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SUMMARY

Many previous attempts to understand how ecological networks respond to
and recover from environmental stressors have been hindered by poorly resolved
and unreplicated food web data. Few studies have assessed how the topological
structure of large, replicated collections of food webs recovers from perturbations.
We analysed food web data taken from 23 UK freshwaters, sampled repeatedly over
24 years, yielding a collection of 442 stream and lake food webs. Our main goal was
to determine the effect of acidity on food web structure and to analyse the way food

web structure recovered from the effects of acidity over time.

Long-term monotonic reversals of acidification were evident at many of the sites, but
the ecological responses were generally far less evident than chemical changes, or
absent. Across the acidity gradient, food web linkage density and network efficiency
declined with increasing acidity, while node redundancy (i.e. trophic similarity
among species within a web) decreased. Within individual sites, connectance,
linkage density, trophic height, resource vulnerability and network efficiency tended
to increase over time as sites recovered from acidification, while consumer generality
and node redundancy tended to decrease. There was evidence for a lag in biological
recovery, as those sites showing a recovery in both their biology and their chemistry

were a nested subset of those which only showed a chemistry trend.

These findings support the notion that food web structure is fundamentally
altered by acidity, and that inertia within the food web may be hindering biological
recovery. This suggestion of lagged recovery highlights the importance of long-term
monitoring when assessing the impacts of anthropogenic stressors on the natural
world. This temporal dimension, and recognition that species interactions can shape
community dynamics, is missing from most national biomonitoring schemes, which

often rely on space-for-time proxies.
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I. INTRODUCTION

Natural ecosystems are increasingly exposed to anthropogenic stressors, such
as habitat modification, pollution and global climate change (Steffen et al. 2011;
Smith & Zeder 2013; Sutherland et al. 2016). A deeper understanding of how they
respond to and recover from such perturbations is important if we are to manage

our natural resources effectively in the coming decades (Pimm et al. 1995; Woodward
et al. 2010a).

Biological recovery from the effects of stressors does not necessarily follow
from the removal of that stressor, as there may be time lags or ecological hysteresis,
even to the extent that alternative equilibria are possible for otherwise identical
environmental conditions (O'Neill 1998; Scheffer & Carpenter 2003; Feld et al. 2011;
Battarbee et al. 2014; Murphy et al. 2014). These may arise via species interactions,
which can alter the rate and/or trajectory of recovery (Scheffer & Carpenter 2003)
and confound attempts to scale up predictions made from individuals or species
populations to the whole-community or ecosystem, because of the increasing scope
for “ecological surprises” to be manifested via complex indirect pathways in the
food web (Ings et al. 2009; Thompson et al. 2012). For instance, artificially high
nutrient concentrations can trigger regime shifts in shallow lakes, which may persist

even long after nutrient loads have been reduced (Scheffer & Carpenter 2003).

A.Food web recovery research
Due to the difficulties in constructing highly-resolved food webs, however,

very few studies have examined how trophic network structure responds to, and
recovers from, perturbations, and fewer still have a replicated design. Field
experiments have revealed how replicated freshwater food webs respond to
drought, through the loss of rare and rare-for-size consumers, as well as the larger
taxa high in the food web (e.g. eight stream food webs; Ledger et al. 2012; Woodward
et al. 2012). Other studies have economised on effort and increased their sample
sizes, and hence ability to detect responses statistically, by making assumptions
about the diet of consumers. Thus, O’Gorman and Emmerson (2010) used 144
marine food webs in a mesocosm study across a range of experimental treatments to
investigate how their structure responded to the removal of keystone species. Very
few examples exist where the recovery of replicated, natural food webs following a
perturbation has been studied, although McLaughlin, Emmerson and O’Gorman
(2013) constructed a collection of 96 terrestrial food webs which tracked the recovery
of sixteen riparian food webs after a flood over the course of a year. Often, a space-

for-time substitution approach is used: for instance, Layer et al (2010b) studied the
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structure of 20 freshwater food webs sampled once from 20 sites distributed across a
wide pH gradient, and this was subsequently set in the context of long-term change
in the single model system of Broadstone Stream over four decades of rising pH
(Layer et al. 2011). However, no studies of which we are aware have analysed the
long-term recovery from perturbation of replicated food webs distributed across

wide ecological gradients.

