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Habitat-use influences severe
disease-mediated population
declines in two of the most
common garden bird species
In Great Britain

Hugh J. Hanmer'™, Andrew A. Cunningham?, Shinto K. John?, Shaheed K. Magregor?,
Robert A. Robinson?, Katharina Seilern-Moy?, Gavin M. Siriwardena® & Becki Lawson?**

The influence of supplementary feeding of wildlife on disease transmission and its consequent
impacts on population dynamics are underappreciated. In Great Britain, supplementary feeding is
hypothesised to have enabled the spread of the protozoan parasite, Trichomonas gallinae, from
columbids to finches, leading to epidemic finch trichomonosis and a rapid population decline of
greenfinch (Chloris chloris). More recently, chaffinch (Fringilla coelebs), has also declined markedly
from the second to fifth commonest bird in Britain. Using citizen science data, we show that both
declines were driven primarily by reduced adult survival, with the greatest reductions occurring in
peri-domestic habitats, where supplementary food provision is common. Post-mortem examinations
showed a proportional increase in chaffinch trichomonosis cases, near-contemporaneous with

its population decline. Like greenfinches, chaffinches often use supplementary food, but are less
associated with human habitation. Our results support the hypothesis that supplementary feeding
can increase parasite transmission frequency within and between common species. However, the
dynamics behind resultant population change can vary markedly, highlighting the need for integrating
disease surveillance with demographic monitoring. Other species susceptible to T. gallinae infection
may also be at risk. Supplementary feeding guidelines for wildlife should include disease mitigation
strategies to ensure that benefits to target species outweigh risks.

The status of common bird populations is both an accepted indicator of wider ecosystem health' and a direct
influence on human wellbeing via interactions with nature?. Conservation attention most often focuses on rare
and range-restricted species. Nevertheless, there are examples of rapid decline in previously widespread and
abundant wild bird species at a scale that prompts conservation concern. Infectious disease can be a key driver
of population dynamics in free-living wildlife, typically via modifications of host survival and/or reproductive
success’ and there is increasing evidence of the emergence of novel diseases in, and their transmission between,
wildlife species*®. While most concern has been over zoonotic transmission®’, infectious diseases are also of
importance for wildlife conservation >*°. For example, disease-mediated increases in mortality rates have been
linked to population declines across multiple taxa, including birds'®-!?, mammals'*~!* and amphibians'®.

Increasing urbanisation can alter disease dynamics in wildlife’’"", and supplementary feeding, which is
carried out by millions of households in the UK, has been shown to reshape bird communities?*-?2, Large multi-
species congregations of birds can occur at supplementary feeding stations, repeatedly over many days, increasing
the risk of intra- and inter-specific pathogen transmission beyond that likely to occur naturally?***. Supplemen-
tary feeding is a tool with numerous conservation and management applications beyond the garden context
(e.g.>%), so an understanding of effects on disease occurrence and how this modulates the intended demographic
impacts of feeding is critical for the design of guidance and policy.
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Figure 1. Breeding Bird Survey (BBS) population index trends for chaffinch and greenfinch for (a) GB overall
(adapted from Woodward et al.*?) and (b) GB survey sites identified as peri-domestic or rural (i.e. all other)
habitat (BTO unpubl. data). The vertical, red, dashed line indicates the start of the greenfinch decline and
chaffinch plateau period (early decline period), while the vertical, blue, dashed line indicates the start of the
chaffinch decline period (late decline period). Plotted with 95% confidence intervals and indexed from 1994 (the
first year of the BBS).

An example of a recently emerged disease in wild birds is finch trichomonosis, caused by a clonal strain of the
protozoan parasite Trichomonas gallinae that was initially detected in 2005 in Great Britain (GB)?”. The parasite
is predominantly transmitted between wild birds via fresh saliva, both directly through conspecific feeding, for
example during courtship or rearing young, and indirectly via consumption of contaminated food or water?.
Emergence of the clonal strain in GB is hypothesised to have occurred as a result of spillover from sympatric
columbids, which are considered the primary host of T. gallinae, at supplementary feeding sites in peri-domestic
habitats where passerines and columbids feed together?.

Finch trichomonosis causes upper alimentary tract lesions that interfere with the ability to swallow, leading to
regurgitation, starvation and mortality”. Subsequent to the emergence of this disease, lethal trichomonosis has
been detected most frequently in greenfinch Chloris chloris and chaffinch Fringilla coelebs, but also in a range of
other passerine species in GB, some of which are of conservation concern (e.g. house sparrow Passer domesticus,
bullfinch Pyrrhula pyrrhula; Robinson et al.?®). While there appears to be sustained transmission within green-
finch and chaffinch populations, there is no evidence to date of sustained T. gallinae transmission or similarly
large-scale trichomonosis mortality in other GB garden or farmland breeding passerines®*’!.

