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Abstract

Evaluating the effects of climate variation on ecosystems is of paramount importance for our ability to
forecast and mitigate the consequences of global change. However, the ways in which complex food
webs respond to climate variations remain poorly understood. Here, we use long-term time series to
investigate the effects of temperature variation on the intraguild-predation (IGP) system of Windermere
(UK), a lake where pike (Esox lucius, top predator) feed on small-sized perch (Perca fluviatilis) but
compete with large-sized perch for the same food sources. Spectral analyses of time series reveal that
pike recruitment dynamics are temperature-controlled. In 1976, expansion of a perch pathogen into the
lake severely impacted large perch and favoured pike as the IGP-dominant species. This pathogen-
induced regime shift to a pike-dominated IGP apparently triggered a temperature-controlled trophic
cascade passing through pike down to dissolved nutrients. In simple food chains, warming is predicted
to strengthen top-down control by accelerating metabolic rates in ectothermic consumers, while
pathogens of top consumers are predicted to dampen this top-down control. In contrast, the local IGP
structure in Windermere made warming and pathogens synergistic in their top-down effects on
ecosystem functioning. More generally, our results point to top predators as major mediators of
community response to global change, and show that size-selective agents (e.g., pathogens, fishers or
hunters) may change the topological architecture of food-webs and alter whole-ecosystem sensitivity to

climate variation.

Key words: Body size, Parasites, Population structure, Singular spectrum analysis, Wavelet analysis.
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Introduction

The anthropogenic increase in global temperatures since the late 19" century is now well documented,
and its projected continuation is highly likely (IPCC 2014). In parallel, it has been suggested that
pathogen outbreaks in terrestrial and marine ecosystems have increased in number and severity
(Harvell 2002). On land, warming often favours the transmission of vector-borne disease by
stimulating the reproduction, development and range expansion of arthropod vectors, while in seas
warming-induced coral bleaching seems to involve thermophilic pathogens in combination with other
causal agents (Harvell 2002). Warming may also alter host social behaviour and contact rates,
encounters with infective stages in the environment, host births and deaths rates, and host immune
defences (Altizer et al. 2006). However, to date there have been few in-depth investigations of how

climate and pathogens interactively affect whole ecosystem dynamics (but see Wilmers et al. 2006).

Taken separately, the ecological effects of global warming and pathogens on food chains are attracting
increasing research efforts. Alone, higher temperatures often reinforce top-down control in food chains
dominated by ectothermic top predators, by increasing consumption rates of ectothermic consumers
faster than primary production. Various models on the thermal dependency of metabolic rates predict
this general effect (Vasseur and McCann 2005; Ohlberger et al. 2011a); This effect has also been
consistently observed in multiple experimental and natural systems (O’Connor et al. 2009; Rall et al.
2009; Yvon-Durocher et al. 2010; Vucic-Pestic et al. 2011; Shurin et al. 2012; Edeline et al. 2013). In
parallel, pathogens and parasites may have severe impacts on host populations, with potentially indirect
effects cascading down along food chains (Oksanen et al. 1981; Wilmers et al. 2006; Hudson et al.
2006; Holdo et al. 2009). In particular, by reducing the densities of their host, parasites of top
consumers trigger a release from top-down control in food chains (Wilmers et al. 2006), and thus

oppose the effects of the thermal activation of metabolic rates.
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Simple linear food chains, however, are rarely found in nature and the effects of pathogen invasions
may be less intuitive in more complex food webs. For instance, intraguild predation (IGP) is a
widespread form of interaction that involves competition between a prey and its predator for common
food resources (Holt and Polis 1997). In an IGP system, pathogens can increase vulnerability of
infected individuals to cannibalism or predation, resulting in a reversed species dominance in the IGP
hierarchy (Hatcher et al. 2006). Such reorganizations may potentially alter predictions from food-chain
theory concerning how communities will respond to invading pathogens. Therefore, studies of climate-
pathogen interactions on ecosystem dynamics should not ignore IGP. In this paper, we use long-term
data from the Windermere ecosystem in order to understand how the outbreak of a pathogen in an IGP

system influenced the direction and strength of climate forcing on community dynamics.

Windermere is a glacial valley lake in northwest England (UK), divided by shallows into a mesotrophic
north basin and a south basin that is eutrophic due to sewage input. The two main predatory fish
species are pike (Esox lucius, IG predator) and perch (Perca fluviatilis, IG prey). Both species interact
through IGP, in which pike prey on small-sized perch but compete with large-sized perch for the same
food sources (Edeline et al. 2008; Langangen et al. 2011; Winfield et al. 2012). This food-web structure
changed in 1976 when an outbreak of a perch-specific pathogen extirpated over 98% of the adult perch
population, particularly fast-growing and large-sized individuals (Bucke et al. 1979; Edeline et al.
2008; Ohlberger et al. 2011b; Ohlberger et al. 2011c). For reasons that are not fully understood, perch
was the only fish species affected by the disease in Windermere. The primary pathogenic agent
remained unidentified, but was possibly a columnaris bacterium that spread in roach (Rutilus rutilus),
which at that time was very rare in Windermere, and perch populations through United Kingdom
during the early 1960s (Ajmal and Hobbs 1967). The disease was characterized by perforating skin

