be calculated.
This shows that there has been a long-term increase in the biomass for all vegetation types on
the island since 1985 suggesting that food availability has increased for the sheep (Fig. 4).
Unfortunately, St Kilda is too cloudy to get enough clear images to see if spring is getting
earlier.

Year

Figure 4. Long-term changes in the biomass of the Agrostis-Festuca-Molinia community on St
Kilda. The line is the best fit time trend taking into account the seasonal changes in biomass.

To assist with the analysis, we also used the data from the weather stations alongside that from
the nearest long-term weather station at Stornoway to predict the monthly weather on the island
back to 1980 to match the Landsat data. This analysis shows the island getting warmer, wetter
and windier (Fig. 5).
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Figure 5. Changes in winter average temperature (°C), wind speed (m s') and rainfall (mm)
for the Signals Meadow weather station. Data before 2000 predicted from Stornoway data.
Lines are the best fit models.

Using the same approach as the Crawley paper we assessed whether sheep population change,
which we know is linked to sheep density, was also affected by the amount of vegetation
present the previous summer and by winter weather. Preliminary analysis suggests that the best
predictor for population change is still the size of the population in August: a high population
density means a likely reduction in population size. As population density also affects the
amount of vegetation present, the statistical models aren’t improved by including vegetation
biomass. However, useful models can be created by combining biomass and weather variables,
so that increases in population size are higher when there is more summer biomass on the good
grasslands in Village Bay (Holcus-Agrostis) and the winter is warmer and less windy. Our
preliminary analyses suggest that the island’s climate, the productivity of the vegetation and
the sheep population size are all changing together.

Weather records.

Ian Stevenson and Robin Pakeman.

In putting together the weather data to analyse potential drivers of population change in the
sheep the opportunity was taken to look at the weather records since the installation of the
weather stations in 1999/2000.

It is clear from the data that July 2003 was the month to visit St Kilda, and January 2005 would
have been a good time to avoid the island as wind speed reached 117 mph. What is interesting
from the data is that on no day did temperatures not rise above 0°C and that high temperatures
are associated with windless days. Also of interest is the day of the record high wind speed had
only a moderate daily mean of 9.64 m s™! (22 mph).



Table 2. Weather records from St Kilda since installation of the weather stations in 1999.

Maximum Minimum
Daily maximum temperature | 23.38°C on 16/7/2003 0.63°C on 1/3/2018
Daily mean temperature 20.27°C on 17/7/2003 -0.74°C on 1/3/2018
Daily minimum temperature | 18.06°C on 17/7/2003 -3.51°C on 27/12/2000
Mean daily windspeed 13.47 m s on 5/10/2010 0.01 m s on 16/7/2003
Wind speed 52.50 m s on 11/1/2005
Rainfall 104.7 mm on 11/1/2005

Botanical developments.

Robin Pakeman.

There are old records for groundsel (Senecio vulgaris) on the island, but it hasn’t been seen
since at least 1993. This year a plant turned up on disturbed gound to the west of the helipad,
possibly emerging from seed exposed to the light for the first time in decades.

We also helped the NTS set up and record a series of permanent quadrats to allow vegetation
development in the old base area to be monitored over time. What is striking in the vegetation
developing on the bare soil is the cushions of plants like sea plantain (Plantago maritima) and
buck’s horn plantain (Plantago coronopus) which grow almost flat when grazed.

Figure 6. Groundsel (Senecio jacobaea)



Figure 7. A view of the exclosure around the former base.

The genetics of rare white coat patches in Soay sheep.

Jon Slate, Ian Stevenson, Jill Pilkington, Caelinn James, Martin Stoffel, Susan Johnston and
Josephine Pemberton.

Soay sheep have four main coat colour types, which we have shown to be under the control of
two different genes. The first gene, TYRP1, controls whether coats are dark or light. The
second, the Agouti-signalling protein gene (ASIP), controls the coat colour pattern: “wild” type
sheep have lighter-coloured wool around the belly and face, while “self” type sheep are a
uniform colour all over. Additionally, a very small proportion (~2%) of Soay sheep have white
patches on their coats. The degree of white varies a lot, with some sheep having a skewbald-
like appearance with a large proportion of the body being white, while others have much
smaller patches, typically on the nose, lower leg (‘socks’), forehead or sometimes the horns
(Fig. 8). Until now, we have not attempted to explore the genetic basis of these white patches
as we considered them too rare for there to be sufficient statistical power to map the causal
genes. However, with >30 years of phenotypic and genetic data now collected, we decided to
conduct some analyses of the genetics of white markings.