Large declines have been detected in greenfinch (from 2006) and chaffinch (from 2013) populations in GB
(Fig. 1A). Whilst epidemiological evidence has previously supported trichomonosis as the primary driver of the
greenfinch decline?>?!, the cause of the chaffinch decline remains uncertain. Comparable population declines
over the same timeline as the chaffinch and greenfinch declines have not been seen in other passerines in GB
(Supplementary Fig. 1; Woodward et al.*?). Thus, changes in climate or food availability that would be predicted
to affect a range of species with shared habitat use or diet are considered unlikely explanations for the observed
trends in the chaffinch population, and a disease-mediated decline—as has been shown for greenfinch—appears
plausible. Disease dynamics that could produce such a pattern might have important implications in respect to
understanding causes of change in wildlife populations.

Whilst direct transmission of T. gallinae may occur in these gregarious species across habitat types, we hypoth-
esise that direct and indirect intra- and inter-specific contact rates are increased in the vicinity of supplementary
feeding stations leading to more opportunities for transmission of this parasite. Female and juvenile birds often
occur lower in the dominance hierarchy, so may be out-competed at feeders***, leading to greater parasite
transmission among adult males, although not all studies have found this dominance hierarchy effect at feeders®.
Alternatively, juveniles/females may be at a greater risk of mortality due to their competitive disadvantage, so
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patterns of trichomonosis occurrence and survival by sex and age could provide information about disease
dynamics. We predict that there will be differences in survival trends between greenfinch and chaffinch and
between species within peri-domestic and rural habitats, with consequent differences in population trends.
Here, we examine evidence from the monitoring of chaffinch and greenfinch abundance and demography at a
national scale, together with post-mortem examination data, to (1) assess whether the comparative occurrence of
trichomonosis in greenfinch and chaffinch has changed since the initial disease emergence and onset of epizootic
mortality, especially in respect to the latter’s recent national decline, and whether the samples of affected birds
are biased by age and/or sex; (2) quantify habitat-specific determinants of survival that may reflect differential
disease impacts in peri-domestic versus rural habitats; (3) assess the overall contributions of different demo-
graphic rates to observed population change, given that impacts of finch trichomonosis are expected primarily
to affect survival rather than breeding success. We use the results to infer the disease and population dynamics
that underlie observed changes in abundance and their implications for wildlife populations more generally.

Methods

Species ecology and population context. The (common) chaffinch (Fringilla coelebs) and (European)
greenfinch (Chloris chloris) are members of the finch family (Fringillidae) and are widespread in Great Britain
and Europe. Despite the sustained declines in both species, chaffinch and greenfinch remain among Great Brit-
ain’s commonest breeding birds, with estimated breeding populations in 2016 of 4,800,000 and 760,000 pairs,
respectively®® (down from 5,800,000 to 1,700,000 pairs in 2009, respectively’’). The UK breeding populations
of both species are largely resident, although chaffinch winter populations increase by ~ 30-50% with migrants
from elsewhere in Northern Europe, while international movements to/from GB are rare for greenfinch®-.
Although they have similar diets and brood sizes, their life histories differ, with chaffinch typically being single-
brooded, whereas greenfinch tends to make two breeding attempts annually. On average, chaffinch has higher
adult and juvenile survival rates*'. While both species occur across a wide range of habitats, greenfinch is more
strongly associated with human habitation, whereas a greater proportion of the chaffinch population occurs in
farmland***. Both species are highly gregarious and display strong flocking behaviour outside the breeding
season in both single and multispecies flocks, including mixing with each other*:.

Prior to 2006, population trends for both species had undergone long term increases, possibly linked to sup-
plementary food provision?? and/or milder winters®. Since then, three key periods of consistent population trend
are apparent (Fig. 1a): (1) the period before the onset of the epizootic of finch trichomonosis (2000-2006); (2) the
period between the start of the greenfinch decline and the start of the chaffinch decline during which the latter’s
population trend plateaus (2007-2012); (3) the period of both chaffinch and greenfinch decline (2013-2019).
We hereafter define these periods as (1) pre-decline, (2) early decline and (3) late decline; complete digitised
demographic data for estimating survival and productivity are not available before 2000.