lesions and fish died from multiple bacterial and fungal infections (Bucke et al. 1979).
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In Windermere, truncation of the perch age and size distribution started in the early 1960s (Fig. S1),
I.e., synchronous with the spread of the disease through the United Kingdom, but the massive perch kill
occurred only in 1976. Since then, the age and size structure of perch has remained truncated and adult
perch have remained rare (Fig. S1). Interestingly, total perch biomass remained almost constant
because biomass loss in adults was compensated by a corresponding increase in the biomass of juvenile
perch. This so-called “stage-specific biomass overcompensation” was mediated by an increased adult
fecundity due to relaxed resource competition, and by an increased juvenile survival due to relaxed
cannibalism from adults (Ohlberger et al. 2011d). In parallel the mean number (Fig. 1), body size and,
to a lesser extent, age of pike (Fig. S1) have increased, presumably due to higher food availability
linked to decreased competition from large perch and increased production of small perch. Note that
the slight increase in the mean age of pike, indicating increased survival rate, was also potentially

related to a reduced fishing effort by the scientific gillnet fishery (Langangen et al. 2011).

This positive response of pike to the pathogen outbreak was particularly expected in Windermere
because the IGP system is a life-history IGP system, in which the predator competes with the adult
stage to feed on the juvenile stage of the prey (Abrams 2011). Hence, pike benefited both from the
reduction of competition linked to depletion of adult perch, and from the stage-specific biomass
overcompensation that increased production of juvenile perch. Theoretical models further predict that
predators specialized on either adults (e.g., pathogen of adult perch) or juveniles (e.g., pike on juvenile
perch) could, under certain conditions, facilitate (favour) each-other through stage-specific biomass
overcompensation in the prey (De Roos et al. 2008). Accordingly, in Windermere there is some
evidence that predation from pike might have favoured the pathogen outbreak. Signs of the disease on
perch were reported as early as 1963 (Bucke et al. 1979) and perch age and size truncation indeed
started during the 1960s (Fig. S1), but the spread of the pathogen and massive perch kill occurred only

in 1976 and coincided with a peak in predation pressure from pike in both basins (as estimated from the
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perch/pike abundance ratio, Edeline et al. 2008). In turn, the pathogen outbreak clearly favoured pike

(Figs. 1 and S1).

We hypothesized that the pathogen-induced increase in numbers and body size of pike in the
Windermere IGP should have strengthened top-down control in the food web (i.e., increased pike
control over food-web dynamics), and thus should have acted synergistically with the thermal
activation of top-predator consumption rates. This is in contrast with a simple food chain in which
pathogens of top-predators are expected to relax top-down control and thus oppose the physiological
effects of warming. Our results support this prediction and thus show that the food-web architecture

(here IGP vs. food chain) is pivotal in determining the effects of multiple stressors on ecosystems.

Materials and Methods

The data

In this study we handled in parallel 12 time series for which we provide an interaction graphic in Fig. 2.
The data set was collected between 1946 and 2002 from each of the north or south basin of
Windermere, and includes observations of perch (small and large), pike (small and large), water

temperature (measured at just one site, see below) , and the key nutrient phosphorus.

Scientific monitoring in Windermere started in 1943 and 1944 for perch and pike, respectively, and
continues with effectively no change in gear type and fishing methods. Perch are sampled using traps
set on spawning grounds from mid-April to early June. Hence, only mature (age 2 or older) perch are
captured. Pike are sampled in winter (usually from mid-October to late December) using 64 mm gill
nets, which target pike from age 3 years. Captured fish are measured for length and weight, and the left

opercular bone is removed to determine the age of the fish to the nearest year. For logistical reasons,
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opercular bones were aged up to 2002.

Yearly catch per unit effort (CPUE) is defined for perch as the number of fish per number of traps
deployed for 6 weeks on the spawning ground; for pike it is the number of fish per net per day. We
separated CPUESs between recruits (hereafter "small™) and older individuals (hereafter "large™) in both
perch and pike, defining recruits as age-2 perch and age-3 pike, and older individuals as age 3—6 perch
and age 4-9 pike. In this way, we were able to discriminate processes affecting the first years of fish
life from processes related to later development stages. This distinction is important because mortality
is highest and most variable during early stages in fish, and recruitment is thus the most informative

stage to decipher the mechanisms driving fish population dynamics.

We further separated CPUEs for the north and south basins of the lake because pike disperse from the
former resource-poor basin (source habitat) to the latter resource-rich basin (sink habitat) where
survival is lower (Haugen et al. 2007). These north-to-south movements of pike are highly dependent
on the basin-to-basin gradient in perch abundances (Haugen et al. 2006) (1. Separating into north and
south CPUEs also accounts for the fact that basin-to-basin perch dispersal is limited (Bodaly et al.

1989)07.

Together with these biological data, surface water temperatures were recorded on a near-daily basis at
the junction between the north and south basins of the lake. Hence, while all other time series were
recorded at the basin level, temperature data was recorded at the lake level (Fig. 2). Here, we have used
the seasonal number of degree-days above 14°C — a pertinent metric for biological rates in Windermere
(Haugen et al. 2007) — summing among the spring (May-June) and late summer (August-September)
temperatures. Because temperature was sometimes not measured on a given day, we have bootstrapped

the data to make sure that no sampling effects were present in our temperature metrics. We randomly
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sampled (with replacement) 3,000 daily temperatures in a given month, summed number of degree
days above 14°C and divided this sum by 100 to obtain the sum for 30 days. This resampling altered
our temperature metrics very marginally, indicating that the initial bias was minor. The obtained two

sets of temperature (spring vs. summer) were only weakly correlated, with Pearson's R? = 0.15.

