Between-individual variation in nematode burden among juveniles in a wild host
Supplementary Information:
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Efficacy of anti-parasite treatment
Introduction
Our study system, the European shag (Phalacrocorax aristotelis, henceforth “shag”) and its gastrointestinal nematodes, is increasingly yielding valuable insights into the effects of parasitism on individual fitness-related traits and population-level consequences in wild hosts. Although parasites are known to be important influences on host demography and evolution in wild vertebrates (Hudson et al. 2002; Tompkins et al. 2011), they are rarely considered as factors in ecological processes in seabirds, a globally threatened group whose members are often used as indicators of the state of their marine environment (Piatt, Sydeman & Wiese 2007; Croxall et al. 2012).


Several studies of parasitism in the shag have used anti-helminthic treatment as an experimental approach to investigate the effects of nematode infection (Reed et al. 2008, 2012; Burthe et al. 2013; Granroth-Wilding et al. 2014, 2015). The injectable, broad-spectrum antihelminthic drug, Ivermectin (Panomec©, Merial UK) has thus been shown to affect chick survival and growth, adult condition, and behaviour of both adults and chicks, strongly suggesting that treatment affects worm burden. Ivermectin also impacts on ectoparasites, yet previous evidence from this system suggests that ectoparasites contribute little to the cost of a shag's overall parasite burden (Daunt et al. 2001). Indeed, Burthe et al. (2013) used endoscopy to show that a high dose of ivermectin significantly reduced or removed worm burdens in the proventriculus of adult shags, with no evidence that infection returned for at least 20 days after treatment. In chicks, faecal egg counts (FECs) have provided an indication that treatment reduces affects worm burden, but direct evidence is lacking in chicks of how treatment at the doses used in previous studies affects worm burden. Demonstrating a real effect of treatment on in situ nematode burden is particularly important given that, as we show in the main manuscript, FECs in this low-shedding system may not be sensitive to small-scale variation in worm burdens.


Understanding the effect of treatment on parasite load is an important link in understanding how between-individual variation in fitness is linked to infection status in juveniles, given that anti-parasite treatment experiments have suggested that infection in chicks can affect both chick growth and parental condition, with long-lasting effects that may be important in population processes (Granroth-Wilding et al. 2014, 2015). Here, we use endoscopy of chicks to quantify the effect of treatment with ivermectin on worm burden in shag chicks, at the dosage used in previous work.

Methods
We combined the main endoscopy study of natural variation in parasite burden with an experiment to investigate the efficacy of anti-parasite treatment, following protocol from previous parasite removal experiments in shag chicks (full details in Granroth-Wilding et al. 2014). We visited nests of three eggs every two days around predicted hatching to obtain hatching dates. When the oldest chick in a brood was 10–12 days old, if all three chicks were still alive, the whole brood was injected with either 0.05ml ivermectin (Panomec© by Merial, 1% wt/vol) (drug-treated broods) or veterinary saline solution (sham-treated control broods). At treatment, we blood sampled chicks for molecular sexing (Griffiths, Daan & Dijkstra 1996) and assigned a rank in the brood hierarchy to each chick according to size, with the heaviest two assigned AB and the lightest C. We have previously shown that mass at this age correctly identifies the C chick in 90% of broods (Granroth-Wilding et al. 2014). Previous work has shown that responses to treatment, and therefore potentially the effect of treatment on worm burden, varied between chicks according to differences in rank, sex and hatch date (Reed et al. 2008, 2012; Granroth-Wilding et al. 2014, 2015). At or after age 25 days, we endoscoped all surviving experimental chicks (66 chicks in 29 nests; detailed endoscopy methods in the main text). We also endoscoped unmanipulated chicks from 6 nests known to have had an initial brood size of three.


We examined the efficacy of treatment on worm burden by testing whether it affected the total number of worms and the proportion of worms that were large) an indicator of the maturity of the infection). We also examined the impact of treatment on chick performance by testing whether it affected mass at endoscopy, which was positively associated with natural worm burdens in the main investigation. Un-manipulated and sham-treated chicks were pooled as the control group (see main text). All models included age as a predictor, given that older chicks host more worms and a greater proportion of large worms (see main text) and are heavier. For all three response variables (worm count, proportion large, chick mass), treatment was tested as a main effect and in interactions with sex, rank or hatch date, factors which have previously been shown to influence the impact of treatment (Granroth-Wilding et al. 2014, 2015; Reed et al. 2008, 2012). In this directed analysis we used hypothesis-testing to assess the importance of each tested factor, in contrast to the more exploratory AIC-based model selection in the main manuscript. We were unable to robustly test the effect of ivermectin treatment on FECs as only 3 drug-treated chicks yielded faecal samples, but we provide a qualitative discussion of these data. All modelling was conducted in R 3.0.2 (R Core Team 2013) using the packages lme4 (Bates, Maechlar & Bolker 2011) and nlme (Pinheiro et al. 2012). Worm count was modelled with poisson errors and a log link, the proportion that were large was modelled as a binomial response (weighted by total count), and mass at endoscopy was modelled as a Gaussian response. All parameters are presented as the mean ±1 standard error.

