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Population Overview

The sheep population on Hirta entered 2016 at a moderate level and there was relatively high
mortality over winter with 145 tagged animals being found dead with in the study area.
Lambing began on the 7" of April with 76.7% of lambs born surviving (Fig. 1).
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Figure 1. The temporal distribution of lamb births during 2016.

In December 2016, 648 tagged sheep were believed to be alive on Hirta, of which 444 regularly
used the study area, a decrease of 13.5% 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 2016.
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Figure 3. The number of tagged sheep regularly using the study area since 1985.

One whole-island count yielded 1701 tagged and untagged sheep, with the details displayed in
Table 1. The total population had decreased by 4.1% since summer 2015 when it was estimated
as 1914. This gives a delta (calculated as In (N¢1/Ny)) of -0.118. 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 27" 2016. 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 203 8 65 4 48 0 9 1 171 509
Mullach Bi / Cambir 232 4 63 3 57 2 7 1 280 649
Ruaival/Village 214 10 67 2 46 1 12 0 191 543
Total 649 22 195 9 151 3 28 2 642 1701




Vegetation.
Mick J. Crawley

The vegetation in 2016 was distinguished by two contrasting patterns: biomass and
productivity were both completely unremarkable, but flowering rates for most plant species
were exceptionally low.

Looking first at the biomass data, we separate it into grasses, herbs, bryophytes and dead
organic matter (Fig. 4). Grass biomass in both March 2016 and August 2016 (the right-most
two points) were unexceptional in every way. Herb biomass was average in August 2016 but
relatively high in March 2016. Bryophyte biomass was relatively high in August 2016 (the
right-most point) but average in March 2016. After the massive peak in dead organic matter in
March 2015 (associated with low grazing pressure and high grass growth in 2014) the figures
for DOM in 2016 were unremarkable. Apart from herbs, which show a clear reduction in mean
August biomass after about 2004, the other three biomass components show no obvious trends
over time in either their August or their March levels. Given the significant increase in sheep
numbers over this period, this is both surprising and very interesting.

Second, the flowering data continue to tantalise. The most conspicuous flowers of the inbye
grasslands in summer, both yellow flowered, are Ranunculus acris (Ranunculaceae) and
Leontodon autumnalis (Asteraceae). Both these species have shown significant downward
trends over more than 20 years, and Leontodon autumnalis showed exceptionally low flowering
stem densities in August 2016 (the lowest ever recorded, in fact; Fig. 5). Of the grasses, Holcus
lanatus showed one of the lowest flower stem densities we have ever seen but for
Anthoxanthum odoratum 2016 was an unremarkable year. It is interesting that flowering in the
two herbs seems to be depressed by long-term increases in grazing pressure, but not in the
grasses. It is sad but true that we have no idea how changes in flower stem density (and
presumably seed production) map to changes in seedling recruitment for any of the plant
species on Hirta.

As you may know, 2017 will be the last year for the sorted biomass data. By the end of this
year we shall have an unbroken run of 25 years of plant data for March and August, and the
plan is to analyse and publish the botanical data and their relationships to sheep numbers and
weather data as soon as we can after August 2017.
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Figure 4. Dry weights (g) of sward components (grass, herb, bryophyte and dead organic
matter DOM) per 20x20cm quadrat in August (the higher points) and March (the alternating
lower points) for the inbye grasslands over the period August 1993 to August 2016. Bryophytes
and DOM have higher biomass in March than in August but grass and herbs have higher
biomass in August than in March.
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Figure 5. Mean flower stem densities on the inbye grasslands in August (per 40x40cm
quadrat) for the two most abundant flowering herbs (Leontodon autumnalis and Ranunculus
acris) and the two most abundant flowering grasses (Holcus lanatus and Anthoxanthum
odoratum) over the period 1994-2016. Recall that the most palatable plant species produce
no flowering stems at all in the grazed sward (e.g. the grass Festuca rubra and the herb Rumex
acetosa), and abundant grasses like Agrostis capillaris produce consistently low flower stem
densities when grazed by a food-limited Soay sheep population. The two herbs show significant
downward trends in flower stem density over time, correlated with the upward trend in sheep
numbers, but the two grasses show no significant trends over time.



Identifying climatic drivers of survival and fecundity in the Soay sheep.

Bethan Hindle and Dylan Childs

The planet is undergoing rapid climatic change, which is affecting the abundance and
distribution of many species. Climate affects survival and reproductive rates in many species,
and changes to these in turn affect population sizes. Therefore to predict how populations will
be affected by future change it is necessary to identify which climatic variables (e.g. rainfall,
temperature, windspeed) affect their survival and reproduction. Climatic effects are often
complicated because there may be lags of different lengths between the climate event occurring
and its effect on the population, and the same climate variable may have a positive effect at
one time and a negative effect at another. Additionally individuals at different times in their
life history may not be affected in the same way. The Soay sheep project is very unusual for
having over 30 years of individual data on survival and reproduction, allowing us to determine
how the magnitude and direction of climatic effects differed over time for the first time in a
mammal population.

Survival and reproduction in Soay sheep vary with age (i.e. between lambs, yearlings and
adults), with for example much lower survival among lambs. However, years with relatively
high lamb survival also show relatively high adult and yearling survival and high rates of lamb
reproduction. This suggests that common environmental drivers are influencing survival and
reproduction across the stage classes. This allows us to estimate survival and reproduction
across individuals of different ages as a function of the same environmental drivers.