We found in the M-SSA analyses that an NAO index contributed less variance to the ecological time
series than the local temperature data, and that it did not provide further information when included
together with the local temperature. We therefore did not include any NAO index in our analyses, as the
contribution of such indices is — on the one hand — already reflected in the temperatures and, on the
other, may be somewhat ambiguous, cf. Pokornd and Huth (2015). Finally, we incorporated data on
mean concentrations of soluble reactive phosphorus during the first 4 weeks of the year (hereafter
simply phosphorus) in each basin, for which measurements started in 1946 in both basins and not done
in 1956, 1958 and 1997 for technical reasons. We reconstructed these missing datapoints using linear

interpolation.

Time series analysis

Traditionally, time series analysis in ecology has relied on time-domain, parametric methods of the
auto-regressive type. Such methods, however, assume the ecological processes that generate the time
series to be both linear and stationary, i.e., they assume that the characterisitcs of the time series do not
change in time. Instead, the complex interactions present in the data at hand led us to consider two
complementary methods that are non-parametric, data adaptive and that have been successfully applied

for linear and nonlinear processes that involve both stationary and non-stationary dynamics.

We first applied multichannel singular spectrum analysis (M-SSA) to identify overall spatio-temporal

behaviour of all time series processed simultaneously, and to reduce the complexity of the 12 time
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series to a few oscillatory components. Then, because M-SSA assumes at least weak temporal
stationarity, we addressed the non-stationarity issue by a subsequent wavelet analysis that can find
localized intermittent periodicities (Cazelles et al. 2007)[] but which, on the other hand, can process

simultaneously only up to two time series (but see Rouyer et al. 2008).

Multichannel singular-spectrum analysis (M-SSA)

The decomposition of a general function of time into separate oscillatory components traditionally
relies on the Fourier transform, which approximates the original function by fitting a linear
combination of sine and cosine functions, whose periods are integer multiples of a basic period. The
key idea of SSA, or M-SSA for multiple time series, is to decompose the time series into trends,
oscillatory components and noise. SSA and M-SSA, however, replace the sines and cosines of Fourier-
type methods by the eigenvectors of the lag-covariance matrix Cof the time series (see below), and the
a priori prescribed set of periods of the Fourier methods by the eigenvalue spectrum of this matrix.
Eigenvectors produced by diagonalizing Care called spatio-temporal empirical orthogonal functions
(ST-EOFs), and the corresponding eigenvalues provide the variance captured by each ST-EOF. The
diagonalization is achieved by singular value decomposition, hence the name "singular spectrum

analysis," and the eigenvalue spectrum of the present analyses is shown in Fig. S2.

The lag-covariance matrix Cof the time series is the matrix of covariances between time series values at
tand at t + k, with kvarying from 0 to M — 1, and the eigenvalues and eigenvectors are obtained by
diagonalizing C. The maximum lag Mused in the analysis optimizes the trade-off between spectral
resolution and temporal resolution. Spectral resolution is given by the range of frequencies that can be
detected and it increases when Mincreases while temporal resolution corresponds to the number of
“windows” sampled from the time series and it decreases when Mincreases. In particular, increasing

temporal resolution increases the power of the method to detect changes in the amplitude of oscillations
9/37
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from one sampled window to the next. The optimal trade-off here was achieved for M= 16 years. By
optimizing M, the method can detect changes in the amplitude of the oscillations and the stationarity

assumption is thus slightly relaxed.

If one assumes that it is a mixture of mechanisms generating different cyclicities that produce
ecological time series, ST-EOF extraction can be understood as a procedure that deciphers these
different mechanisms. Projecting the time series onto the ST-EOFs yields the corresponding principal
components, whose linear combinations, in turn, yield partial reconstructions of the time series that are
associated with a particular oscillatory component; the latter are referred to as reconstructed

components or RCs (Ghil and Vautard 1991; Ghil et al. 2002)[].

Typically, an oscillatory mode is characterized by a pair of nearly equal eigenvalues and associated
principal components that are in approximate phase quadrature (Vautard and Ghil 1989; Plaut and
Vautard 1994; Ghil et al. 2002), i.e., one ST-EOF in the pair can be gotten from the other by a shift of
one-quarter period. Hence, an RC pair predicts how the time series would look like if it were produced
only by the corresponding mechanism, as identified from its resultant cyclicity. For a more reliable
separation of ST-EOF pairs, we used here the recently developed variance-maximisation (varimax)
rotation of the ST-EOFs. This approach reduces mixture effects between distinct oscillatory

components and improves the biological interpretability of the results (Groth and Ghil 2011).