The population trends for the two species can also be considered over two major habitat type groupings
in Great Britain (following Crick*): peri-domestic, i.e. domestic gardens around human habitation along the
rural-urban gradient where provision of supplementary food for wild birds is common practice?, and rural,
grouping together all other terrestrial habitat types that are not dominated by human habitation and where
supplementary feeding, at least of the type practised in gardens, is rarer. Both species occur commonly in the
two habitat types***. Trends for greenfinch were near-identical in peri-domestic and rural habitats, whereas
the trend for chaffinch in peri-domestic habitats increased more steeply than in rural habitats in the pre-decline
period (increases of 19% and 8% 2000-2006), plateauing at a higher relative level in the early decline period
(Fig. 1b). Furthermore, in the late decline period, chaffinch showed a slightly greater decline in peri-domestic
versus rural sites (declines of 33% vs. 30%).

Post-mortem examination data. Scanning disease surveillance of passerines was conducted across
Great Britain from 2005, when the emergence of finch trichomonosis was first detected?®, to 2019, inclusive,
through two, consecutive, national citizen science programmes. Members of the public reported sightings of sick
or dead passerines, typically found in or near gardens, to the Garden Bird Health initiative (GBHi), 2005-2013,
and subsequently to the Garden Wildlife Health Project, 2013-2019, which incorporated the GBHi. When pos-
sible, well-preserved carcasses of all species were submitted for post-mortem examination (PME). All wild birds
examined in this study were found dead or euthanised for welfare reasons. No permit, or further approval, was
required to obtain, hold or use these samples. Origin locations were recorded to 1 km square Ordnance Survey
grid reference (‘sites’). For species and age confirmation, digital photographs were taken by the responsible veter-
inarian of a ventral view of the body, an extended dorsal wing and the tail plumage, as part of the PME protocol.

To establish cause of death, submitted carcasses underwent a systematic examination of external and internal
body systems, supported by microbiological, parasitological, histological and molecular diagnostic testing as
appropriate, based on macroscopic findings***. A case definition was employed for finch trichomonosis, follow-
ing Robinson et al.” (See Supplementary Material, Appendix 1 for further details). To facilitate analyses, cause of
death was categorised as: trichomonosis (confirmed or suspected), other infectious disease (e.g. cnemidocoptosis,
Escherichia albertii infection, salmonellosis), trauma/predation, or undetermined.

To examine changes in the occurrence of finch trichomonosis over time, two different approaches were used.
First, for each year of the study, the annual proportion of passerine carcasses examined which had trichomonosis
were calculated separately for each of chaffinch, greenfinch or other passerines. Second, as multiple trichomonosis
cases could be submitted from the same site, the annual proportion of sites where at least one trichomonosis case
in each category of bird was submitted was calculated for each year, as was the annual proportion of sites that
submitted at least one trichomonosis-positive carcass of any species of passerine. To align with the demographic
analyses (see later), the annual period (termed “recovery year”) was defined as July-June.
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This PME dataset relies on submissions by citizen scientists and represents a non-random (or convenience)
sample, and, as a garden-based study, will be strongly biased towards peri-domestic sites and regions with human
habitation (sites are mapped in Supplementary Fig. 2). Observations of sick and dead wild birds may be more
likely in gardens where birds are fed, and closely observed, than in other gardens. Whilst reports of all perceived
causes of wild bird mortality, including trauma and predation, are solicited and investigated as part of this disease
surveillance programme, motivation to report signs of ill health may be increased when multiple mortality of
wild birds, consistent with infectious disease outbreaks such as those due to trichomonosis, occurs, resulting in
further skew. However, no differential selection of cases for submission was practised by species (i.e. chaffinch
versus greenfinch or other passerine) or age during the study; therefore the data are considered to be informative
on the changes in trichomonosis occurrence amongst passerine species.

The digital photographs of chaffinches and greenfinches were reviewed by a licensed bird ringer (H.J.H.) who
assigned age (either juvenile, in their first year or adult older birds) based on month of death, and sex*>°!, to each
carcass. Carcasses with age characteristics that could not be reliably assessed due to image clarity and/or dam-
age/degradation (15% of chaffinch and 6% of greenfinch photographed carcasses) were excluded from analysis.
For greenfinch and chaffinch, we used within-species chi-squared tests to examine whether trichomonosis was
found disproportionately in either age-class or sex.

Habitat-specific survival. To investigate whether habitat-specific population trends were linked to varia-
tion in survival rate, we undertook habitat-specific survival analyses using reports of ringed birds found dead®,
classified by primary capture habitat into the same peri-domestic versus rural site categories as the population
trend data. Fledged birds are aged at the time of ringing, based on plumage characteristics, as first-winter or
adult birds. We considered only birds ringed between April and September (inclusive) as these individuals gen-
erally form a discrete British population, with little interchange with other populations in continental Europe®.
All birds were captured and ringed by trained bird ringers licensed by the BTO (British Trust for Ornithology)
following all relevant guidelines and regulations.