Past studies on the population have focused on the effects of climate at the end of winter, as
this is when nearly all of the mortality occurs. However, the climate may also have indirect
effects, for example by affecting the vegetation growth and these will not necessarily occur
over the winter. We used fortnightly climate data from January in the year before the survival
data were measured until July in that year. A smooth curve was fitted that allowed the effects
of the climate variables on the sheep to differ over this period (Fig. 6). The results from this
modelling suggested that higher temperatures from winter until summer in the year before
increased survival and reproduction (Fig. 6a). We suggest this is due to higher temperatures
increasing vegetation growth over this period. Low temperatures during winter actually
increase survival. This is because winters with higher temperatures generally also have higher
rainfall and wind speeds and these are more thermodynamically challenging for the sheep than
low temperatures. Generally higher rainfall has negative effects on survival and reproduction
(Fig. 6b). The effects are largest at the end of winter and beginning of spring, when the sheep
are at their weakest before the new vegetation growth starts in the spring.

In summary we have shown that survival and reproduction in the Soay population are affected
by the same environmental factors. Additionally whilst nearly all of the mortality in this
population occurs within a short time window, it can be influenced by the climate over 12
months earlier.



—w' Sp' Su A W ' Sp ' su 8 1w ' Sp' su A W ' Sp'su
g 3 £ °
o S 7 o
Q 9 o
8 « 3
o o (&) o
(] o c O -t
5 - S o
3 o 5
® o a -]
o 3 s
5
Y a5
S 4 o
Q T | T | | . T T | |
0 10 20 30 40 0 10 20 30 40
Fortnight Fortnight

Figure 6. The effect of a) temperature and b) precipitation from January the year before until
July in the current year on survival and reproduction. Thick black lines show the average
model, thinner grey lines show uncertainty in the model estimates. The horizontal dashed red
line is at zero. Where the black line is above zero this indicates that a higher value of the
climate variable (temperature or precipitation) at that time point will generally increase
survival and fecundity. Dashed vertical lines and letters at the top of the plot indicate the
seasons.

Infection, parasite-specific immunity and hormones during the peri-parturient period: a
pilot study.

Adam Hayward, Alex Chambers, Dan Nussey, Kathryn Watt, Sue Walker and Becky Titchard

One of the cornerstones of life-history theory is that trade-offs, such as that between
reproduction and survival, are a major force creating and maintaining variation in life-history
traits. Many studies in laboratory and natural populations have shown that investment in
reproduction (pregnancy, lactation, caring, intra-sexual competition) are associated with
reduced parasite resistance. In the Soay sheep, parasite-specific antibodies measured in August
are associated with enhanced winter survival but reduced reproductive success. It seems,
therefore, that the putative trade-off between survival and reproductive success could be
mediated by interactions between reproduction and immune defence. A key mediator of
reproduction-immune interactions is likely to be changes in hormone concentrations, but links
between reproduction, immune function and hormones have seldom been studied in wild
populations. This year, I undertook a pilot project aiming to collect data on nematode parasite
burden (in the form of faecal egg counts, FEC), parasite-specific antibodies, and hormone
concentrations, to assess how reproduction is associated with variation in immune function,
and to identify how hormones mediate reproduction-immunity associations.

Overall, the pilot succeeded: I collected 269 faecal samples from 55 females during April
(mean=4.89 samples per female), spanning several weeks before to several weeks after lamb
birth. I assessed all samples for nematode FEC on St Kilda and parasite-specific antibodies in
Dan Nussey’s lab in Edinburgh. I also measured hormone metabolite concentrations in 55
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samples from nine females at Chester Zoo’s Endocrinology lab. Preliminary analyses of the
data reveal both that the assays were successful and that there are interesting patterns which
warrant more rigorous investigation.

First, nematode FEC was highly repeatable, with over 50% of variation attributable to
individual identity. FEC increased across the lambing season (Fig. 7A), suggesting the
occurrence of increased exposure and/or declining resistance across late pregnancy. There was,
however, no evidence of the predicted decline in FEC following lamb birth; this was potentially
because the sampling period after lamb birth was restricted. The change in FEC was also
independent of whether or not a female produced a lamb, the weight of the lamb, and the sex
of the lamb.

Second, concentrations of six nematode-specific and total antibodies (IgG, IgA, IgM) were all
positively correlated (R=0.45-0.86). In confirmation of previous findings, higher nematode-
specific IgG concentrations were associated with lower nematode FEC, suggesting IgG is a
marker of resistance to infection (Fig. 7B). There was no evidence for consistent changes in
any of the antibody markers across the season. There was, however, evidence for between-
individual variation in antibody dynamics. While some individuals showed widely varying
antibody concentrations, or consistently low concentrations, others showed a dramatic decline
in parasite-specific IgG around the time of lamb birth, followed by a rebound thereafter (Fig.
7C). A focus of future analyses will be to explain this variation.

Third, hormone metabolite concentrations showed expected changes across the lambing
season, with oestrogen, progesterone, glucocorticoids and testosterone all showing profound
declines which commenced around the time of lamb birth. Intriguingly, higher oestrogen levels
were associated with significantly higher nematode-specific IgG and lower lamb birthweight,
raising the possibility that oestrogen mediates a trade-off between reproductive investment and
immunity. More thorough analyses are needed to build upon this speculation, however.
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Figure 7. (A) Strongyle nematode faecal egg count (FEC) increased across the lambing
season, where day 0 on the x-axis is the day of lamb birth, points show raw data and lines show
predictions from generalized additive mixed-effects model =1SE. (B) Higher nematode-specific
IgG was associated with significantly lower nematode FEC; points show raw data and lines
show predictions from generalized linear mixed-effects model =ISE. (C) Individuals exhibited
profound variation in nematode-specific IgG concentrations across the lambing season. Each
line connects data collected from the same individual. On the left, individuals show highly
varying dynamics, on the right, individuals all show a decline in concentrations around lamb
birth and/or an increase immediately thereafter.