An ST-EOF pair is the counterpart in SSA analysis of a sine-and-cosine pair with the same frequency in
Fourier analysis. However, to avoid any misinterpretation of random fluctuations as oscillations, we
performed a Monte Carlo statistical test and compared the variance captured by each pair of ST-EOFs
with that in a large ensemble of random-walk noise surrogates (Allen and Robertson 1996; Allen and

Smith 1996; Groth and Ghil 2015). In this analysis, we considered 21 ST-EOF pairs. Provided that the
10/37
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variance of a pair of ST-EOFs substantially exceeds the hypothetical level of such a random-walk noise
process — taken as the null-hypothesis model — the corresponding RCs represent significant oscillatory

behaviour.

We performed our M-SSA analyses by using the freely available SSA-MTM toolkit
(http://research.atmos.ucla.edu/tcd//ssa/). Further information and technical details on the method and
software can be found as Electronic Supplemental Material, as well as in the review paper of Ghil et al
(2002), in the User’s Guide of the SSA-MTM Toolkit (at http://www.atmos.ucla.edu/tcd/ssa/guide/),
and in the beginner's guide to SSA
(http://environnement.ens.fr/IMG/file/DavidPDF/SSA_beginners_guide_v9.pdf).  Further technical

details on the method and computational steps may be found in the Electronic Supplementary Material.

Wavelet analysis

Fourier transform and associated sine and cosine functions can not accommodate temporal or shape
discontinuities which are common in ecological time time series. ST-EOFs in SSA are more data
adaptive than Fourier transform, but still assume some stationarity in the oscillatory behaviour of the
time series. In contrast, wavelet transform uses more flexible functions named “mother wavelet” (here
we used a Morlet wavelet, Cazelles et al. 2007) that can account for both temporal (via translations)
and shape (via dilations) discontinuities in the original time series, and are thus particularly well

adapted to exploring the changing behaviour of ecological time series (Cazelles et al. 2008).

Specifically, after convolving each time series with the scaled and translated version of a Morlet
wavelet, we computed the wavelet power spectrum (WPS), which quantifies the variance of the time
series both in frequency and time. The WPS is also used to compute the global wavelet power spectrum

(GWPS) by temporally integrating the WPS values over all local spectra. The latter provides an
11/37
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estimation of the global frequency spectrum, like in M-SSA.

To explore the joint oscillatory behaviour of two time series we computed the wavelet coherence that
provided (i) tests for phase locking (i.e., simultaneous oscillation on the same frequency) of time series
pairs, and (ii) phase difference between the two time series of a pair, from which we computed the
instantaneous time lag between the two time series. As for the M-SSA significance test, the variance
described by the WPS was compared to that of a data-driven random-walk noise null hypothesis.
Significance levels were derived from bootstrapped time series with the parameter of the stochastic

process determined from the time series at hand (Cazelles et al. 2014).

We performed the wavelet analyses using well-established algorithms for wavelet power spectrum,
wavelet coherency and phase computation, implemented in Matlab 2015a. The specific functions used
herein can be downloaded from https://dl.dropboxusercontent.com/u/192975/Wavelets_EETS.zip. Note
that these functions work on any Matlab release since Matlab2001a. More details on the method are

provided as Electronic Supplemental Material.

Results

The M-SSA and wavelet analysis were in agreement in identifying a medium-period, 7-8 year
oscillation involving summer temperature, pike CPUE, small perch CPUE and phosphorus (Figs 1, 3
and 4). Additionally, both methods identified a long-period, 13-15-year oscillation of large perch (Figs.
3 and 7), that wavelets further suggested to be also present in pike and phosphorus towards the end of
the time series (Figs 3 and 4). Finally, M-SSA identified a short-period, 2—3-year oscillation involving

spring temperature, phosphorus, as well as small perch and small pike in the south basin (Fig. 8).

Medium-period oscillations
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The M-SSA shows that the 7-8-year oscillation was overall present in summer temperature, pike in
both basins, as well as in small perch and phosphorus in the south basin of the lake (Fig. 1).
Examination of GWPSs, that provide an integrated wavelet spectrum over the whole time series,
confirms that this 7—8-year oscillation was strongest in pike (GWPS in Figs. 3c, d, g) and phosphorus
in the south basin (GWPS in Fig. 4b), but was also significant in large perch in the south basin (GWPS
in Fig. 3f). Additionally, WPSs further show that the 7—8-year oscillation was also transiently present in
small perch in both the north (1955-1965, WPS in Fig. 3a) and south (1985-2000, WPS in Fig. 3e)

basins, a well as in large perch in the north basin (from 1960 to 1970, WPS in Fig. 3b).

In order to examine more specifically the link between pike and perch in this 7-8-year frequency range,
we ran a wavelet coherence analysis which provided a co-spectrum for both species (Fig. 5). We did
not include here the intraspecific co-spectrums (i.e., small vs. large fish of the same species), which
show strong phase locking (i.e., joint oscillations) essentially reflecting cohort dynamics (see Fig. S3).
Coherence analysis confirmed phase locking of pike and perch in the 7—8-year frequency range. In the
north basin, phase locking was transient and most significant between small perch and large pike from
1980 (Fig. 5b), between large perch and small pike during the 1980s (Fig. 5c), and between large perch
and large pike during the 1960s and 1980s (Fig. 5d). In the south basin of the lake, the 7—8-year joint
oscillations of pike and perch were very clear and neat for large perch and small pike from 1970
onwards (Fig. 5g), but were also transiently present in large perch and large pike for the same time

period (Fig. 5h).