B. Freshwater acidification
Freshwater acidification is usually caused by atmospheric pollution (though

there are naturally rather acidic systems), in which strong mineral acids emitted
from industrial sources are deposited on the landscape (e.g. Driscoll et al. 2001).
Where soils and geology have an insufficient supply of base cations to buffer acidity,
runoff to streams and lakes become strongly acidic. At a pH of 5.5, alkalinity falls to
zero and inorganic aluminium concentration rises to become toxic to many forms of
life, including almost all fish (Sutcliffe & Hildrew 1989). Such anthropogenic
acidification has profound ecological impacts, including the loss of many acid-
sensitive species from all trophic levels (e.g. Dillon et al. 1984; Schindler 1988).
Evidence for the causes and consequences of acidification and its effect on species
assemblages is long-standing and overwhelming (e.g. Likens & Bormann 1974;
Schindler 1988; Hildrew & Ormerod 1995) and comes primarily from north-western
Europe and much of north and eastern USA and Canada. This ranges from
palaeolimnological reconstructions of lake pH (e.g. Battarbee et al. 1988), widespread
surveys and descriptions (e.g. Townsend, Hildrew & Francis 1983; Henriksen et al.
1990), experimental acidification of whole systems (e.g. Hall et al. 1980; Webster et al.
1992; Findlay et al. 1999), and biogeochemical modelling (e.g. Jenkins et al. 1990). In
the UK, intensive research on the long-term and large-scale ecological consequences
of acidification on running waters was concentrated in three main study systems:
Llyn Brianne in south-west Wales (Durance & Ormerod 2007), the Ashdown Forest
of south-eastern England (Hildrew 2009), and via the nationally covering UK Acid
Waters Monitoring Network (UKAWMN), which interdigitated to a limited extent
by sharing three sites with the other two (Layer et la 2010).

In the face of such evidence, reductions of polluting emissions were agreed
upon in both Europe and North America, which have resulted in dramatically
reduced depositions since the 1970s (Stoddard et al. 1999; RoTAP 2012). In 1988, the
UK Government set up UKAWMN (incorporated within the latterly expanded
Upland Waters Monitoring Network - or UWMN, in 2014) to assess the effectiveness

of these measures, which came at considerable economic and social costs. The
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Network was designed explicitly to detect any recovery in the quality of surface
waters at its 23 stream and lake sites, as well as any shifts in their biology and
ecology that might be expected to accompany chemical recovery. The network’s sites
are distributed across acid sensitive (base poor) regions of the UK (Figure 1), mainly
in the uplands areas of the north and west where precipitation and wet deposition of
acidity tend to be high, although some are in small, acid sensitive areas in the south
and east. A few sites are located in the extreme north and west of Scotland and
Northern Ireland which were thought sufficiently remote from industrial pollutant

sources to have been significantly affected by acid deposition (Patrick et al. 1991).

Substantial (though not complete) chemical recovery from acidification has
now occurred at most sites that had been acidified at the outset (Monteith et al. 2014).
This has included large reductions in inorganic aluminium concentrations in the
most acidified waters and more widespread but gradual increases in water pH,
while Acid Neutralising Capacity (ANC) has increased in proportion to the rate of
reduction in acid anions. Ubiquitous increases in dissolved organic carbon
concentration also appear to be part of the biogeochemical response, leading to a
partial replacement of mineral acidity by organic acidity that has tempered the pH
response (Evans et al. 2008). Evidence for biological recovery, in terms of the
establishment of acid-sensitive assemblages of species, has been much less obvious
(Battarbee et al. 2014), but most evident in the diatoms of the epilithon and from the
colonisation of recovering sites by some species of macrophytes. In the last UWMN
data interpretation report (Kernan et al. 2010), invertebrate assemblages showed
signs of partial recovery at around half of the chemically recovering sites. Only two
of those sites, both of which were particularly severely acidified at the onset of
monitoring, showed any evidence of recovery of salmonid populations, another
indicator of decreasing acidity (Murphy et al. 2014, Malcolm et al. 2014). Similar,
“sluggish” biological recovery has also been reported in other acidified systems
elsewhere globally (e.g. Nedbalova et al. 2006; Keller et al. 2007).