Identifying seasonal changes in nematode parasite communities in Soay sheep using next
generation sequencing.

Alex Chambers, Fiona Kenyon, Dan Nussey, John Gilleard, Russell Avramenko, Elizabeth
Redman and Neil Sargison

Multi-parasite co-infections are commonly seen in both managed and wild systems. Host
fitness is heavily influenced by the presence of co-infecting parasites, and understanding
intraspecific dynamics is important in gaining an insight into host population dynamics,
parasitic transmission and host health. Strongyles are a group of nematodes that present
significant welfare and economic impacts on human and livestock health, and little is known
of the parasite burden-dynamics of feral sheep in an unmanaged system.
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Previous methods of assessment of nematode parasite burden include faecal egg counts (FEC),
morphological identification of larval stages, morphological identification of adult worms from
necropsy sampling, and real-time PCR. However, these approaches are low-throughput, prone
to human-error, and require extensive training. They also have limited sensitivity which
prevents fine-scale partitioning of species. Whilst FEC is an good measure of infection
intensity, it is often considered a crude measure of parasite burden as it is not suggestive of true
adult parasite counts. The FEC technique employed to date on St Kilda does not differentiate
among the contributions of several strongyle species, meaning that the importance of these
different species and their interactions has not been explored.

Over 1000 faecal samples were collected from March 2015 to March 2016, representing 8
sampling months, from 9 different sex-age groups. Strongyle eggs were counted in these
samples using a cuvette salt floatation method, and subsamples were also incubated to grow
3" stage larvae (L3), which were used for molecular and morphological analyses. We
employed a new sequencing methodology (MiSeq) which is capable of the accurate
identification and quantification of clade V nematode species (Avramenko ef al., 2015). Clade
V includes strongylida, and represents some of the most economically important
gastrointestinal nematodes of domestic animals. This was the first application of this method
to a wild host.

Our preliminary analyses of the sequencing data recovered all five species previously identified
on St Kilda (Table 2.). Although three morphotypes of Teladorsagia are present on St Kilda,
we only identified one Teladorsagia sequence. This adds support to the existing theory that
on St Kilda Teladosargia exists as one polymorphic species. Additionally, Nematodirus spp.
were not identified because they require a specialised method to grow the larvae, and their eggs
are morphologically distinguishable from the other species.

We found seasonal, age and sex differences in parasite burdens. Potential cyclic patterns were
observed, with key strongyle species sequentially peaking throughout the year, which is
mirrored in all age groups in both males and females (Figs. 8 & 9). These seasonal differences
in parasitic burdens are clearer in females (Fig. 8), and could be explained by the Soays’ annual
cycle, with the species-shift coinciding with lambing, weaning, the rut and over-wintering. The
complex dynamics of multi-species burdens means accurately explaining the cause of these
population-fluctuations is problematic. In addition to host differences, each species has
different prepatent periods (the time taken for a parasite to establish within the host), different
pasture survival times and differences in infection route (see Table 2). This can be clearly seen
in the lamb groups as they transition into yearlings. Lambs have a high prevalence of all five
strongyle species, and this prevalence over the first months of life differs depending on the
parasite’s life cycle and method of gut colonisation. Young sheep become exposed to infective
larvae from the pasture, and exposure will depend on weaning time, development of immunity
and environmental conditions. Generally, parasites that have a more complex life cycle and
take longer to establish within the host (e.g. Bunostomum trigonocephalum are not found in
young animals). Additionally, the sensitivity of B. trigonocephalum to fluctuating
environmental conditions means there is only a narrow window in which the Soays can become
infected. Chabertia ovina also has a long prepatent period, and its prevalence can be seen to
gradually increase with the lamb’s age up until their first birthday (Fig. 8). Conversely, species
such as Teladorsagia circumcincta and Teladorsagia spp. have a very short prepatent period,
and can establish inside the host within 2-4 weeks, taking advantage of their own niches within
the digestive tract, to establish a complex multi-species biome.
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Table 2. Information on the nematode species infecting Soay sheep, including adult worm
infection site (‘A’ — abomasum, ‘SI’ — small intestine, LI — large intestine); infection route (‘O’
- oral, ‘P’ - percutaneous), pre-patent period (‘PPP’); average Ls larval pasture survival time
(‘LPST’); number of eggs shed per day by a healthy adult worm,; whether eggs are
morphologically distinguishable (‘D’) or not (‘ND’); which taxonomic clade they belong to
and whether they were identified (‘I’) using next generation sequencing or not (‘NI’).

Species

Teladorsagia circumcincta

Teladorsagia trifurcata

Teladorsagia davtiani

Trichostrongylus axei

Trichostrongylus vitrinus

Strongyloides papillosus

Bunostomum
trigonocephalum
Nematodirus battus
Nematodirus filicollis
Nematodirus helvetianus
Capillaria longipes

Chabertia ovina

Trichuris ovis

Organ

A

A

S|

Sl

S|

Sl

S|

S|

S|

LI

LI

Inf.