Figure 8. Soay sheep with white markings. Clockwise from top left. ‘Skewbald’;
white topknot; white horns, forehead, nose and neck; white forehead and nose.
Photos: Jill Pilkington, Jon Slate

In our database we identified a total of 7282 sheep with known coat type, who were genotyped
on our SNP (single nucleotide polymorphism) array that is used for gene mapping. A total of
137 sheep (1.9%) had some form of white markings. We performed a genome-wide association
study (GWAS) to search for SNP genetic markers that were associated with white patches. We
looked for associations between SNPs and white patches at over 400,000 locations in the sheep
genome.

The genome-wide scan revealed two peaks that were both strongly associated with white
patches (Fig. 9, top row). Both peaks are on Chromosome 19, but they are around 30 mega-
bases apart and are statistically independent of each other (Fig. 9, middle row). At each SNP,
the rarer homozygote (genotype GG) is most strongly associated with white markings. The
most significantly associated SNP (Fig. 9, bottom row right), is located within the gene MITF
(melanocyte-inducing transcription factor). This gene is an excellent candidate gene, as it plays
a well-established role in the melanin synthesis pathway, and mutations of it cause similar
phenotypes in other mammals including the ‘splashed white’ phenotype in horses, white
spotting in dogs and various mouse white pigment phenotypes. In humans, mutations in MITF
cause Waardenburg’s Syndrome, which is characterised by changes in pigmentation in hair,
skin and eyes. The second peak is not located directly within a gene. The nearest gene,
EOMES, eomesodermin (Fig. 9 - bottom row left), is not a good candidate gene. EOMES is
not thought to be part of the melanin synthesis pathway. However, there is one report in the

8



literature that EOMES, a transcription factor, can bind to MITF during mammalian
development, and so perhaps it can regulate the expression of MITF.

The two genomic regions seem to act additively, because among animals with genotype GG at
the MITF-associated SNP, 37/60 (0.62) have white patches if they also have a ‘G’ allele at the
EOMES-associated SNP, but only 14/168 (0.08) have white patches if they lack the ‘G’ allele
at the EOMES-associated SNP. While the most strongly-associated SNPs cannot fully predict
the presence or absence of white patches, animals lacking the ‘G’ allele at either SNP are very
unlikely to have white patches (frequency ~ 0.003). In contrast, animals with genotype ‘GG’
at the MITF SNP and at least one copy of ‘G’ at the EOMES SNP are around 200 times more
likely to have white patches. The data are consistent with white coat patches being a so-called
‘threshold trait’, with the two SNPs doing a good job of predicting an animal’s ‘liability’ to
exceed the threshold required for white patches. Future work will seek to investigate the origins
of white patches, and whether the underlying genes are under selection.
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Figure 9. GWAS for white coat patches. Top row — whole genome scan. Middle row —
Chromosome 19, where two significant peaks are located. Bottom row — Zooming in on the two
Chromosome 19 peaks. The y-axis shows a P value, but on a —logl0 scale. i.e. higher values
are more statistically significant.
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The Ecology Within: The impact of gut ecosystem dynamics on host fitness in the wild.

Xavier Bal, Dylan Childs, Yolanda Corripio-Miyar, Andy Dean, Mike Evans, Andy Fenton,
Mariecia Fraser, Andrew Free, Adam Hayward, Helen Hipperson, Fiona Kenyon, Hannah
Lemon, Luke McNally, Tom McNeilly, Dan Nussey, Robin Pakeman, Amy Pedersen, Jill
Pilkington, Josephine Pemberton, Amy Sweeny and Hannah Vallin.

Mammalian guts are home to trillions of tiny organisms, including ‘friendly’ bacteria — which
are vital to healthy digestion and immune function — and a variety of parasites, including viruses
and single-celled organisms and worms. While we know these gut communities play a pivotal
role in human health and can influence productivity in livestock, we know little about their role
in wild animal populations. In March 2019, we began a study into the gut communities of the
Soay sheep on St Kilda, which is funded by a large NERC grant. The study relies on the
collection of faecal samples on a seasonal basis (March, May, July and October) from Soay
sheep that are part of the long-term study in Village Bay. These samples are transported back
to laboratories at the University of Edinburgh and Moredun Research Institute and prepared
for next-generation sequencing. The sequencing approaches we use reveal the composition of
different species of bacteria and worms in the samples. In November 2022, we completed our
four-year sample collection program. Here we provide an update on our progress investigating
the gut bacteria and worm communities in the Soay sheep.