Several hypotheses have been put forward to explain these delays in the
anticipated simple reversal of acidification, including dispersal limitations, pollutant
legacies and attendant recurring acid episodes (e.g. Kowalik et al. 2007), interactions
with other stressors (e.g. climate change; Johnson & Angeler 2010), and indirect
food-web effects (Yan et al. 2003; Ledger & Hildrew, 2005; Monteith et al. 2005).
These mechanisms are not necessarily mutually exclusive explanations and there are
differing levels of support for each. For instance, the role of dispersal is still

uncertain for differing biological components, with evidence for and against its role:
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Gray & Arnott (2011) suggested it may constrain the recovery of lake zooplankton in
Canadian lakes, contrary to previous findings (Keller et al. 2002; Yan et al. 2004).
Evidence for more mobile taxa, such as benthic insects with flying adults, however,
suggests that dispersal is usually sufficient to allow rapid recolonisation and thus
unlikely to explain delayed biological recovery (Masters et al. 2007; Hildrew 2009).
The type of waterbody also affects both its rate of chemical recovery and its
recolonisation potential: lakes are larger and thus better able to absorb spikes of run-
off that can create acid episodes than streams (Evans, Monteith & Harriman 2001)
and yet they show similarly limited biological recovery and so acidic episodes alone
cannot explain the lag in biological recovery. In addition, these hypotheses may

operate additively or even synergistically.

To date, no evidence has been found for differing rates of recovery between
streams and lakes. Given the evidence that persistent acidic episodes in stream
systems can limit biological recovery (Lepori & Ormerod 2005; Kowalik et al. 2007)
one might expect stream systems to recover more slowly than lakes, although
Monteith et al., 2014 found that the magnitude of acid pulses at UWMN sites had
declined at a similar rate to mean acidity. Conversely, the dynamic nature of
streams, with a natural regime of frequent flow disturbances, and downstream
connectivity to pools of less acid-sensitive species in the lower reaches might render
them naturally more resilient (e.g. Hildrew & Giller 1994). Thus, we had no clear a
priori hypothesis or expectations of the relative rates of recovery in the communities

of lakes and streams.

C. The recovery of acidified food webs
The possibility that species interactions within the food web might inhibit

ecological recovery requires further testing (Webster et al. 1992; Frost, Montz & Kratz
1998). Circumstantial evidence from streams suggests that generalist, non-predatory
invertebrates (e.g., stoneflies of the families Leuctridae and Nemouridae), that are
acid-tolerant and often dominate the benthos of acid streams, may fill the feeding
niche of specialist, acid-sensitive grazers and inhibit their return (Ledger & Hildrew
2005; Layer, Hildrew & Woodward 2013). Further, dynamic modelling found that
the reticulate acidified food webs are more robust, suggesting that they might be
more inherently stable and thus less prone to (re)invasion (Layer et al. 2010b).
Finally, the common reliance on space-for-time proxies may miss the transient
dynamics and the possible existence of alternate stable states of a system responding
to stress. For instance, if the strong effects of pH on food web properties reported in

the space-for-time survey of 20 sites by Layer et al. (2010b) are not evident in systems
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undergoing actual changes in pH over time, then the expected mapping of the biota
onto the environmental template might not be evident, and its absence would
indeed indicate ecological inertia. This has wider implications for biomonitoring
science in general, which is underpinned by space-for-time approaches and rarely
has access to truly long-term (i.e. multidecadal) high quality biological time series
(Friberg et al. 2011). Mismatches between temporal and space-for-time data may
provide evidence for time lags or hystereses resulting from the system’s own
internal dynamics, although the potential importance of biogeographic constraints
should also not be discounted. On the other hand, if the two data types match
perfectly then indirect food web effects - which would otherwise reshape the simple

biota-environment relationship - can effectively be discounted.