The non-stationary nature of the 7-8-year oscillation was evident in both the WPSs and coherence
analyses (Figs. 3, 4 and 5), which both revealed a regime shift in the 1970s when the 7-8-year
oscillations synchronously emerged in temperature, pike, and phosphorus. The 7-8-year oscillations

started in 1970 in small pike in both basins (WPSs in Figs. 3c, g) as well as in phosphorus in the south
13/37
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basin (WPS in Fig. 4b), and slightly later in large pike (WPSs in Figs. 3d, h). 1970 also marks the onset
of a strong link between small pike and large perch in the south basin (coherence in Fig. 5g, see above).
This regime shift was also apparent in M-SSA where the amplitude of the RCs increased over time for

all of the time series (Fig. 1).

In contrast, the 7-8-year oscillation of summer temperature showed no abrupt change but instead
increased gradually from the early 1960s (orange colour in WPS in Fig. 4d) and became statistically
significant only during the late 1970s. Interestingly, this increasing amplitude of oscillations in summer

temperatures paralleled a steady increase in their mean value (Fig. 1).

A key question for the observed temperature-pike-perch-phosphorus oscillations was whether they
reflected a bottom-up or a top-down causal effect of temperature. To answer this question we explored
causality among oscillating variables in the 7-8-year frequency range using lags among the
reconstructed components in both the M-SSA and wavelet coherence analysis, assuming that the cause
preceded the effect. Lags among the M-SSA reconstructed components (Fig. 1) show that, on average,
thermal forcing was leading, followed by small perch in the south basin (0.2-year delay), phosphorus in
the south basin (1.6-year delay), small pike in both basins (2.5-year delay), and large pike in both

basins (3.7-year delay, i.e., large pike and summer temperature were in phase opposition, see Fig. 1).

In contrast with the M-SSA, lags among the reconstructed components in the wavelet coherence
analysis (Fig. 6) assumed no stationarity, and were thus more adapted to study abrupt changes in the
perch-pike link. In the north basin, pike and perch tended to oscillate in phase opposition across the
whole time period, with a slightly varying lag (Fig. 6a). In the south basin of the lake, where the pike-
perch link was most significant (see above), perch and pike oscillated in perfect synchrony up to 1970,

after which small pike started to lag behind perch by about 3 years (Fig. 6b).
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Long-period oscillations

Both the M-SSA and the wavelet analysis show that perch oscillated on a 13—-15-year periodicity. This
signal was found to be significant by the M-SSA in large perch only, for which the signal was very
strong (Fig. 7). Wavelets further reveal that this 13—15-year oscillation shifted from large perch (WPSs
in Figs. 3b, f) to pike around the mid 1970s (WPSs in Figs. 3c, d, g, h), thus confirming the regime
shift observed in the 7-8-year frequency range. In both basins, the shift of the 13—15-year oscillation
from perch to pike was first transmitted to the small, and then to the large pike (WPSs in Figs. 3c, d, g,
h), indicating processes operating during pike recruitment. Interestingly, wavelets also suggest that
phosphorus also started to oscillate on a 13-15-year periodicity at the same time as pike in the south

basin of the lake (from 1980, WPS in Fig. 3h for pike and WPS in Fig. 4b for phosphorus).

Short-period oscillations

The M-SSA shows that the fast, 2—3-year oscillation was present in spring temperature, phosphorus in
the north (but not south) basin, and in small pike and small perch in the south basin (Fig. 8). GWPS
confirmed this significant oscillation only for spring temperature (Fig. 4c). Hence, M-SSA and wavelet

analysis tended to diverge on the significance of this fast oscillation.

Time-lag analysis in the M-SSA (Fig. 8) shows that, on average, spring temperature and phosphorus in
the north basin were negatively correlated with no lag, because a 1.2-year delay indicates an exact
phase opposition in this quasi-biennial cycle. Time lag was 0.6- and 0.1-year in perch and pike,

respectively (Fig. 8).

Discussion

Ecosystems are generally subjected to multiple perturbations acting simultaneously. To date, our
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knowledge of how complex ecosystems will respond to such multiple stressors remains poor. The
Windermere data provide a rare opportunity to examine the interactive effects of pathogens and climate
variation on a lake food web, in which top consumers (perch and pike) interact through intraguild
predation (IGP). We coupled two complementary spectral analyses (M-SSA and wavelet analysis) that
allowed us to deal with the complexity and non-stationarity of the 12 time series in parallel. Our results
show that pathogen-induced dominance of the IGP predator (pike) has magnified the sensitivity of the

whole ecosystem to top-down thermal forcing.

7-8-year oscillations: pathogen-triggered top-down forcing

Both M-SSA and wavelets were in agreement in identifying a 7-8-year oscillation in summer
temperature, pike, perch and phosphorus. Such a 7-8-year oscillation of temperatures in England has
previously been reported (Plaut et al. 1995), and probably reflects corresponding oscillations in sea
level pressures and sea surface temperatures over the North Atlantic basin (Feliks et al. 2004; Feliks et
al. 2010; Feliks et al. 2013). Examination of the chain of causalities through time lags suggests that
these thermal oscillations intially propagated into the Windermere ecosystem through a modulation of

juvenile survival in perch and pike.