Faecal Sampling: From March 2019 to November 2022, we collected 3,429 faecal samples.
Sample collection was carried out in March, May, July and October each year, repeatedly
targeting the same individuals, if alive. Figure 10 shows the structure of the repeated sampling
over the four years.
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Figure 10. Structure of the repeated faecal sampling from March 2019 to October/November
2022. Blue ‘cohort’ groups are lambs of the year and the “mixed age” group includes sheep
between 2 and 14 years old.
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Each sample was separated into three sub-samples in the field, with one of them being frozen
at -80°C for subsequent bacterial analysis, one prepared for a parasite egg count, and one for
parasite culture to allow us to later determine the proportions of different worm species present.
Below we provide an update on our work using the samples to investigate the bacterial
community (‘microbiota’) and the nematode worm community (‘nemabiota’) in the sheep. In
addition to that, in April/May 2019 we collected 50 faecal samples from lambs less than 2
months old.

Microbiota: Sequencing of samples to assess the composition of the microbiota involves two
key steps in the lab. First, DNA extraction from each sample. We recently completed DNA
extraction for all 3,429 samples across the four years. Once DNA is extracted, the bacteria gene
region we sequence to identify species has to be amplified and sent for sequencing. This has
now been completed for 1,837 samples and our plan is to complete sequencing of all samples
by the end of 2023. We have developed an analysis pipeline for the available sequence data to
identify and count the proportion of different bacterial species present in each sample, and have
applied this to our first two years of sequence data. We have begun analysis of this data to ask
how the gut microbiome changes with age and across seasons in the Soay sheep. Initial analyses
reveal there are pronounced differences between the gut bacterial communities of new-born
lambs, lambs at weaning and older animals. We are currently working to determine which
groups of bacteria are changing and whether this may reflect the gut functions of these groups
(e.g. switch from milk digesting bacteria to plant digesting bacteria). Our analyses of seasonal
differences suggest that changes in the gut microbiome of adult sheep in summer is largely
driven by changes in methanogenic bacterial groups, which is consistent with changes in food
quality from winter through to summer. We plan to go on to study how gut microbiota predict
survival in young lambs with our initial two year data set, with many more exciting analyses
planned when our full four year sequence data set is available.

Parasitology: Past work on St Kilda has identified 11 different species of nematode worms in
the gastrointestinal tracts of dead animals. The long-term study routinely collects faecal
samples in August from study animals and uses counts of morphologically distinct eggs
collected from the facces to monitor these parasites. This microscope-based counting of eggs
has now been completed for all four years of samples, yielding 3,208 counted samples from
564 individual sheep. Previous work on the first year of these data has shown that the egg
counts for a major nematode parasite group — the Strongyles — show pronounced seasonal
changes which differ between males and females. The microscope-based counting of worm
eggs groups five different species of Strongyle worm together into a single count, because of
the eggs of these different species cannot be differentiated by eye. We are using the samples
collected as part of this study and next-generation sequencing approaches to understand the
dynamics of the five different Strongyle parasite species. This involves culturing faecal
samples so that worm eggs develop into third stage larvae, from which we then extract DNA
and use meta-barcoding methods to estimate the proportions of different species of worm.

So far, we have sequenced a total of 1202 individual samples and we are currently processing
the remaining 1073 samples (July 2021-October/November 2022), see Figure 11. Out of the
sequenced samples, an average of 37% of samples yielded no larvae (or PCR product). This
was particularly common in samples from the winter months, when fewer larvae are present in
the collected samples.

12
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Figure 11. Progress of laboratory work for the nemabiota project. Bars indicate the number
of samples from each season either extracted and sequenced (dark orange), extracted and
awaiting preparation for sequencing (blue) or samples which did not yield sufficient larvae for
sequencing (light orange).

The nemabiota labwork is on track to be completed in the early summer of 2023. Preliminary
analysis of the first two years’ data suggests that the spring rise in strongyle faecal egg counts
in ewes is driven largely by the abomasal worm Teladorsagia circumcincta. Interestingly there
is a decline in another abomasal worm, Trichostrongylus axei, raising questions about
interactions between these two species. Further analysis of the complete nemabiota dataset will
include impacts of Strongyle worm composition on lamb survival, and correlations between
composition and home range.

Mathematical modelling helps understand the effects of different within-host parasite
control strategies.

Andrew Dean, Amy Pedersen and Andy Fenton.