Repeated assessment of the topology of a large collection of food webs, as
they recover from the effects of acidification, is needed to complement previous
work, which dealt with single, ‘model” systems (e.g. Layer et al. 2010a, 2011), or
relied on space-for-time substitutions. At present examples of the former case are
lacking, but in the latter, Layer et al.’s (2010b) suggested the smaller but more
interconnected acidified webs had more stable configurations of trophic linkages
across a pH gradient of <5 to >8. Linkage density and connectance are both common
measures of web complexity, and an abundance of “redundant” interactions can
help stabilise the network’s structure in the face of perturbations, by preventing the
secondary extinctions that arise when consumers are left without resources (Dunne,
Williams & Martinez 2002; Thébault & Fontaine 2010). Indeed, linkage density
increased with stream pH across the spatial gradient of the 20 sites, which included
10 of the UWMN streams used in the current study.

Mean food chain length (the number of steps between a basal resource and a
particular consumer, see Text Box) gives a measure of the trophic height of the web
as a whole (Williams & Martinez 2004), which tends to shorten as environmental
stress increases and productivity declines (Woodward et al. 2005). Food chains are
generally assumed to be shorter than six links, and omnivory, which is
commonplace in aquatic systems, tends to truncate them further (Pimm 1980;
Hildrew, Townsend & Hasham 1985; Lawton 1989; Yodzis 1989; Williams &
Martinez 2000). Although long-term data are still scarce, there is some evidence that
suggests that increasing pH leads to higher productivity and an overall lengthening
of food chains (Gerson, Driscoll & Roy; Grahn, Hultberg & Landner 1974;
Woodward et al. 2005; Hildrew 2009). For instance, progressively larger and more

acid-tolerant predators have (re)invaded Broadstone Stream as pH has risen since
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the 1970s, culminating in the recent return of the apex predator, the brown trout
(Salmo trutta) (Layer et al. 2011).

In addition to simple food chain metrics, the range of both resources and
consumers each species is connected to in the web has important implications for the
overall network’s dynamical and structural stability, and its ability to respond to or
resist environmental change. Generality (see Text Box) is a substructural measure of
the dietary breadth of a consumer, derived statistically from its number of resources.
If a consumer is a specialist (i.e. narrow diet), then it might be more vulnerable to
extinction as the loss of only a few species will leave it with insufficient resources.
Vulnerability (see Text Box) is the converse measure of Generality; it is derived from
the number of consumers feeding on a particular resource species, and indicates how
important that resource is in terms of the consumers it supports. Freshwater
predators are commonly gape-limited generalists, so the size and diversity of prey
increases with consumer size (Woodward & Hildrew 2002; Woodward et al. 2010Db).
Similarly, the herbivorous consumers in acidified streams are also generalists,
feeding on a wide range of detritus and algae (e.g. Ledger & Hildrew 2005; Layer,
Hildrew & Woodward 2013). As acidity decreased and acid sensitive, but more
specialist, species re-invade, the average generality of consumers (i.e., normalised to
the size of the food web) should decrease. The average vulnerability of resources
(again normalised to the size of the food web) should increase with decreasing
acidity as the consumer guild becomes more speciose (Layer et al. 2010b). However,
Layer et al. (2010b), found that normalised consumer generality and resource
vulnerability did not change systematically, and there was no relationship between
either the variation (standard deviation) in consumer generality or resource

vulnerability and pH, although the sample size was rather small.

Under acidified conditions, generalist primary consumers can partially
occupy the niche left by the loss of specialist herbivorous species, potentially
creating “ecological inertia” within the food web by slowing the return of the latter as
pH rises (Ledger & Hildrew 2005). The effect of acidity on this redundancy of
feeding pathways within the whole food web has not been investigated previously
using network-based approaches. As acidified systems tend to be species poor, and
dominated by generalist consumer species and few specialists (e.g. Himaéldinen &
Huttunen 1996; Ledger & Hildrew 2005), there should be greater trophic redundancy
(i.e. species of acid streams should have more similar diets and share more predators

than more speciose webs of relative specialists), which could make them resistant to
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perturbations and hence more robust to the loss of food resources than those at
higher pH (Naeem 1998; Solé et al. 2003; Peralta et al. 2014).