Time lags in the M-SSA clearly show that a warm summer was followed by increased numbers of small
(age-2) perch with almost no lag, and by increased numbers of small (age-3) pike 2.5 years later (Fig.
1). This result confirms previous studies showing a positive effect of warm summer temperature on
perch and pike recruitment in Windermere (Paxton et al. 2004; Paxton et al. 2009), and further suggests
that warm summers increase (i) survival at age 1+ and 2+ in perch (no lag) and (ii) survival at age 0+
and/or fecundity in pike (2.5-year lag). Wavelet coherence in the 7-8-year frequency range further
suggests that this positive effect of warm temperature on small pike numbers was, at least partly,

mediated by the increased numbers of 2+ perch. Specifically, small (age-3) pike started lagging about 3
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years behind small (age-2) perch around 1975 (Fig. 7B). This 3-year lag suggests that age-2 perch
became an important food source for pike after the pathogen outbreak, such that increased abundances

of age-2 perch in year t translated into increased numbers of age-3 pike in year t+2.5.

Time lags in both M-SSA and wavelets further suggest that, after an initial modulation of perch and
pike recruitment, thermal oscillations propagated down to the phosphorus level through a pike-

mediated trophic cascade in the south basin. Several observations support this interpretation.

First, phosphorus peaked on average 1.6 year after a warm summer (Fig. 1), a lag that seems too long
to be consistent with any abiotic, meteorological mechanism (e.g., wind-driven lake mixing, or rainfall
and runoff): wind and/or rainfall in summer may at best affect phosphorus the following January (+0.5y
lag), or wind and/or rainfall in winter could be in some way correlated to temperature the following
summer (-0.5y lag). Instead, the observed +1.6-year lag is consistent with a trophic cascade, in which a
positive effect of summer temperature on pike in year t through elevated survival of 0+ pike and/or
adult fecundity resulted in increased predation on zooplanktivorous fish in year t+1, increased
zooplankton abundances, decreased algal concentrations and phosphorus uptake by algae, and
ultimately increased phosphorus concentrations in January at time t+2 or about 1.5 year after a warm

summer.

Second, wavelets confirm that phosphorus oscillations were tightly linked to pike oscillations in the
south basin, and thus strongly suggested a pike control on phosphorus concentration in Windermere.
Specifically, the onset of the 7-8-year oscillation of phosphorus in the 1970s (Fig. 4b) was
synchronized with the onset of the 7—8-year oscillation in pike in both basins (Figs. 3c, d, g, h). This
high synchrony demonstrates a rapid top-down effect of pike on phosphorus, because a bottom-up

effect of phosphorus on pike recruitment would have implied a lag in the onset of pike oscillations.
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Interestingly, our results show that pike were much more efficient than large perch in driving a trophic
cascade in Windermere, probably because they are more piscivorous than perch. In particular, in winter
pike feed extensively on Arctic charr (Salvelinus alpinus) and on the recently introduced roach (Rutilus
rutilus) (Winfield et al. 2012), two fish species that are highly efficient predators of large pelagic

zooplankton (e.g., Daphnia sp.) which, in turn, are strong algal grazers.

Finally, this temperature-driven trophic cascade in Windermere showed an interesting spatial structure.
Pike oscillations emerged mainly in the north basin (higher variance explained by the 7-8-year
oscillation, see Fig. 1), and cascaded down to the phosphorus level in the south basin. This propagation
fits with studies on pike population dynamics in Windermere showing that pike disperse from the
resource-poor north basin (source habitat) to the resource-rich south basin (sink habitat) where survival
is lower (Haugen et al. 2006; Haugen et al. 2007). In contrast, in the north basin phosphorus

oscillations were mainly climate, bottom-up driven (see below).

An important aspect of the temperature-driven, pike-mediated trophic cascade in Windermere is its
pathogen-induced facilitation. Specifically, pike benefited both from the reduction of competition
linked to depletion of adult perch by the pathogen, and from the stage-specific biomass
overcompensation that increased production of juvenile perch (see the introduction). The resultant
increase in pike numbers (Fig. 1), age and size (Fig. S1), reinforced the top-down control of the whole
food web by pike, and thus facilitated the thermal control of ecosystem dynamics acting through pike
recruitment. In parallel, a constant increase in mean summer temperatures (see temperature trend in
Fig. 1) probably also favoured an increased top-down control of the food chain through the activation
of pike metabolism (see introduction), and thus ultimately paved the way towards a mutual facilitation

between pike and the pathogen that triggered the regime shift. Hence, our results support the emergent
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view that ecosystem regime shifts are often favoured by gradual climate change, but triggered by acute

stressors such as fisheries or, here, pathogens (Mdllmann and Diekmann 2012).

13-15-year oscillation: cohort resonance in perch and pike

Beside the medium-period oscillations we detected low-frequency oscillations with an approximate 13—
15-year period in the fish populations (Figs. 1, 3) which shifted from large perch to pike around the
years of pathogen outbreak (Figs. 3b-d, f-h). A 13-15-year period corresponds to approximately five
perch generations and three pike generations. We here estimated the generation time of 2.7 years in
perch and 5.1 years in pike from the mean age of mature females weighted by their fecundity (the perch
data were available for 1944-1964, and the pike data for 1963-2003; Note also that age at maturity in

perch decreased after the pathogen outbreak (Ohlberger et al. 2011c)).