Individual age- and habitat-specific survival probability was estimated using standard multinomial models
of mark-recovery data®. Within the same model, annual survival (¢,) was estimated for first-winter birds, from
fledging to 30th June the following calendar year (¢f,,¢) and, for adults, from 1st July to the following 30th June
(@4d.n) in each of the two habitats (/). Birds of uncertain age at the time of ringing were excluded. Age-specific
survival was modelled using habitat- and period- specific means 5, , with annual residuals e, ~ N(0, o? hp)-
Furthermore, to assess whether survival in either age-class or habitat had changed between the identified periods
of interest, the mean static survival probability with associated annual residuals £[t] was modelled separately for
each of the three identified periods (2000-2005, pre-decline; 2006-2012, early decline; 2013-2019, late decline).
The difference between the mean survival for these three block periods was then calculated. Note that, as survival
for the final year of data (birds ringed in 2019) cannot be fully assessed due to the truncated potential reporting
period, this was not included in the mean periods.

The reported number of individuals ringed in a given year’s cohort that are recovered in year f is a product of
the age-specific annual survival probabilities (¢) from the period of ringing up tot — 1, the probability of mortal-
ity in year t(1 — ¢;), and the probability that, having died, a ringed individual is found and reported (p;). This
reporting probability was also modelled as an age and habitat-specific mean j,, over the entire study period,
with annual residuals &, ~ N (0,02 ,). Although there may be a bias towards reporting from gardens and other
peri-domestic settings, this is likely to be similar amongst the three periods.

It was assumed, for simplicity, that birds ringed in one habitat type are representative of birds using that habi-
tat regularly, based on the typically short distances moved by birds between ringing and the recovery sites in the
present dataset (median =0 km, inter-quartile range [IQR] = 0-2 and median =2 km, IQR =0-5 for chaffinch and
greenfinch, respectively). However, if this assumption is incorrect and there is more interchange between habitats,
which is possible based on within GB-movements, particularly for greenfinch?®®, differences in survival would be
expected to be diluted by confounding influences of multiple habitats, thus making our analyses conservative.

The model was fitted in a Bayesian paradigm via Program R>* using JAGS® via the R2jags package (ver-
sion 0.6-1; Su & Yajima®®); all code including priors is provided in Supplementary Material, Appendix 2. The
sampling process was run for 100,000 iterations with three independent chains run in parallel on separate cores
to increase speed, a burn-in period of 50,000 iterations and a thinning value of 10 (i.e. 15,000 iterations were
sampled). Model convergence across the chains was assessed using the Brooks-Gelman-Rubin statistic R, with
all R < 1.05. We also inspected output trace plots to confirm effective burn-in and chain mixing across the full
parameter space. We report the posterior means and the Bayesian 95% credible intervals with inter-quartile
(50%) intervals included in some plots.

Demographic contributions towards population changes. To assess the relative importance of sur-
vival compared to productivity in explaining population change, we constructed an integrated population model
(IPM) for each of the two species. Insufficient productivity and movement data were available to build habitat-
specific IPMs, so these IPMs were for GB overall, regardless of habitat. We combined data from three, national,
long-term citizen science monitoring programmes operated by the BTO between 2000 and 2019 into an inte-
grated population model, largely following Robinson et al.””: (1) population trend data from the BTO/RSPB/
JNCC Breeding Bird Survey (BBS)***; (2) mark-recovery survival data from the BTO bird ringing scheme for
adult and first-winter birds pooled across all habitats; and (3) nest productivity and survival data from the BTO
Nest Record Scheme (NRS; Crick et al.%%). This IPM analysis assumes that these data sources are independent
of each other, which in reality is unlikely to be strictly true; however, previous studies have suggested that this is
unlikely to bias the results substantially®'~**. All nest monitoring was carried out on behalf of the BTO following
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Figure 2. Schematic overview of the datasets and analyses utilised in this research, and their primary outputs.

the NRS Code of Conduct and does not require specific licensing for these species. Full details of the population
model used and the IPM fitting including JAGS code are included in the Supplementary Material, Appendix 3;
for further details of the population model and associated datasets used in this study, see Robinson et al.*’.

Life table response experiments (LTREs) were used to analyse the overall contribution of the variation in
individual demographic parameters to the variation in population growth \**-% in the IPMs using the following
equation:

. . var(At) Ay 0%y
Contributiony, ) ; cov(@i,t,ej,,)@ @ . )

where 94,/90;; is the sensitivity of the population growth rate with respect to 6;, and i and j are indices for
demographic rates and population structure, respectively. From this, the contributions to variation in A were
estimated as the sums of the products of the pair-wise covariances between the demographic parameters and the
sensitivity matrices. Sensitivities were calculated via the popbio R package (version 2.7; Stubben & Milligan®).
Results were calculated across all saved IPM model iterations comprising the posterior distributions for each
model parameter. The results were then scaled to sum to 1 for each model iteration, for ease of comparison, and
are summarized as means, followed by lower and upper limits of the 95% credible intervals.