As with other features of the whole network (such as connectance) or parts of
the network (e.g. generality) the so-called ‘small-world” properties of food webs
have also been linked to stability (Watts & Strogatz 1998; Montoya & Solé 2002) and
to the rate at which perturbations propagate (Montoya, Pimm & Solé 2006).
Essentially, if species are highly connected to the rest of the food web in a “small-
world” network, then perturbations may spread (and dissipate) rapidly, but if there
are less well connected (more degrees of separation) this may lead to longer-lived
oscillatory dynamics and feedbacks that require a long time to reach equilibrium.
Thus, it is not simply the linkage density or strength of connections that are
important for determining stability or food-web inertia, but their particular
configuration. Even large food webs from circumneutral or higher pH systems can
exhibit these properties, with most species being only 1-2 degrees of separation from
the rest of the web (Thompson et al. 2015). Network efficiency (see Text Box) is a
measure of how well connected a network is, as well as the distribution of those
connections across a network (Latora & Marchiori 2001), and can enable inferences
to be made about the small-world properties of food webs. Although rarely applied
to date in food web studies, this metric derived from the wider field of network
science could provide new insights into how these small-world aspects of food web
topology itself might shape the trajectory of biological recovery (Monteith et al. 2005;
Layer et al. 2010b). The lengthening of food chains associated with the re-invasion of
consumers might be expected to increase the overall efficiency of the network, as the
wider breadth of diet of new, large, top predators effectively reduces the distance (in

terms of number of links) between resources.

D.The Upland Waters Monitoring Network

The data analysed here (from the UWMN) consist of repeated observations on
the same 23 sites (Figure 1) over 24 years (1988 - 2012). Spatially, the sites
encompass a wide range of pH (from 3.71 to 7.49), and include some that were
strongly acidified at the onset of monitoring (e.g. Old Lodge) and others that were
circumneutral and have changed little (e.g. Allt na Coire nan Con). The gradual
long-term chemical recovery of many of these sites, particularly among those
formerly the most acidic, provides a unique and large-scale picture of the chemical
drivers and biological responses in the network over both space and time.
Characterizing the ‘baseline” variation in food web structure in the near absence of

changes in environmental stress is crucial for our understanding of how a
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community recovers from that stressor and, more broadly, for gauging its potential
responses to future environmental changes. The food webs compiled from these data

provide the replication and statistical power that has previously been insufficient for

rigorous analysis food web responses to acidification and chemical recovery.

ANCC - Alit na Coire nan Con e ARR - Loch Coire nan Arr
BEAH - Beaghs Burn % BLU - Blue Loch
BENC - Bencrom River BURNMT - Burnmoor Tarn

CONY - Coneyglen Burn CHN - Loch Chon
DARG - Dargall Lane

LAG - Llyn Llagi
. LGR - Loch Grannoch
ETHR - River Etherow
GWY - Afon Gwy U

MYN - Llyn Cwm Mynach
HAFR - Afon Hafren ©

NAGA - Lochnagar
RLGH - Round Loch of Glenhead
SCOATT - Scoat Tarn
TINK - Loch Tinker
VNG9402 - Loch Coire Fionnaraich

LODG- Old Lodge z
MHAR - Allt a Mharcaidh ﬁ
NART - Narrator Brook

Figure 1. The Upland Waters Monitoring sites, consisting of 11 lakes (dark blue squares) and 12
streams (light blue circles).

We aimed to describe changes in food web structure as water chemistry

recovered over three decades of chemical and biological monitoring. Our emphasis

was on structural changes in binary networks of the presence/absence of nodes and

links, rather than the effects of acidity on the dynamical stability of species
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populations per se. To determine the effect of environmental variables on food web
structure, we tested the following hypotheses, using data gathered across all sites

and years:

1. When analysed across the entire acidity gradient, food web structure will be
directly affected by acidity. Food webs of less-acidified systems should
exhibit higher linkage density, food chain length and network efficiency but
lower connectance consumer generality and redundancy (Table 1).

2. There will be directional and predictable changes in food web structure at
each site through time as acidity decreases (Table 1).

3. If indirect food-web effects arising from biotic interaction are unimportant,
changes in network structure through time will match recovery from
acidification; i.e. those sites which experience change in their chemistry will

also change at a comparable pace in their food web attributes. (Figure 2).