(0]

PPP

~17d

~17d

~17d

~17d

~17d

~7_

21d**

~52-56d

~15-26d

~15-26d

~15-26d

~21-28d

~48-54d

~50-90d

LPST

14m*

14m*

14m*

6m

6m

4dm

2m

10m*

10m*

10m*

6m

10m*

Years***

Eggs shed

100-200

100-200

100-200

100-200

100-200

~2000**

50-100

50-100

50-100

5000-

10000

3000-

10000

Eggs

ND

ND

ND

ND

ND

ND

ND

Clade

\Y

Identified?

NI

NI

N/A

NI
NI
NI

N/A

N/A

* Larvae are able to ‘over-winter’ meaning they have the potential to survive longer, **
Dependent on method of reproduction (able to reproduce sexually and asexually), *** Survives
on pasture as eggs not larvae, able to survive up to 7 years on pasture. Because of the rarity of
species, or non-specific nature of the clinical signs, some parasite information is unknown.
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Figure 8. MiSeq results of all female test groups stacked end-to-end to illustrate seasonal
trends over different age groups, including average monthly FEC (‘epg’ — eggs per gram of
faeces). Data still needs to be verified.
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Quantification of environment-selection relationships.
Darren Hunter and Michael Morrissey

Understanding how natural selection changes through time is important both for understanding
past evolutionary patterns and making future predictions about population changes in an
uncertain environment. The Soay sheep project is an ideal platform to design and test new
analytical methods in this area due to the vast amount of high quality data and the closed nature
of the study system.

Natural selection dictates which genes will be present in future generations and consequently
this has an effect on the trait values that they confer. Often studies that investigate how
selection acts look only at a short period of time. In a variable environment the selection that
occurs, for example, in a single harsh winter will not be representative of more favourable
conditions and is therefore unsuitable to provide longer term predictions.

Focussing on the weight of lambs in the August after their birth, we looked at selection
occurring each winter since 1985. We then related this selection to population size each year
(Fig. 10). We found a positive relationship between the strength of selection and the population
size, with the strongest selection occurring in the years with the highest population sizes. This
was true in both males and females and replicates much earlier findings of Jos Milner.

We then developed a method to disentangle different aspects of the relationship between the
strength of selection on lamb mass and population size. This method was based on models
which focused on absolute rather than relative fitness to give a greater understanding about
why selection on lamb August weight has changed across the years. We found that much of
the variation in selection is driven by changes in mean absolute fitness (Fig. 11). When the
survival rate is higher, there are smaller relative differences in fitness (survival prospects)
among individuals with different trait values (lamb August masses). This is a component of
changing natural selection that is independent of the relationship between the trait and absolute
fitness.

The fact that mean fitness plays a large role in changes to selection may have important
evolutionary consequences. Such changes driven by variation in mean fitness can greatly affect
the strength of selection, but will not alter the direction of selection. Changes in direction of
selection are frequently suggested as one explanation for the slow adaptive evolution that is
observed over evolutionary timescales in the fossil record. Utilisation of our methods in other
systems would allow us to determine whether this explanation holds true, but our results from
the Soay sheep suggest that it may not.
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Figure 10. Regression of estimated viability selection differentials (points with 95% Wald-type
confidence intervals) of male (A) and female (B) lamb mass on population size. The solid lines
depict the regressions of selection differentials on population size, accounting for variation in
uncertainty of each estimate. The dashed lines show the 95% credible intervals for the
regression lines.
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Figure 11. Full and partial sensitivities of selection with respect to variation in population
size, by sex. The partial sensitivities show the contribution of ecological effects on the mean
and variance of the trait, and the intercept and slope of the trait-fitness relationship, on the
environment-selection relationship.
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Vitamin D status consistently predicts reproductive fitness in a wild sheep population.
Ian Handel, Kathryn Watt, Jacqueline Berry, Daniel Nussey and Richard Mellanby

Vitamin D deficiency has been associated with poor reproductive performance in laboratory
rodents and reproductive disorders in humans. However, the relationship between vitamin D
status and reproductive outcomes in wild animals remains poorly understood.

Here, we measured the plasma concentrations of the major vitamin D metabolite, 25
hydroxyvitamin D (25(OH)D), in samples collected from consecutive Augusts between 2011
and 2014 inclusively in female Soay sheep that were part of a long-term field study on St Kilda
island, Scotland, UK. The sheep were entirely unmanaged and received no additional food
supplements. The breeding outcomes of all female sheep was closely monitored through
regular field observations. The restricted geographical range of the sheep population on St
Kilda and the standardized exposure to ultraviolet radiation ensured that this wild population
was ideally suited for the investigation of the relationship between vitamin D status and
reproductive health outcomes.

We found that total 25(OH)D was strongly influenced by age, and that light coloured sheep
had higher plasma 25(OH)Ds (but not 25(OH)D>) concentrations than dark coloured sheep. We
also observed a very strong positive relationship between total 25(OH)D concentrations in
summer and a ewe’s fecundity the following spring in each of the four years. This resulted in
a positive association between total plasma 25(OH)D concentrations and the number of lambs
produced that survived their first year of life, an important component of female reproductive
fitness. Again, this finding was strikingly consistent during all four years.

This study extends our previous work which was based on only a single year of data. Our
extended dataset demonstrates a consistent relationship between vitamin D status and
reproductive fitness in a wild sheep population over a several year time period.
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Sex differences and paternal age effects in leukocyte telomere length in a wild mammal
population.