As our studies with the Soay sheep show, animals are regularly infected with parasites,
impacting their health and fitness. The number of parasites within a host (its ‘parasite load”) is
determined by many interacting factors. Some of these are environmental, such as infection
pressure (their exposure to parasite infective stages) and resource availability, while others are
specific to the host, such as the strength of its immune system or whether resources must be
diverted elsewhere, for example to suckle a lamb. The picture is further complicated by the risk
of immunopathology (harm done to a host by its own immune system); a strong immune
response may be more effective at clearing parasites, but could also cause significant harm to
the host. As such, it may be better to tolerate the infection, managing the damage caused by the
parasites, rather than attempting to clear them directly. Clearly the relative benefits of these
different strategies will depend on the balance of the above factors. Mathematical modelling is
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a powerful tool to help understand such complex biological processes, especially when, as here,
obtaining the requisite data is technically or logistically difficult. We have developed such a
model, allowing us to explore how the interactions between resource availability, parasite load
and immune response affect health outcomes for individual hosts. This model is inspired by
our understanding of the host-parasite interactions in the Soay sheep system, but is kept
deliberately broad at this stage to allow us to explore the consequences of those interactions
more generally.

Our model encapsulates the following processes. Hosts forage to gain resources, which also
results in infection through the ingestion of parasite infective stages. Those infective stages
hatch into larvae, which mature into adults. Both life-stages harm their host. Some host
resources are used to produce a baseline immune response, but immune production also
increases (upregulates) when the immune system encounters parasites, which further depletes
resource levels. The immune response may then act directly on the parasites to clear them (an
‘elimination’ response), or indirectly to mitigate the damage they cause (a ‘tolerance’
response). Together these processes affect the condition of the host. Consumption of resources
improves host condition, whereas the damage caused by parasites and immunopathology
worsen it. By explicitly combining the relationships between resource intake, parasite
exposure, immune effectiveness and immunopathology, our model allows us to explore the
benefits to the host of adopting different response strategies.

Our model shows that the outcomes for the different strategies, e.g. elimination or tolerance,
depend upon environmental variables. As seen in Fig. 12, host condition (top panels) is higher
for both strategies in an environment with abundant resources (red lines) than one in which
they are scarce (blue lines). When resources are plentiful, the tolerance strategy results in much
higher host condition than elimination. However, under the tolerance strategy when resources
are scarce, the damage done by the parasites is sufficient to kill the host as condition is driven
to zero (top-right panel, blue line). In contrast, under the same low-resource scenario, adopting
an elimination strategy allows the host to survive, albeit with very low condition (top-left panel,
blue line).

As the tolerance strategy does not affect parasites directly, it results in a much greater parasite
load than for the elimination strategy (Fig. 12 bottom panels). Thus, although an individual
may benefit from the tolerance strategy due to improved condition, the associated high parasite
load will likely result in a greater shedding of infective stages into the environment, potentially
resulting in higher levels of infection pressure for the whole population. Hence there may be a
tension between benefits for the individual, by tolerating infection and thus improving its
condition, and a detriment for the wider population, by increasing overall infection risk.

Overall, these results show that the effectiveness of different parasite-mitigation strategies
depends on environmental conditions, and that what benefits the individual host may have
adverse effects on the population as a whole. More broadly, our model, by incorporating these
multiple interacting processes, will provide a valuable tool for exploring the relative benefits
and consequences of different host strategies for combating parasites. Although this model is
not specifically tailored to the Soay sheep system, findings from the wider project will be
incorporated to test its predictions and allow insight into how the consequences of different
host strategies are affected by variations in microbiota, parasite community, environmental
conditions and changing physiological demands throughout the hosts’ lives.
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Figure 12. Comparison of elimination and tolerance strategies when resources are abundant
(red lines) and scarce (blue lines). The top panels show the condition of the host, and the bottom
panels show the corresponding levels of adult parasite load, for each host strategy, under each
resource scenario. The host starts free of parasites at time 0, dynamics span 90 days,
approximately representing a single season. If host condition reaches zero, the host is taken to
have died. The tolerance strategy does not affect parasite load, hence the two lines are identical
in the bottom right panel.

Parental Age Effects on Offspring Fitness in the Soay Sheep
Sanjana Ravindran, Hannah Froy & Dan Nussey

Parental age is known to effect on both development and adult health and lifespan across
many animal species. In wild birds and mammals, there is good evidence that having older
parents predicts reduced early life performance and survival. In mammals, early life
performance appears to decline as mothers age, presumably due to the deterioration of
physiological function at older ages and the loss in ability to invest adequate resources and
provide sufficient care to their offspring. However, there is growing awareness that — even in
species where fathers contribute no care to offspring at all — paternal age could influence
offspring traits via changes in sperm with age or differential allocation of resources by
mothers based on the father’s age. The role of parental age on offspring traits has been
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extensively studied in the context of early-life offspring traits where maternal effects are
likely to be profound. However, whether these early-life effects have lifelong fitness
consequences for the offspring is less known. Here, we investigated parental age effects on

offspring lifetime reproductive success in Soay sheep, and tested whether such effects might
depend on offspring sex.