Additionally, in order to investigate if the rates of recovery were different between
stream and lake sites, the two ecosystem types were analysed both together and

separately.

11
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342 Figure 2. A conceptual figure of the possible outcomes for biological (thick, blue line) and chemical
343  (thin, red line) recovery at the UWMN sites over time.

344

345  Table 1. Summary of predicted relationships between acidity and food web structure.

Predicted relationship

ood web metric with decreasing acidity

Connectance

Linkage density

Mean trophic height

Maximum trophic height

Resource vulnerability

> > > > ¢

Consumer generality

Standard deviation in

vulnerability no change

Standard deviation in

generality no change

Network efficiency 0

Redundancy \Z
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II. METHODS

A.Sites
The UWMN consists of 11 streams and 12 lakes from across the UK (Figure 1):

full site descriptions and sampling methodologies are provided in Patrick, Monteith
& Jenkins (1995) and Kernan et al. (2010). Water chemistry, epilithic diatom,
macroinvertebrate and fish sampling began in spring 1988 and has continued
annually at most sites up to 2012, except for a few exceptions when access was
occasionally restricted (see Kernan et al. 2010). The sites are distributed along a
latitudinal gradient across the UK, which can be interpreted as a proxy for the
degree of acid deposition at the outset: sites at high latitude were exposed to
relatively little acid deposition, whilst those sites at lower latitudes were generally
more acidified (Patrick et al. 1991). One lake site, Loch Coire nan Arr, was affected by
damming that increased the water level, so it was replaced in 2001 by the nearby

Loch Coire Fionnaraich, which has comparable characteristics (Figure 1).

B. Chemistry

Water samples for chemical analysis were taken in acid-rinsed bottles monthly
from streams and quarterly from lakes. A large number of chemical determinands
were recorded at each site: for more details see Kernan et al. (2010) and Monteith et
al. (2014). In total 13 variables that are considered key drivers or indicators of
acidification (Monteith et al. 2014) were used here: pH, alkalinity, H*, conductivity,
nitrate (NOs), non-labile aluminium, soluble aluminium, labile aluminium,
Dissolved Organic Carbon (DOC), sodium (Na+), sulphate (504%), calcium (Ca?*)
and chloride (Cl). With the exception of pH, we used the annual arithmetic mean of
all chemical data as summary statistics for each site. Annual average pH was
calculated by first converting pH to H* concentration, calculating the annual

arithmetic mean, and then converting back to pH.

C. Biota

Benthic diatoms, macroinvertebrates and fish were sampled annually from
1988-2012. Benthic diatoms were sampled according to standard UWMN protocols
(Patrick et al. 1991), by selecting five cobble-sized stones from the streambed, or from
the permanently submerged littoral zone in lakes. Three samples were taken from
each site, in streams at the top, middle and bottom of fixed 50m reaches, and in the
lakes from three discrete locations on the shoreline (away from inflow or outflow
streams). The biofilm on the surface of the stone was scrubbed into a funnel, washed
into a plastic vial with stream or lake water, and immediately preserved in Lugol's

iodine solution. In the laboratory, samples were prepared by digestion in hydrogen

13
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peroxide (H202) and diluted with distilled water. To enable subsequent examination
by light microscopy at 1000x magnification, a sub-sample was pipetted onto a
coverslip, dried and mounted onto a slide using Naphrax (Battarbee et al. 2001).
Three hundred diatom valves from each sample were identified to species to give

the diatom species assemblage per site per year.

Macroinvertebrates were sampled according to standard UWMN protocols
(Patrick et al. 1991), by taking five separate one-minute kick samples with a standard
hand net (330um mesh) from riffle sections of streams and from the dominant littoral
habitat of lakes. Macroinvertebrates were subsequently sorted and preserved with
70% Industrial Methylated Spirit. Oligochaeta, Diptera and Bivalvia were identified
to class, family and genus, respectively, while all others were identified to species.
All taxa were counted and the counts from the five samples summed to represent the

macroinvertebrate assemblage per site per year.