Rachael Wilbourn, Rebecca Watson, Ellen Bird, Sarah Underwood, Jennifer Fairlie, Kathryn
Watt, Eliane Salvo-Chirnside, Camillo Bérénos, Jisca Huisman, Tom McNeilly, Hannah Froy
and Dan Nussey

Telomeres are G-rich non coding DNA sequence repeats located at the ends of chromosomes.
Along with proteins they act as a protective cap to prevent DNA from being degraded during
cell replication, thereby maintaining chromosome integrity. Telomere length (TL) does,
however, shorten after each round of cell division due to incomplete replication of DNA and
in response to environmental factors such as oxidative stress. Once telomeres reach a critical
length, the cell undergoes senescence or cell death. Evidence suggests that the shortening of
telomeres in blood is associated with an individual’s age and that individuals with shorter
telomere lengths in adulthood tend to have a greater risk of developing degenerative diseases
and dying. TL has therefore become a biomarker of great interest in the fields of human
epidemiology and evolutionary ecology as it appears to reflect an individual’s cumulative
exposure to environmental stressors and thus may predict health and lifespan.

To date, most work on telomere dynamics relates to human subjects as well as lab rodents and
birds. In humans, studies have found that females, who generally live longer than males, also
have longer TL in adulthood, suggesting that sex differences in TL may be related to
differences in lifespan. Little is known about sex differences in TL in non-human mammals,
so understanding whether these effects can generalise to other vertebrate species is still to be
determined.

Recently, a paternal age at conception (or PAC) effect on offspring TL has also been found in
humans. That is, older fathers pass on longer telomeres to their offspring. Few studies have
looked into the effects of PAC on offspring TL in other species, but those that have investigated
this effect revealed conflicting results. Nevertheless, one study on captive chimpanzees’ which
have a promiscuous mating system and high rates of sperm production, found a strong positive
association between PAC and offspring TL, and this effect was stronger than in humans. This
suggests that the PAC effect may be stronger in polygynous species with high sperm
competition and production. Soay sheep have a highly polygynous mating system (females
mate multiple times during the breeding season) and strong selection on sperm production
evident by the high testes to body size ratio in the males, so we would predict a strong PAC
effect in this species.

To test for sex differences and PAC effects on TL in Soay sheep, we measured relative
leukocyte TL using the qPCR method in 501 buffy coat samples that were collected from the
2014/15 August field seasons. We found that males had significantly shorter telomeres than
females from the age of three, but there was no difference in early life (Fig. 12). This pattern
fits with what has been found in the human literature, as well as differences in lifespan in this
species. However, it is important to note that these results were obtained from a cross sectional
dataset and so whether the sex difference found is driven by differences in individual TL
attrition rate is still unknown. In other words, whether male telomeres shorten more rapidly
than females or whether males with longer telomeres are selectively lost from the population
is currently unknown. However, this study provides, to our knowledge, the first evidence of
sex differences in telomere length in a wild mammal.
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Figure 12. Males (blue triangles) have shorter relative leucocyte telomere length than females
(red circles) but this difference is only apparent from the age of three onwards, as illustrated
by linear regression (blue and red lines, respectively) and associated standard error (grey
shading) for each sex. No sex difference was found among young animals.

We tested whether PAC or maternal age at conception (MAC) effects were present using the
same dataset, using the recently updated pedigree to infer paternity and hence paternal age. 389
measurements of relative TL from 318 individual sheep had associated data on both paternal
and maternal age. We found no evidence that either MAC or PAC influenced offspring TL at
all (Fig. 13). This result contrasts with previous studies and suggests that the PAC effect found
in humans is not universal and varies across species.
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Figure 13. No significant associations between offspring relative telomere length and either
maternal (red) or paternal (blue) age at conception in free-living sheep.
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Inbreeding depression and its interaction with population density.
Josephine Pemberton and Camillo Bérénos

Inbreeding depression is the loss of fitness in individuals which are the result of matings
between relatives, and is very widespread in the animal and plant kingdoms. The leading
explanation for inbreeding depression is that populations harbour disadvantageous recessive
mutations which are not normally expressed unless two relatives mate and create an offspring
which is homozygous for the mutation. At this point the mutation and its deleterious effects
are revealed. In zoos and in plant and animal breeding, inbreeding is often unavoidable or
deliberate, and inbreeding depression is commonly observed. In wild animals, inbreeding tends
to be rarer because of natural dispersal patterns and the resulting low probability that close
relatives meet and mate. Soay sheep are no exception here: of 6336 individuals in our pedigree,
only 19 sheep are the result of parent-offspring or full sib matings, largely because most males
disperse from their birth area. Nevertheless, with steadily improving pedigree information, and
now with our genome-wide genetic data, we can tell that very many sheep are inbred by a small
amount due to their parents having a common ancestor somewhere back in their pedigrees. We
have therefore been studying whether the sheep suffer from inbreeding depression and if so,
whether inbreeding depression is exacerbated by variation in environmental conditions as
measured by the size of the population going into the winter.

The first part of our work on this topic was methodological. Given a pedigree and genome-
wide genotype data from the SNP chip, there are several alternative ways to measure how
inbred an individual is. We were keen not only to measure inbreeding depression, but to work
out which method estimates inbreeding best. We compared pedigree inbreeding coefficient
with three ways that individual inbreeding can be assessed from the SNP data. We studied two
groups of traits.