A schematic overview of the datasets and analyses utilised in this research and their primary outputs is
provided in Fig. 2.

Results

Post-mortem examination results. Post-mortem examinations were conducted on 2184 individuals of
49 passerine species found dead predominantly in garden habitats between July 2005 and June 2019: 30% were
greenfinch and 18% were chaffinch (Supplementary Table 1). Cause of death was confirmed or suspected due to
trichomonosis in 961 (44%) cases involving 14 species, with the majority of these being greenfinch and chaffinch
(52% and 29% of trichomonosis diagnoses). The next three most affected species, goldfinch Carduelis carduelis,
bullfinch and house sparrow were diagnosed with the condition much less frequently (7%, 4% and 2% of tricho-
monosis diagnoses, respectively).

The carcasses examined came from 1296 unique sites (1 km square grid references), with carcasses being
submitted for PME from a median of 101 sites (IQR =82-129) per recovery year. At least one trichomonosis case
was identified from 54% of sites with a median of 52% per recovery year (IQR=47-57%). Multiple carcasses were
submitted for examination from around a quarter (28%) of sites within the same recovery year, although fewer
sites (12%) submitted multiple birds with trichomonosis within the same recovery year. Within-recovery-year
confirmation of trichomonosis in multiple species was recorded at 4% of sites and specifically involved both
greenfinch and chaffinch at 2% of sites.

The proportion of passerines diagnosed with trichomonosis accounted for by greenfinch fell over time, with
a switch from greenfinch to chaffinch as the modal species occurring around 2014/15 to 2015/16 (Fig. 3a). Simi-
larly, while the proportion of all sites submitting carcasses for PME that were found to have trichomonosis has
remained broadly stable since 2006, the proportion of those sites from which greenfinches with trichomonosis
were submitted fell over time while the proportion of sites with chaffinch and other passerine species trichomono-
sis cases rose, with the switch also happening around 2015 (Fig. 3b). Note that the proportion of sites reporting
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Figure 3. (a) Proportions of post-mortem examinations confirmed or suspected to be trichomonosis per
recovery year for chaffinch, greenfinch and other passerine species; (b) proportion of all sites that submitted
carcasses that included at least one passerine trichomonosis case overall and specifically for chaffinch,
greenfinch and other passerine species per recovery year. The recovery year ran from July to June to match
the period used for calculating survival estimates. Plotted with simple linear model lines of best fits with 95%
confidence intervals.

trichomonosis in 2005, the first year in the dataset, was lower, as this was the initial year of trichomonosis emer-
gence, when it had a restricted regional distribution; national epizootic mortality was not observed until 2006%.

Of the examined carcasses, 64% of greenfinch and 77% of chaffinch were photographed, with age being
determined for the majority (94% and 85%, respectively) of each species. For chaffinch, 65% of known-age birds
were adult, compared to only 38% of greenfinch. With chaffinch, there was no evidence for significant differ-
ences between the age categories for different causes of death (x2,=2.29, p=0.51; Supplementary Fig. 3a). For
greenfinch, however, a higher proportion of young birds were diagnosed with predation or other trauma than
any other cause of death (x%=10.2, p=0.017, Supplementary Fig. 3a). Marginally more males were submitted
for PME than females in both species (56% male for chaffinch, 54% for greenfinch). A higher proportion of
males than females was diagnosed with trichomonosis, but this sex ratio did not differ significantly from that
in the other cause-of-death categories (x*(3) =3.25, p=0.35 for chaffinch, x*(3)=1.36, p=0.71 for greenfinch;
Supplementary Fig. 3b).