A common oscillatory period of pike and perch dynamics despite different generation times precludes
delayed density dependence as a possible underlying mechanism for these 13-15-year oscillations
(Gurney and Nisbet 1985). Instead, these slow oscillations likely reflected a “cohort resonant” effect,
defined as a low-frequency variability produced by a combination of age-structured interactions and
stochastic (climate-driven) recruitment (Bjegrnstad et al. 2004; Hidalgo et al. 2011). In Windemere,
cohort resonance of perch and pike is suggested by the 13-15-year periodicity which arguably

represents a sub-harmonic of the 7-8-year oscillation of summer temperatures.

Further support for the “cohort resonance” hypothesis comes from the fact that 13-15-year oscillations
emerged in fish populations only when old and large perch or pike individuals were present (as
controlled by the pathogen). Accordingly, slow oscillations shifted from large perch to pike around the
mid-1970s, as the pathogen was reorganizing the age and size structure of the perch and pike

populations (Fig. S1). Interestingly, the pathogen truncated perch age and size structure more severely
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in the north than in the south basin (Fig. S1), and the cohort resonant effect shifted from perch to pike
faster in the north basin (10 years transition, WPSs in Figs. 3b-d) than in the south basin (20 years
transition, , WPSs in Figs. 3f-h). Hence, our results illustrate that size-truncating pathogens may

suppress cohort resonant effects just as fisheries do (Hidalgo et al. 2011; Botsford et al. 2014).

2-3-year oscillations: Windermere bottom-up forcing

Superimposed on the top-down 7-8-year and 13-15-year oscillations, the M-SSA also detected a 2—-3-
year oscillation which suggested a direct, bottom-up climate forcing on dissolved phosphorus in the
north but not in the south basin. The M-SSA shows that Spring (May-June) temperature was negatively
linked to phosphorus concentration during the previous January (Fig. 8). This result might reflect a
tendency for warm prings to be preceded by lower wind speeds (resulting in reduced water mixing) and
runoff from rainfall, and resultant lower phosphorus concentrations during the previous winter (George

and Harris 1985; Thackeray et al. 2012)( 1.

The 2-3-year oscillation was also significant in small perch in the south basin. Warm springs were
followed by increased numbers of small (age-2) perch in the south basin with a 0.6-y lag (Fig. 8),
suggesting a positive effect of temperature on 1+ and 2+ perch survival (similar effect as in the 7-8-
year oscillation). This thermal facilitation presumably operates because higher temperatures (i) increase
consumer foraging rates (Vasseur and McCann 2005; Ohlberger et al. 2011a) and food conversion
efficiency (Angilletta and Dunham 2003), (ii) increase a competitive asymmetry in favor of small
(young) against large (old) fish for the exploitation of resources (Ohlberger et al. 2011a; Edeline et al.
2013); (iii) accelerate fish growth rate and reduce the duration of a small-size-and-high-mortality time
span (Vindenes et al. 2014), and (iv) increase fat storage during summer and thus enhance winter

survival (Griffiths and Kirkwood 1995; van de Wolfshaar et al. 2008).
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Finally, the 2—3-year oscillation was also significant in small pike in the south basin. Warm springs
were associated with increased numbers of small pike with almost no lag (0.1-year lag, Fig. 8), i.e.,
roughly synchronous with the increased abundances of small perch. This synchrony suggests
movement-mediated dynamics, in which the increased number of juvenile perch (prey) in the south
basin favoured a rapid pike dispersal from the north to the south basin (Haugen et al. 2006; Haugen et

al. 2007).

Conclusions

The Windermere case points to general issues for climate and pathogen effects on ecosystems. First,
our study highlights reorganization of population age and size structures as a primary mediator of
pathogen effects on ecosystem dynamics. In Windermere, total perch biomass remained almost
constant, indicating that pathogen-induced changes were driven by a biomass-independent
reorganization of size structure per se. However, the size-structuring effects of pathogens in food webs

remain largely overlooked.

Second, climate warming is often predicted to accelerate consumer metabolism and predation rate,
resulting in a magnified top-down control in ecosystems, i.e., in a reinforced control by top consumers
over food-web dynamics (Vasseur and McCann 2005; Ohlberger et al. 2011a)1. This prediction has
been empirically validated in both experimental and natural systems (Petchey et al. 1999; Voigt et al.
2003; O’Connor et al. 2009; Rall et al. 2009; Yvon-Durocher et al. 2010; Vucic-Pestic et al. 2011;
Shurin et al. 2012; Edeline et al. 2013). Our present results in Windermere further point to increased
juvenile survival in top predators as an important driver of warming-induced magnification of top-

down control in food webs dominated by ectothermic consumers.