First, we looked at birth weight, lamb August weight and lamb August hindleg length. Because
lambs are dependent on their mothers during this time we investigated not only the effect of a
lamb’s inbreeding on these traits, but also the effect of a mother’s inbreeding on the lamb’s
traits. As Figure 14 shows, we detected inbreeding depression in all three traits, but variation
in its source between traits. Birth weight is affected by the mother’s inbreeding but not the
lamb’s, August weight is affected by both the lamb’s and the mother’s inbreeding, while
August leg length is mainly associated with the lamb’s inbreeding - the effect of the mother’s
inbreeding is negative in Figure 14 but is not formally significant. The figure also shows that
these effects are more frequently detected by the genomic measures of inbreeding than the
pedigree inbreeding coefficient (Fped), and of these genomic measures, the most informative
one was called Ferm. This superiority of the genomic measures is almost certainly because,
despite all our efforts to minimise them, the pedigree contains gaps. This means that many
individuals are slightly inbred, but we cannot determine this fact from the pedigree alone.
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Figure 14. Estimates of the effect of inbreeding, for birthweight (kg), lamb August hind leg
(mm) and lamb August weight (kg). For each measure we compare four ways of measuring
inbreeding. Fron, Feru and From are from the genomic data while Fpea is from the pedigree.
For each measure we also compare the effect of a lamb’s own inbreeding (dark circles) and
the effect of the mother’s inbreeding (grey squares). The bars show the standard errors. Birth
weight is affected by the mother’s inbreeding but not the lamb’s, August weight is affected by
both the lamb’s and the mother’s inbreeding, while August leg length is mainly associated with
the lamb’s inbreeding - the effect of the mother’s inbreeding is negative but is not formally
significant.

Second, we examined sex-specific first winter survival, adult annual survival and adult annual
breeding success for inbreeding depression. In these life history traits, the effects of a mother’s
inbreeding have faded out, but an individual’s own inbreeding always has a negative effect and
is statistically significant for male first winter survival, male and female adult annual survival
and adult male annual breeding success.

Finally, we examined the evidence that inbreeding depression is worse in years when
conditions are hardest, i.e. at high population density. To investigate this question we repeated
the statistical analyses described above with a so-called interaction term between individual
inbreeding and population density. Of the nine traits examined (some for both mother and
offspring inbreeding) we only found an interaction term for two of them (Figure 15). An inbred
mother had relatively smaller lambs at higher density. Among adult females, inbred individuals
were relatively more likely to die at high density.
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Figure 15. Two traits, birth weight (left) and female adult annual survival (right), show an
interaction between inbreeding depression and population density. The lines show model
results for high, medium and low density years while the points show actual data. Here,
inbreeding is measured using our preferred genomic estimator Fgru.

These analyses show that the Soay sheep population suffers from inbreeding depression in the
sense that there are indeed disadvantageous mutations circulating in the population, which, if
expressed, depress body size and fitness. However, only the very small number of strongly
inbred individuals experience a substantial effect on their size and fitness. A much larger
proportion of the population suffers only very mild effects of very slight inbreeding. The
general lack of interactions with population density (with the exceptions shown in Figure 15)
is further evidence that even under the harshest conditions, inbreeding effects are modest.

Detecting evolutionary change with a genomics approach
Bilal Ashraf, Josephine Pemberton, Jon Slate

Introduction

One reason why the Soay sheep long term study has been so influential in evolutionary ecology
is that it has been running for a sufficiently long time to have the potential to detect evolutionary
change, i.e. it may be possible to tease apart the roles of genes and environment (or nature and
nurture) on how phenotypes have changed over time. One of the more intriguing traits in Soay
sheep is weight. Over the last thirty years, Soay sheep on Hirta have got smaller (see previous
project reports). From an evolutionary perspective this is surprising, because over winter
survival and competition between males for mates both favour larger sheep. We also know that
body mass is heritable. Therefore, we would have expected Soay sheep to have evolved to be
larger rather than smaller. An earlier study by Alastair Wilson and colleagues suggested that
we could be seeing a case of cryptic evolution. Cryptic evolution refers to a situation where a
population’s phenotype changes in the opposite direction to that expected, while the underlying
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genetic component of the phenotype changes in the expected direction. In the case of Soay
sheep selection might favour larger Soay sheep, and genes that increase body size may be
increasing in frequency, in principle making sheep genetically larger. However, if
environmental conditions have also changed, making sheep smaller, and if this environmental
effect is greater than the genetic change, then the phenotype might actually change in the
opposite direction to the underlying genetic trend.

Using the Soay sheep pedigree, Alastair Wilson and colleagues previously tested the cryptic
evolution idea. They studied the genetics of weight at different ages in the Hirta population.
They used the pedigree to extract each individual’s ‘genetic merit’ or estimated breeding value
(EBV) for body weight at each age. By looking at the change in EBVs over time they tested
whether evolutionary change had occurred. The analysis showed that although weights were
declining by ~100g per year, there was a genetic trend in the opposite direction; breeding values
were increasing by ~10 g per year. Clearly, the genetic trend was much too weak to offset the
environmental effects on weight, but nonetheless, it was a statistically significant trend in the
direction predicted by evolutionary theory. Another analysis led by Arpat Ozgul suggested that
the reason why Soay sheep are now smaller is that in recent years, winters have been less harsh,
which has led to more sheep surviving the winter. Those that now survive (and once wouldn’t
have done) tend to be small, slow-growing sheep. Therefore, in recent years there are more
sheep on the island, and a greater proportion of them are small and slow-growing.