Habitat-specific survival trends. Survival patterns differed between species, age-classes and habitats
(Fig. 4; Supplementary Table 2). For chaffinch adults, mean survival decreased considerably in peri-domestic
habitats during both the early and late decline periods compared to the pre-decline period (30% reduction over-
all), while the overall reduction was smaller in rural habitats (19% reduction; Figs. 4a,b). First-winter chaffinch
survival, however, declined less in peri-domestic versus rural habitats (overall reductions of 17% and 26% respec-
tively; Figs. 4c,d). Consequently, pre-decline period adult chaffinch survival was 11% higher in peri-domestic
habitats whereas it was 4% lower in the late decline period compared to rural habitats (Figs. 4a,b), while rural
first-winter survival was higher (13%) in the pre-decline period, with no evidence for a real difference in late
decline period between the two habitats (mean first-winter survival was 2% higher in peri-domestic habitats;
Figs. 4c,d). For greenfinch adults across both peri-domestic and rural habitats, and for greenfinch first-winter
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Figure 4. Mean habitat-specific annual survival estimates for (a—d) chaffinch and (e-h) greenfinch between
2000 and 2018, with mean survival blocks for the pre-decline (2000-2005), early decline (2006-2012) and late
decline (2013-2018) periods, from the respective habitat-specific mark-recapture models. In the plots, bars show
the mean, boxes the 50% and whiskers the 95% credible intervals (CI) calculated via posterior density intervals.
In the labels the top lines show the mean change in mean survival between the relevant block periods and the
second line is the 95% CI for the change in survival. Labels where the 95% CI did not overlap zero are displayed
in bold. The recovery reporting probabilities were species, age- and habitat-specific.
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Figure 5. The overall percentage contribution of measured demographic parameters to population growth rate
(2) for chaffinch and greenfinch in Great Britain between 2000 and 2019 calculated using Life Table Response
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birds in peri-domestic habitats, mean survival reduced considerably during the early decline period compared
to the pre-decline period (reductions of 15%, 15% and 29% respectively; Figs. 4e,g), with the decline being less
marked in first-winter birds in rural habitats (8% reduction; Fig. 4h). Between early and late decline periods,
both rural adult and peri-domestic first-winter greenfinch survival recovered slightly following the initial drop
(increases of 5% and 20%). Survival rates continued to fall for peri-domestic site adult and rural site first-winter
greenfinches (further reductions of 5% and 11% between early and late decline periods). Overall, greenfinch
survival fell more at peri-domestic sites, compared to rural sites, for adults (mean reductions of 19% versus 11%),
but the opposite was true for first-winter birds, with a larger reduction in survival at rural sites (mean reductions
of 14% versus 18%).

Recovery reporting probabilities differed by species, age and habitat. For both species, reporting rates were
higher in peri-domestic habitats. For chaffinch, dead, marked first-winter birds were reported more often than
adults, whereas for greenfinch the converse pattern occurred (Supplementary Table 2).

Demographic contributions towards population changes. For both species, LTREs showed adult
survival to be the single largest contributor to realised population change; measures associated with breeding
success (nest survival for both eggs and young) contributed much less, as did survival over the first winter period
(Fig. 5). Changes in brood size had a negligible effect on demographic change in both species. The combined
contribution of p, the demographic parameters for these species that cannot be easily directly measured (num-
ber of breeding attempts per pair, post-fledging survival and breeding propensity) made a greater (but still small)
contribution to population change for chaffinch than it did for greenfinch.

Plots of all estimated annual demographic rates can be found in Supplementary Fig. 4, with mean demo-
graphic rates included in Supplementary Table 2.

Discussion

Our study indicates that large national population reductions (in the order of 2.5 million breeding pairs overall)
of greenfinch and chaffinch, both widespread and common bird species, have been largely driven by lower adult
survival associated with the emergence and epidemic spread of finch trichomonosis, although the timing of these
declines differed. The population impact on greenfinch began around the initial outbreak of finch trichomonosis
in 2006 and appears to have continued since then, whereas the impact on chaffinch populations has been more
complex. Due to the magnitude of its population decline, greenfinch has become one of the few species in the
UK to move directly from the lowest to the highest category of conservation concern, and the first one to be
listed because of infectious disease®. In both species, adult survival fell to a greater extent in peri-domestic than
in rural habitats following the onset of the finch trichomonosis epizootic.

Greenfinch and chaffinch both display strong flocking behaviour outside the breeding season, often form-
ing flocks together (as well as with other species; Newton*). This is likely to have facilitated wider inter- and
intra-specific transmission, especially at food sources, within and between different populations. The annual
migration behaviour of chaffinch to and from GB is considered likely to have initiated the spread of the clonal
strain of T. gallinae responsible for the finch trichomonosis epizootic through continental Europe®®®, indicating
that migratory birds may be infected by T. gallinae. Infected migratory chaffinches also could have spread the
disease amongst resident UK finch populations, both in peri-domestic and rural settings. Despite identification
of the chaffinch as the probable primary vector of spread to the continent, there is little evidence to date for
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any significant impact of trichomonosis on wider European chaffinch populations, which are considered to be
largely stable’®”!. However, greenfinch regional trends appear more mixed with declines in the north and west
of Europe, and increases in the south and east of the continent’®’!. Even within the former area, greenfinch
population trends following the emergence of finch trichomonosis have varied; for example, increasing or stable
in the Netherlands”>”® but declining in Finland®. In part, these differences may reflect differing habitat prefer-
ences and behaviour. Chaffinches are more strongly associated with old growth forest in mainland Europe than
they are in the UK}, which, combined with their stronger territorial breeding season behaviour, and consequent
lower breeding population density*!, may have helped to reduce parasite transmission rates in their populations.
Conversely, greenfinches use a much wider range of habitats across Europe, with no strong regional differences
in habitat preference’!, which, combined with their more social breeding season behaviour and higher breeding
population density*4, may place them at greater risk of exposure once finch trichomonosis enters a population.
The observed regional differences could also be linked to differing national attitudes towards supplementary
feeding of wild birds across Europe. While large-scale supplementary bird feeding is carried out within at least
18 European countries, mostly in the north and west, the majority only do so during the winter, whereas, in
the UK, year-round feeding has been advocated in recent decades™, with the supplementary feeding industry
growing considerably in that time??. This may have increased the potential exposure of greenfinches, which have
declined mostly in the regions of Europe where feeding is common’®”!, to T. gallinae.