Annual electrofishing surveys were conducted according to standard UWMN
protocols (Patrick et al. 1991). Surveys were undertaken between mid-September and
mid-October at each stream site or, for lakes, in the outflow stream immediately
downstream. It was assumed that composition of the fish assemblage in lake
outflows could serve as a proxy for that of fish in the lake itself. Three 50m reaches,
distributed across 500m of the stream or lake outflow, were isolated using stop nets
and electrofished. Depletion electrofishing was employed and all salmonids were

counted, while the presence of any other fishes was also recorded.

D.Food web construction
Species lists were compiled for each site in each year for which there was

complete biological and chemical data, yielding 442 food webs. Binary food webs
were constructed using the WebBuilder function in R (Gray et al. 2015) and the
database of freshwater aquatic trophic interactions contained therein, based on the
presence/absence of species (nodes) at each site in each year and the occurrence of a
trophic linkage in the feeding link database. This method is based on the assumption
that all feeding links between specific pairs of species that have been reported
previously would be realized, wherever and whenever both species co-exist at a
study site (Hall & Raffaelli 1991; Martinez 1991; Layer et al. 2010b; Pocock, Evans &
Memmott 2012), although many of the feeding links within that database were, in
fact, derived from direct observation from previous UWMN surveys (Ledger &
Hildrew 2005; Layer et al. 2010b; a, 2011). When species-specific trophic interactions
had not previously been described for some rare or understudied taxa (nodes),

feeding links were assigned on the basis of taxonomic similarity; for instance, by
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assuming that different species within the same genus consumed and were
consumed by the same species. This method is often used when constructing
freshwater food webs as in these systems consumer diets tend to be highly
generalist, and determined primarily by the size of their prey (e.g. Layer et al. 2010b;
a; Layer, Hildrew & Woodward 2013). Food webs built in this manner are
structurally comparable to those built solely through analysis of consumers gut
contents; for instance, the method has predicted the links of four well documented
freshwater food webs with 40-60% accuracy (on a scale from -100% to 100%, Gray et
al. 2015).

E. Network metrics
Several commonly used metrics were calculated for each food web, including:

connectance (C = L/S?% where L= the number of trophic links, S = the number of
species) and linkage density (LD = L/S), mean trophic height (after Levine 1980:
defined as 1 plus the mean trophic level of a consumer’s resources, averaged across
all consumers) and maximum trophic height (defined in the same way, except that
the maximum value across all consumers was taken). Mean generality (G; number of
resources per consumer, see Text Box) and vulnerability (V; number of consumers

per resource, see Text Box) was calculated, as was normalised G and V for each taxon

k, as:
LS
Gy = mz Aik (1)
i=1
s
1
Vi = mz Ajk (2)
=

Where S is the number of nodes and L the number of links in a food web. a;;, = 1 if
taxon k consumes taxon i (otherwise a;; = 0), and a;; = 1 if taxon k is being
consumed by taxon j (otherwise aj, = 0). Mean Gy and V in any given food web
equal 1, making their standard deviations, which give an indication of the variability
in G and V respectively across a network, comparable across networks of different

size. These metrics were all calculated using the R package cheddar (Hudson et al.
2013).

Network efficiency (Latora & Marchiori 2001, see Text Box) describes the
‘reachability” of each node by any other node, and is a measure of overall

connectivity, and was calculated using the sna R package (Butts 2013) as:
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Where d;; is the shortest path length between node i and .

The proportional node redundancy (see Text Box) of each network was
calculated by grouping nodes into trophic species (i.e. nodes with common resources

and consumers) and then calculated as:

T
Redundancy =1 — S (4)

Where T is the number of trophic species within the network. Redundancy was

calculated using functions from the cheddar package (Hudson et al. 2013) in R.

F. Statistical analyses
All statistical analyses were done in R version 3.1.1 (R Core Team 2013),

PRIMER-E with PERMANOVA + (2006). To simplify the chemical data, Principal
Component Analysis (PCA) was performed on all 13 water chemistry variables
across all sites and years, using a resemblance matrix constructed from Euclidean
distances. As some of the variables were measured on different scales (i.e. NO3 vs
pH), and to reduce the influence of extremely large or small values, each variable
were centred to zero and scaled by their standard deviations (van den Berg et al.
2006). Sample scores on the first PC axis (PC1) were extracted for use as a proxy for a

general gradient in overall acidity in further analysis.