Shortly after the study led by Alastair Wilson reporting cryptic evolution was published,
quantitative geneticists began to better understand approaches where EBVs are used for
detecting microevolutionary trends. An influential paper (led by Jarrod Hadfield (Edinburgh)
and partly authored by members of the Soay Sheep Project) described how certain assumptions
made by such analyses could be violated and make the tests of temporal change anti-
conservative. In light of this discovery, there was some uncertainty over whether the evidence
for cryptic evolution of weight in Soay sheep was correct. Note that the trends reported were
not necessarily wrong — however it remained to be seen whether they were statistically
significant.

We have recently re-investigated the question of whether there is cryptic evolution of body size
in Soay sheep by taking a genomic approach. Most of the sheep born in the study area have
now been genotyped using the International Sheep Genomics Consortium’s SNP chip — a tool
for assaying nearly ~37,000 variable locations in the genome. We have used new software
which estimates how much variation in weight is caused by each of these 37,000 locations and
then predicts an individual’s phenotype from its genotype. The approach is known as genomic
prediction, and it is a technique that underpins much of modern animal and plant breeding, as
well as personalised medicine in humans. The concept is quite simple — a sample of animals
with genotype and phenotype data (a ‘training population’) is used to estimate the effect of
every location on a phenotype of interest. These estimates are then used to predict the
phenotype (and its genetic component, or ‘breeding value’) in a second set of animals who are
genotyped (the ‘test population’). We have used a conservative approach, whereby we estimate
the genomic estimated breeding values (GEBVs) for every sheep in a cohort (birth year), by
treating all other cohorts as the training population and the focal cohort as the test population.
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We do this for each cohort. We hope that this approach means that many of the concerns about
the earlier pedigree-based approaches have been alleviated.

What does the genomic prediction approach tell us about the cryptic evolution of sheep weight?
It appears that the findings of Wilson and colleagues were actually robust. While adult weight
has declined over the duration of the study (Fig. 16a), the genetic component (the GEBVs) of
weight has increased (Fig 16b).
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Figure 16. Temporal trends in (a) adult weight and (b) GEBVs of adult weight.
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We next asked an additional question — is this increase more than can be expected by chance
under random genetic drift? To address this question, we simulated 1000 datasets that perfectly
mimicked the Soay sheep pedigree structure. We then ensured that the 37,000 SNPs were
inherited from parents to offspring (this is a technique known as ‘gene-dropping’) in each of
the 1000 pedigrees. We converted the SNP genotypes into genomic breeding values, using the
effect sizes obtained from the real data. This gives us some insight into how much the GEBVss
should change over time, just due to genetic drift. The 1000 simulated datasets ensure we have
an expected distribution of trends, against which we can compare our real trend. The real trend
was stronger than in any of the simulated datasets (P < 0.001), and therefore we conclude that
the change in GEBVs for weight is stronger than expected by chance. This suggests that there
has been cryptic microevolution of weight caused by selection for larger animals.

Our work is not quite complete. Some of the concerns about temporal trends in pedigree
breeding values that were raised in the earlier study may also be relevant to the genomics
approach we have taken here. Therefore, we are following additional suggestions made by
Hadfield and colleagues. Then, we will finally know whether cryptic evolution has occurred.

Genotyping the genes of the major histocompatibility complex (MHC).
Kara Dicks, Keith Ballingall and Josephine Pemberton

Parasites, bacteria and viruses (pathogens) are continually evolving to avoid detection by their
hosts’ immune systems, whilst the immune system evolves to be better at detecting invading
pathogens. This evolutionary race to stay one step ahead of the other has resulted in very high
levels of variation in major histocompatibility complex (MHC) genes of host organisms. These
MHC genes encode proteins on the surface of cells which enable the immune system to detect
invasive pathogens.

The MHC contains the most variable genes in the mammalian genome, and they have been
studied extensively in both wild and laboratory systems. Yet, exactly how they evolve remains
poorly understood. Understanding how this high level of variation is maintained over time is
interesting from an evolutionary biology perspective, for improving our understanding of
livestock breeding for disease resistance, and may also inform conservation programmes of
endangered species.

The extensive variation at the MHC is what makes it so interesting to study but also very
challenging to genotype. The Soay sheep are a good study system because they originated from
a small founding population and there is no immigration, which means the variation at the
MHC is limited. We used sequencing methods developed for domestic sheep to genotype the
MHC in the Soay sheep, in order to characterise what variation exists within our study
population.

There are three clusters of MHC genes (class I, II and IIT) which are involved in the detection
of different types of pathogens. Class II genes are typically involved in the immune response
to extracellular parasites, such as the gastrointestinal nematode worms that infect the Soay
sheep. We sequenced seven class I genes (DRBI, 3 x DOA and 3 x DOB). The sequences of
all these genes on a single chromosome is known as a haplotype, and every individual carries
either two copies of the same haplotype (homozygotes) or two different haplotypes
(heterozygotes). By carrying out extensive sequencing of homozygotes, we found that there
are eight haplotypes in the Soay sheep (Fig. 17). We then validated the DRBI and DQA
haplotype in an additional 95 sheep, and the haplotype frequencies are shown in Figure 18.
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Using this haplotype information, we identified a set of single nucleotide polymorphisms
(SNPs) in the class II region, which can be genotyped rapidly (using a method called KASP
genotyping) to determine which pair of haplotypes an individual carries. This will allow us to
genotype individuals across the entire study period, using the DNA collected between 1985
and the present, and ultimately analyse what evolutionary processes have maintained variation
at the MHC.
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Figure 17. The eight haplotypes of the MHC class II genes are represented as rows, and each
column represents a gene. The colours of the boxes represent the different alleles at each gene,
for example, haplotypes 1 and 2 have the same allele at the DRBI gene. Not all haplotypes
carry all of the genes.
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Figure 18. Haplotype frequencies in 95 validation Soay sheep.
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Genetic variation associated with parasite-specific immune responses.
Alexandra Sparks, Kathryn Watt, Rona Sinclair, Tom McNeilly, Susan Johnston, Dan Nussey