Results & discussion
Ivermectin-treated chicks had lower worm burdens than control chicks (mean burden of ivermectin-treated chicks 8.7 ± 1.3 worms; mean burden of control chicks 11.0 ± 1.1 worms; log-transformed effect size in addition to age -0.54 ± 0.26 log(worms), z = –2.12, p = 0.034) (fig. S1). However, treatment did not affect the proportion of worms that were large (in addition to age, effect of treatment 0.34 ± 0.55, z = 0.62, p = 0.537). Sex, age and hatch date did not change the effect of treatment on either worm count or the proportion of worms that were large (all interactions p > 0.1). This demonstrates that ivermectin is an effective anti-helminthic in live juveniles in the wild, and indicates that it acts equally on all parts of the worm population. These results support the continued use of ivermectin in long-term experiments into the fitness impacts of parasite infection in the wild, enabling experimental work that is valuable in teasing apart correlative patterns in natural burdens and concurrent variation in host fitness. 

Chick mass at endoscopy did not differ between any ivermectin-treated and control chicks (in addition to age, effect of treatment 18.3 ± 61.9, t = 0.30, p = 0.771; interactions with sex, rank and hatch date all p > 0.3). This is perhaps unexpected given that treatment reduced worm burden and that, among naturally infected chicks, heavier chicks had higher burdens (see main text). However, the lack of an effect of treatment on mass is consistent with between-year variation in the impacts of anti-parasite treatment on shag chicks: breeding conditions in the experimental year were such that we would expect little impact of treatment or variation between individuals (Granroth-Wilding et al., 2014).


Although we could not explicitly test the effect of treatment on FECs as a proxy indicator of worm burden, we noted that eggs were detected in the faeces of 16 out of 43 control or unmanipulated chicks (37% prevalence) but in none of the four drug-treated chicks for which we had faecal samples (0% prevalence). This points towards treatment reducing FECs as well as reducing worm burdens measured in situ. Although our main study found that egg presence in faeces does not, in this system, provide sufficient resolution to reflect natural variation in worm burdens, it is notable that previous work has shown ivermectin treatment to prevent an increase in FEC with age in shag chicks (Granroth-Wilding et al., 2014). Together, this suggests that FECs may be a useful indicator of artifical differences in worm burden in this system, providing an accessible though crude tool to validate the efficacy of experimental anti-parasite treatment.

Observations from dissections
As part of the main study, 33 chicks that had died naturally were dissected to obtain an alternative, direct measure of worm burden. Findings concerning between-individual variation in worm burdens are described in the main text; here, we provide a qualitative summary of observations made during dissections concerning the biology of the parasite within the host and pathology of infection.

All dissected chicks contained food, ranging from a heavily digested paste to almost-whole fish from recent feeds. Worms were found almost exclusively in the proventriculus; some worms were present in the oesophagus of two chicks, but never in the intestine. On no occasion were worms or other visible parasites observed in the body cavity outside the digestive tract. Smaller worms were found predominantly in digested food at the bottom of the stomach, whereas larger worms were found predominantly in or on recently ingested or semi-digested boluses of fish. In most dissections, worms were also found in and under the mucous lining of the stomach. Some attachment points on the stomach wall were characterised by hardened ulcerations, which were all in the upper part of the stomach, more concentrated towards the oesophagus.

Patterns in FECs
As part of the main study, we collected faecal material from 43 unmanipulated or control-treated  chicks to examine how well this proxy measure reflects the more reliable indices of worm burden obtained through endoscopy and necropsy. FECs are commonly used as a non-invasive indicator of variation in worm burden, but their reliability is variable and must be verified in each new system in which they are used. In this paper, our main study revealed  that eggs could only be detected at very low levels in faecal material (see main manuscript), and that FECs therefore did not capture the full extent of infection in juveniles, possibly as worms have not yet reached sexual maturity at these early stages of infection. We therefore instead investigate whether the presence/absence of eggs, indicative of an established infection,varies with in situ indices of worm burden and with host phenotypic traits that have previously been reported to affect how individual traits are affected by infection.