Linking the changes in survivorship and population trends directly to changes in finch trichomonosis preva-
lence remains challenging. However, using PME data as a proxy for the passerine species composition affected
during the epizootic, we show that, from 2015, soon after its population started to decline, chaffinch became the
species most frequently diagnosed as having died due to trichomonosis. The main initial effect of the epizootic
appears to have been to suppress chaffinch population growth, following a long period of sustained increase,
which, in turn, occurred as part of a wider shift in urban bird community structure?’. The impact of the disease
on chaffinch survival appears to have been most marked at peri-domestic sites, consistent with aggregations of
individuals around supplementary food sources increasing transmission risk?.

As greenfinches have declined, chaffinches may have become more able to utilise food sources previously
monopolised by greenfinches and so increased the rates of exposure to, and transmission of, T. gallinae amongst
chaffinches at bird feeders. However, there is little evidence of an increase in relative garden use by chaffinches
following the decline of greenfinches which might have been expected if this were true (BTO Garden BirdWatch;
www.bto.org/gbw) although the data may currently lack sufficient resolution to detect these effects if they exist.
In addition, the BBS trend for chaffinch numbers in peri-domestic habitats, where supplementary food is most
likely to be encountered, has mirrored the rural BBS trend throughout.

The ratios of adults to first-winter birds and of males to females examined post mortem were similar over-
all for all causes of death considered within each species. This suggests that the adult age class has not been
disproportionately affected by trichomonosis and indicates that the transmission of and morbidity from this
disease are not strongly condition- or dominance-related. Likewise, beyond a slight bias towards males in most
categories, as has been observed with some other infectious diseases of passerines’*~”7, no differential effect on
sex by trichomonosis was found.

There are various possible explanations for the observed differential impact between chaffinch and greenfinch,
at least immediately following the emergence of finch trichomonosis, some of which are complex. Greenfinches
could plausibly be innately more susceptible to infectious diseases and other stressors, as might be indicated by
some authors (e.g.**”®). Alternatively, or additionally, species differences in T. gallinae infection dynamics, such
as differences in exposure rates, time from infection to infectiousness and intra-specific transmission rates, could
influence the timing and degree of population impacts. The larger, more aggressive greenfinch, for example,
tends to be dominant over chaffinch and most other species at bird feeders, while interacting aggressively with
conspecifics’>®. This may increase the risk of contamination of, and exposure to, feeders with T. gallinae, in
addition to direct conspecific transmission through salivary exchange. Greenfinch primarily feed their young via
regurgitation®', an important route of T. gallinae transmission in columbids through crop milk?; in contrast, chaf-
finch mostly feed their young whole food items, which may reduce the risk of parasite transmission. We found
little evidence of any change in breeding success playing an important role in driving the observed population
change of greenfinch, therefore nestling mortality resulting from parasite transmission from adult to young is
not supported as a major driver. In addition, during the breeding season, chaffinches tend to hold more distinct
territories than greenfinches*®!, so even though the species is more numerous®, their probability of close contact
and subsequent disease transmission is reduced during that part of the year. Another possible explanation for
the different patterns seen in the population responses to trichomonosis include an increase over time in the
susceptibility of chaffinch to T. gallinae infection, perhaps due to the development by the parasite of increased
virulence. Studies, such as epidemiological modelling, infection challenge experiments and characterisation of
T. gallinae virulence determinants, are required to explore these hypotheses further.

Regardless of why there were differences in the timing of population declines, it is noteworthy that abun-
dances have continued to fall. Assuming density-dependent transmission and/or demographic compensation®?,
we would predict a swift stabilisation of population trends with reduced greenfinch and chaffinch numbers, as
was found after the emergence and epizootic spread of the bacterial disease, mycoplasmosis, in passerines in
North America®*!. However, if sympatric species act as parasite reservoirs, such as columbids*®, infection may
continue to occur, particularly at supplementary feeding sites where greater numbers and species complements
repeatedly gather within a small area, fostering continued declines.