Individuals in wild populations are constantly exposed to, and challenged by, a number of
parasites and pathogens. An individual’s immune response to challenge is key to determining
susceptibility to infection and associated morbidity. Much of what we know about the immune
system comes from laboratory models. Wild populations offer the potential to investigate
environmental and genetic sources of variation under natural infection conditions, but they are
often hampered by a lack of immunological and genetic tools for non-model species as well as
difficulties in obtaining longitudinal measures. The Soay sheep population on St Kilda are
heavily infected with strongyle gut nematodes, the most predominant of which is Teladorsagia
circumcincta, and faecal egg counts are negatively associated with weight and winter survival.
A number of studies in domestic sheep have found that antibodies are an important part of the
defence to 7. circumcincta, and are associated with reduced faecal egg counts and improved
fitness in the Soay sheep. The long term Soay sheep project provides an excellent opportunity
to look at the causes of immune variation in the wild.

A total of 6,543 August plasma samples from 3,190 sheep over a 25 year period (1990-2015)
were assayed for parasite-specific antibody levels for three different isotypes (IgA, IgE and
IgG). We found that antibody levels were highly repeatable across an individual’s lifetime,
particularly in adults (Fig. 19). By looking at the similarity of antibody levels among relatives
using the population pedigree, we were able to estimate the amount of individual variation in
antibody levels explained by genetic effects. Analysis of the data in three different age
categories (all ages, lambs and adults) found that a significant proportion of the variation in
each of the three antibody levels was explained by genetic differences between individuals.
Heritabilities of IgA, IgE and IgG across all ages were 0.36+0.03, 0.19+0.02 and 0.17+0.02
respectively. In comparison, a very small amount of the variation in antibody levels was
explained by an individual’s mother, or the year animals were born or captured. We then tested
whether individual single nucleotide polymorphisms (SNPs) were associated with the three
antibody levels using a method called a genome wide association study (GWAS) and found
SNPs on chromosome 24 that were associated with IgA levels. This is not the MHC region,
which is on chromosome 20. Our results suggest that immune responses are fairly stable across
time within individuals, and this stability is determined in part by genes. We have also
identified a rare example of a particular genomic region explaining variation in an immune
measure in the wild. Further work will address exactly which gene or genes are involved and
investigate whether these antibody levels are associated with fitness benefits such as weight,
strongyle faecal egg count, survival and breeding success.
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Figure 19. The proportion of phenotypic variance explained by different random effects in
animal models for three parasite-specific antibody measures in three age classes (all ages,
lambs and adults > 1 year) in Soay sheep. Random effects include the following variance
components: additive genetic (AddGen), permanent environment (PerEnv), maternal ID
(MumlID), birth year (BirthYr), capture year (CapYear), run date of the assay (RunDate), plate
number of the assay (Plate) and the residual error (Resid). Repeatability is the sum of the
proportion of phenotypic variance explained by additive genetic and permanent environment
components.
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APPENDIX A: PERSONNEL NEWS & SCHEDULE OF WORK

Personnel News

Becky Watson and Louise Christensen both completed and defended their PhDs.
Romain Garnier who was working with Andrea Graham at Princeton University moved to
other projects at the Department of Veterinary Medicine at Cambridge University.

Schedule of work on St Kilda
Winter - Spring

From March 15" until May 13, Jill Pilkington, Xavier Bal and Annette King carried out ten
population censuses and tagged and sampled lambs, with assistance during the peak of lambing
from Michael Morrissey and Bethan Hindle. 193 lambs were born to 182 ewes; these figures
include 11 sets of twins (6 ewes held both lambs, 4 ewes held one lamb and lost one and 1 ewe
lost both lambs). 148 lambs (66 male and 82 female) were caught and tagged; a further 45 lambs
died before any tagging attempt. Mick Crawley and two assistants collected vegetation data. Adam
Hayward was on island from 5" of April till the 6 of May collecting and processing multiple
faecal samples from specific ewes.

Summer

Jill Pilkington, James Ashton and Sam Collins 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 10" — 24" and
was conducted by a team of 12 additional project members and volunteers. 237 sheep were
caught and processed, of which 86 were lambs (40 males and 46 females), 20 were yearlings
(4 males and 16 females), 29 were adult males, and 102 were adult females. All animals were
weighed and measured to monitor growth, and sampled for parasite and genetic analyses. 23
Sheep were retagged because of damaged or missing tags. 11 previously untagged lambs, 1
yearling and 4 adults were caught and processed. Mick Crawley and two assistants collected
vegetation data. Jill Pilkington and two volunteers remained on Hirta until 6™ September to
complete parasite counts and pasture larvae counts.

Autumn

From October 23" to December 9" Jill Pilkington, Xavier Bal and Silvia La Gala carried out
ten population censuses, monitored the mating period, capturing and processing 33 incoming
tups, 12 resident tups and 21 resident ewes. 24 previously darted, non-resident tups were seen
in the study area during this rut. 3 dead sheep were found.
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