As has been shown many times previously in the Soay sheep, we found that offspring first year
survival was highest in prime age mothers, with reduced offspring survival in younger and
older (>6 years) mothers. Focusing only on individuals that survived their first year (1286 sheep
born to 607 mothers and 429 fathers), we found evidence that parental age had longer term
effects on offspring fitness. Offspring lifetime breeding success (LRS: the total number of
surviving lambs produced) was related to maternal age: it was highest in prime age and reduced
in young and older mothers (6 onwards, Figure 13A). This effect was highly sex-dependent:
maternal age only shaped offspring LRS for male offspring, not for female offspring (Figure
13B). We found no evidence that paternal age influenced offspring first year survival or later
LRS. In conclusion, we found maternal age effects manifested in a sex-specific manner for
offspring adult reproductive performance with male offspring born to younger and older
mothers having lower lifetime reproductive performance, but with no effect of maternal age on
female offspring reproductive performance. This reveals previously unknown long-term
consequences of maternal age for offspring fitness, but also shows that such effects of parental
environment are variable within a population. Further work will aim to identify why male
fitness is more strongly impacted by maternal age than female fitness.
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Figure 13. Maternal age effects on offspring LRS. Model predictions and 95% confidence
intervals shown. Raw data mean and standard error also shown (data from maternal ages
11-13 binned with age 10). A) represents the slope predicted from model without an
interaction term between offspring sex and maternal age while B) depicts offspring-sex
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offspring predicted.
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APPENDIX A: PERSONNEL NEWS & SCHEDULE OF WORK
Personnel News

Elizabeth Drake joined the project to do a PhD with Hannah Froy on ageing and Mike Evans
joined the project to do a PhD with Dan Nussey and Tom McNeilly on parasitology. Sanjana
Ravindran completed her PhD and has moved on to a postdoc with Hannah Froy on life history
and ageing. Amy Sweeny moved from Edinburgh to Sheffield to work with Dylan Childs on
gut ecosystem and population modelling. Melanie Lindner and Alex Sparks arrived in Sheffield
to work as post-docs with Jon Slate on epigenetics.

Schedule of work on St Kilda.
Spring

From March 215 until May 24", Jill Pilkington, Xavier Bal, Hannah Lemon, Amy Sweeny and
Cameron Fox-Clarke conducted mortality checks, collected two rounds (April and May) of
faecal samples for the Ecology Within project, carried out ten population censuses and
monitored and recorded the lambing dates for the whole lambing season. 248 lambs were born
to 232 ewes; these figures include 16 definite sets of twins (8 ewes held both lambs and 6 ewes
held one lamb and lost one, 2 ewes lost both lambs). Other dead lambs processed may be twins
but this will be determined by genetics at a later date.

Summer

Xavier Bal, Michael Morrissey and Hannah Lemon returned to Hirta on July 19™ to carry out
ten population censuses, conduct mortality searches (yielding 7 tagged dead animals) and
prepare for the main catch-up of study area sheep. The catch-up took place from August 11% —
25" and was conducted by a team of 12 additional project members and volunteers. 223 sheep
were caught and processed, of which 80 were lambs (40 males and 40 females), 29 were
yearlings (10 male and 19 females), 24 were adult males and 90 were adult females. All animals
were weighed and measured to monitor growth, and sampled for parasite and genetic analyses.
40 sheep were retagged because of damaged or missing tags. 13 previously untagged lambs, 2
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untagged yearlings and 5 untagged adults were caught and processed. Robin Pakeman collected
vegetation data. Xavier Bal and Elizabeth Drake remained on Hirta until the 31°" August to
complete mothering-up newly tagged lambs and maintaining equipment used during catch up
ready for the next field trip.

Autumn

From October 21°% to December 6™ Xavier Bal, Hannah Lemon and Lucy Barnard carried out
ten population censuses, monitored the mating period, capturing and processing 4 incoming
untagged tups, 1 untagged female lamb, 20 resident tups and 35 resident ewes. 32 previously
darted, non-resident tups were seen in the study area during this rut. 9 dead sheep were found.
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