Notwithstanding the potential complexities outlined above, habitat appears to have played a clear role in the
decline of chaffinch, if not greenfinch. The differential patterns of survival suggest that populations further away
from human habitation may have supplemented peri-domestic site populations, initially stabilising chaffinch
populations. However, a greater understanding of population interactions between habitats is required to test
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this hypothesis. Supplementary feeding is ubiquitous in peri-domestic sites in the UK*”%6. Therefore, as feeding
stations have previously been identified as a key point for both intra- and inter-species disease transmission,
due to the high bird densities and large species complements that are attracted to them (e.g.>), facilitation of
trichomonosis spread at feeding stations might explain both the maintenance of the population declines and the
differences in habitat-specific adult survival.

Further to trichomonosis becoming widespread within the greenfinch and chaffinch populations in the UK,
there is increased potential for spillover of T. gallinae to other susceptible species using supplementary feeding
stations. Indeed, fatal trichomonosis has already been diagnosed in a range of passerines, albeit in relatively small
numbers overall (Table S1), with cases increasing over time and sometimes occurring at sites with concurrent
greenfinch or chaffinch mortality (B.L. & K.S.M. unpublished observations, Robinson et al.?8). The inter-specific
spillover of a disease from a common species into rarer species may be of concern, for example, a spill-over event
of T. gallinae from greenfinches to white-winged snowfinches (Montifringilla nivalis) at a bird feeder in a Swiss
mountain village resulted in multiple mortalities of this endemic, alpine species®’.

The disease-mediated decline of two very common and widespread species highlights the importance of
investigating the ecology of pathogens as a driver of wildlife population dynamics and the need for continuing
health surveillance combined with mitigation research. It is particularly noteworthy that concurrent infections
of different species in a community with the same parasite can lead to large population declines across different
time periods. This suggests that there could be latent demographic impacts of trichomonosis that are not yet
realised in other species, such as the red-listed hawfinch Coccothraustes coccothraustes, house sparrow, lesser
redpoll Acanthis cabaret or yellowhammer Emberiza citrinella, from which fatalities due to the disease have also
been identified (Supplementary Table 1).

This research relies on data collected through volunteer citizen science schemes, which have particular
strengths and weaknesses in the present context®?°. BBS population trends are generated from an annual,
structured, randomised, transect survey covering all terrestrial habitats, which should minimise spatial and
temporal biases in the dataset®>. The other schemes utilised here to a greater or lesser extent represent conveni-
ence samples, especially with regard to site and habitat selection, and so may produce results that are not truly
representative of the status of these species and the impacts of trichomonosis across GB. However, spatial biases
in reporting are likely to favour areas closer to human habitation, but this pattern is unlikely to have changed
over time during the study period, so temporal biases are unlikely to have been introduced. Our results show
the value of citizen science scheme data for multidisciplinary research, in addition to their vital importance for
biodiversity monitoring worldwide, for which they often represent the only practical and cost-effective approach
to data gathering (e.g.%*?»®?). The finding and reporting of dead wild birds for PME or as ringing recoveries,
especially on restricted access land such as private gardens, is only viable, at any scale, via citizen science schemes.
Furthermore, far greater numbers of sites can be covered cost-effectively with volunteer participation than using
paid surveyors, such that data quantity typically outweighs potential issues with quality or spatial bias®®*>%*. In
addition to the value for data and evidence provision, citizen science may benefit individual mental health and
public interest in the natural world, which may in turn enhance conservation outcomes®*-%.

The results of the current study put a spotlight on the use of supplementary feeding, both in gardens and in a
conservation management context. While supplementary feeding has known population benefits for a range of
bird species**?*, the possibility of negative and counteracting effects on species conservation and animal welfare
needs to be considered along with the promotion and employment of appropriate mitigation measures??”%. This
has implications for targeted supplementary feeding used in conservation projects, such as the provision of seed
for farmland birds to augment depleted natural food sources**. The extent to which the details of feeding activ-
ity, such as summer versus winter feeding, or poor awareness, adoption, or efficacy of mitigation measures are
driving disease transmission and finch declines remains uncertain and requires further investigation. However,
key precautionary actions for supplementary food providers to mitigate negative effects should be to follow the
existing best-practice guidance for disease prevention and control***, such as that produced by Garden Wildlife
Health (available from www.gardenwildlifehealth.org), and to report sightings of ill health in garden birds to the
same website so that a veterinary diagnosis can be reached, enabling provision of further targeted guidance and
supporting the monitoring and research effort.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary
Information files.
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