Finally, our results illustrate how relatively simple alterations in the structure of a food-web apex may
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reverse the effects of a climate-pathogen interaction on ecosystem dynamics. In the linear, tri-trophic
food chain of Isle Royale (USA), where wolves feed on moose that feed on trees (Wilmers et al. 2006),
an outbreak of canine parvovirus in the wolf population released moose from top-down control, which
increased a climate-driven, bottom-up control of moose recruitment through tree productivity. Such a
pathogen-induced relaxation of top-down control is to be expected whenever pathogens impact top
predators in a food chain. In Windermere, the life-history IGP structure and stage-specific biomass
overcompensation in perch instead resulted in a pathogen-induced reinforcement of a climate-driven
trophic cascade, i.e., the IGP structure made the top-down effects of climate and pathogen synergistic,
not antagonistic as in a food chain. IGP is a very common form of interaction and size or stage
structuring of populations and interactions is the rule in virtually all biomes. Therefore, our results may

potentially apply to many other ecosystems.
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Figure Captions

Fig. 1. Time series (1946 to 2002) for the north (N) and south (S) basins of Windermere showing the
raw data (thin, solid blue), the fitted trend (dashed green) and the reconstructed components (RCs,
bold, solid red) for the 7—8-year oscillation (n=57 years/time series). Trends were estimated directly in the
M-SSA as RCs 1-2. Vertical dotted lines show peaks in summer temperature, the leading oscillation,
and tindicates the corresponding delay (lag) of each time series. Bold titles indicate time series for
which the 7-8-year oscillation was statistically significant (P < 0.05). The % indicates fraction of total
variance explained by the 7-8 year oscillation. Small perch = age 2 perch (Perca fluviatilis), Large
perch = age 3-6 perch, Small pike = age3 pike (Esox lucius), Large pike = age 4-9 pike, Temp Spring
degree = sum of degree days above 14°C in May and June, Temp Summer degree = sum of degree days
above 14°C in August and September (temperatures were measured at the junction between the two
basins). Fish abundances are in number of fish caught per 30-yd net day (pike) or per trap used 6 weeks
on the spawning ground (perch). Phosphorus concentration is given as the average mg.l™ total reactive

P during January

Fig. 2. Interaction graphic for the Windermere time series handled in this study. Phos = phosphorus,
other variables are as in Fig. 1. The compartments for which we have quantitative data are darkened,
while the perch pathogen is only known to be present or absent. Thin lines indicate an interaction; bold,
single-headed arrows indicate thermal forcing; bold, double-headed arrow indicates pike dispersal

between the two basins of the lake

Fig. 3. Wavelet power spectrum (WPS) of normalized and detrended fish time series in the north (N)
and south (S) basins of Windermere (n=57 years/time series, see Methods). Fish variables are as

described in Fig. 1. Colour code: increasing spectrum intensity from white to dark red; black dashed
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lines show statistically significant area (threshold of 95% CI); the fine black curve delimits the cone of
influence (region not influenced by edge effects). Edge effects resulting from the trade-off between
spectral and temporal resolution may be considered unimportant if a significant region of the spectrum
also extends inside the cone of influence. Boxes on the right hand side of each WPS show the global
wavelet power spectrum (GWPS, solid blue line) with its threshold value of 95% CI (dashed black line)

(Cazelles et al. 2014)

Fig. 4. Wavelet power spectrum (WPS) of normalized and detrended time series for abiotic covariates

in Windermere. Abiotic variables are as described in Fig. 1. Colour and line codes as in Fig. 3

Fig. 5. Coherence analysis of normalized and detrended fish time series in the north (N) and south (N)

basins of Windermere. Colour and line codes are as in Fig. 3.

Fig. 6. Phase analysis of reconstructed fish oscillations in the 7-8-year frequency range from the

coherence analysis in Fig. 5. Bold and solid red lines = small perch, bold and dashed red lines = large

perch, thin and solid blue lines = small pike, thin and dashed blue lines = large pike

Fig. 7. Windermere time series for which the M-SSA detected a statistically significant (P < 0.05) 13-

15 year oscillation. Color code, lines and symbols are as in Fig. 1

Fig. 8. Windermere time series for which the M-SSA detected a statistically significant (P < 0.05) 2-3

year  oscillation.  Color  code, lines and symbols are as in  Fig. 1
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Fig. 2.
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a. Phosphorus (N)

T T ”#I

0N B~ W
T

121
201

1970 1980 1990 2000 0O 1 2

1950 1960
b. Phosphorus (S)

3_

4_

6_

8_

12f
»
E 20_ 1 1 1 1
Q9 1950 1960 1970 1990
S c. Temp Spring degree
= =
o 3
o 4

6_

8_

12f

20_ 1 ! 1

1950 1960 1970

d. Temp Summer degree

3_

4_

6_

8_

128

20 . .

1960 1970 1980
Time (years)
615 Fig. 4.

34/37



e. Small perch vs. small pike (S)
RE 2 DS —— o >

Period (years)

d. Large perch vs. large pike (N)
Kl T —

1950

1950

1950

1960

1960

1960

5 b. Sma!!_perch vs. large pike (N)

c. Large perch vs. small pike (N)
3 T ] ——

1970

1970

1970
Time (years)

2000

1980

1990

1950 1960 1970 1980 1990 2000
f. Small perch vs. large pike (S)

\ 5

1950 1960 1970 1980 1990 2000
h. Large perch vs. large pike (S)
S ——

e

1950 1960 1970 1980 1990 2000
Time (years)



Multiple stressors and food-web apexes

Fig. 6. a. North basin
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