Methods
We opportunistically collected faecal samples from 19 endoscoped chicks that defecated during handling. From 24 dissected chicks, we obtained a faecal sample from the cloaca after carcasses had been frozen at -20°C for long-term storage. All faecal samples were therefore stored at -20°C after collection. Previous work in this system has given no evidence that freezing affects egg counts or prevalence (in 138 faecal samples across 3 years of chicks with natural worm burdens, stored either frozen or at room temperature in the non-distorting preservative DESS (Yoder et al., 2006), in a binomial GLMM including year as a random effect and storage method and age as fixed effects: effect of freezing compared to room-temperature DESS on egg count 0.09 ± 0.8, z = –0.11, p = 0.910; effect on egg presence –1.0 ± 0.8, z = –1.31, p = 0.191). 


FECs were carried out using a flotation technique (Bowman and Georgi, 2009). The sample was fully defrosted and mixed well with 20ml saturated salt solution per 1g of faeces (sample sizes, including a variable proportion of nitrogenous waste, ranged from 0.1 to 1.2 g; mean 0.6 g). The mixture was left for c. 10 minutes to allow organic debris to settle out and the lipid-rich eggs to float up. The upper two-thirds of the water column was then mixed gently using a pipette, and an aliquot taken while raising the pipette slowly through the liquid to ensure sampling of any eggs that had not yet reached the surface. The aliquot was placed in a McMaster slide and the portion under the grid (0.15 ml) was systematically searched for nematode eggs at 40x magnification using a light microscope. Three aliquots were examined from each bird, totalling 0.0225g of faecal material. This is sufficient to detect egg presence in adult birds in this low-shedding system (egg presence/absence in 42 adult shags with natural burdens quantified using a variable number of aliquots: using 4-10 aliquots, effect of number of aliquots on egg presence 0.02 ± 0.15, z = 0.14, p = 0.882; mean prevalence with 95% confidence intervals across 23 individuals with 10 aliquots 32 ± 20%, across 19 individuals with 4-8 aliquots 35 ± 23%; across 43 chicks with 3 aliquots in this study, 37 ± 15%). 



Most of our 43 faecal samples contained no eggs and only 7 contained more than 1 egg (9 with 1 egg, 4 samples with 2 eggs, 2 with 3 eggs and one with 42). To overcome the statistical challenges presented by such a skewed distribution, FECs were analysed as a binary presence/absence response with binomial errors and a logit link. Fitting egg counts with poisson errors and an observation-level random effect to allow for this overdispersion gave qualitatively similar results. We tested whether the probability of egg presence in FECs varied with total worm burden or the number of large worms (more likely to be mature and thus producing eggs) as quantified using either endoscopy or necropsy. Model selection used AICc (details in main manuscript).

Results and discussion
Among models examining the effect of worm burden as measured in situ (endoscopy and necropsy combined) on FECs, nematode egg presence in faeces was best explained by a model containing only a measurement technique term (log odds of egg presence in endoscoped chicks 1.17 ± 0.70 compared to dissected chicks), although this was of an equivalent fit to an intercept-only model (ΔAIC = 0.3) and a model containing containing a single large worm count term (log odds of egg presence -0.05 ± 0.06 per large worm). In relation to chick phenotypic traits, egg presence was best explained by chick age, which appeared in all three best-fit models (table S1, fig. S2). There was no strong support for any other chick traits being associated with egg presence in faeces. 

Despite the lack of evidence for any relationship between the presence of nematode eggs in faeces and the more direct in situ indices of infection intensity, this proxy measure did reflect the increase in worm burden with chick age that we found with both necropsy and endoscopy. As worm eggs were more likely to be found in older chicks, FECs may thus have some utility for capturing natural variation (or experimental changes to natural burdens; see above) in established infections across the population. However, the variation in the data resulting from the low prevalences mean that we cannot confidently rule out some zero counts being false negatives, and the results of the FEC analyses should therefore be interpreted with caution. Thus, endoscopy remains a more useful technique for capturing the full extent of infection for any given bird and across the population at any point in its lifetime.
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Table S1. The top five models of best fit explaining the presence of nematode eggs in shag chick faeces. The top set of models investigated the relationship of FECs with worm counts as measured by one of two in situ techniques (endoscopy or dissection) on a set of candidate models using the variables technique, worm count and proportion of large worms. The bottom set investigated variation in FECs in relation to host traits, and explanatory variables used in building the candidate model set were age, sex, rank and hatch date. Models are shown with their ΔAICc relative to the best-fit model, in order of decreasing fit. All models included a random effect of nest.
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Figure S1. Worm counts measured using endoscopy in chicks of varying ages that had been treated with ivermectin (solid symbols and line) or sham-treated not manipulated before endscopy (hollow symbols, dotted line). The line shows the fitted mixed-effects model.
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Figure S2. The relationship of egg prevalence, quantified using FECs, with chick age. The solid line shows the fitted relationship and the dotted lines its 95% confidence intervals.
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