Effects of acidity on food web structure

For data-visualisation purposes only, as we were unable to fully account for
both temporal and spatial pseudoreplication of our data simultaneously using
multivariate analysis, principal coordinates analysis was used on all data across all
sites and time points. The resemblance matrix of food web metrics was constructed
from square root transformed variables, using Bray-Curtis distances. More rigorous
statistical inferences were drawn from univariate approaches, in which
pseudoreplication was addressed within the variance structure of the relevant

model(s), as explained below.
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To assess the effect of acidity on food web structure (our first hypothesis),
each network metric was regressed against the derived acidity gradient (PC1), and
any trend assessed with Generalised Linear Mixed Effects models. Alongside acidity
(PC1), site type (lake or stream) was fitted as a fixed effect, and any potential
interactions with acidity (PC1) were assessed on the basis of stepwise model
simplification and model AIC (Crawley 2013). For each model, site was fitted as
having a random effect on the intercept of the model, and year was fitted to have a

random effect on the slope and intercept of the model.

Directional change in food web structure

Mann-Kendall trend tests were used to determine if there were significant
monotonic trends in the acidity and food web structure over time at each site (our
second hypothesis). The acidity gradient (PC1) extracted from the PCA above, and
all the network metrics described above, were calculated for each site in each year.

These variables were then assessed for monotonic trends over time at each site.

Food web recovery from acidification

To test our third hypothesis we used x? contingency tests to assess the extent
to which sites that exhibited clear decreases in acidity also showed evidence of
directional change in their food web structure (as in Murphy et al. 2014). For acidity
(PC1), and for each network metric, we counted the number of sites (out of 23) that
exhibited (a) a biological and a chemical trend, (b) a biological but not a chemical
trend, (c) a chemical but not a biological trend (i.e., evidence for ecological inertia),
and (d) neither a biological nor a chemical trend (Figure 2). The x 2 test assessed

whether the distribution of sites across these four categories was due to chance.

II. RESULTS

The PCA of the chemical variables revealed that the first axis was strongly
correlated with pH, H* ions and SO4. It was therefore was used a proxy for the
acidity-related stress to which each food web was exposed (Figure 3), as it
encompassed the variation in these pH related chemistry variables. From here on
PC1 is called “acidity” and refers not only to pH, but to the chemical stress associated

with low pH.
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Alk 0.147
HION -0.336
Cond -0.337
NO3 -0.225
NI_Al -0.278
Sol_Al -0.317
DOC -0.141
L_Al -0.281
Na -0.309
Ca -0.198
Cl -0.299
SO4 -0.321

Figure 3. PCA ordination of chemical variables. The correlation between each variable and acidity

(PC1) is given in the accompanying table. The first axis, PC1, is strongly related to pH, SO4 and

aluminium such that PC1 can be interpreted as an “acidity gradient’.

A.Effects of acidity on food web structure

When the food web data were analysed at the regional (UK) scale, and modelled
against the acidity gradient extracted from Figure 3, some clear trends in food web
structure emerged, although several did not match or even ran counter to our initial
hypotheses. Contrary to our expectations (Table 1) connectance, and trophic height

were unrelated to the acidity gradient (
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Table 2; more acid sites are to the right in Figure 5). As predicted, linkage density
increased with decreasing acidity (
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Table 2; Figure 5), lake food webs had lower linkage density than stream food webs
(Figure 5). Normalised consumer generality and normalised vulnerability did not
change (
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Table 2; Figure 6), nor did their standard deviations, across the acidity gradient. As
predicted, however, network efficiency was lower in more acidified conditions (
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Table 2; Figure 7), suggesting that more acidified food webs were connected such
that the average path length between nodes was greater than for circumneutral food
webs. Node redundancy was highest in more acidified food webs (
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Table 2; Figure 7), suggesting that circumneutral food webs had more unique
feeding pathways, confirming our prediction. Overall, lake food webs had lower
network efficiency and higher node redundancy than streams (
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Table 2; Figure 7). Figure 4 indicates more variation in lake food web structure
along PCO1, contrasting with our expectation that stream food webs might be more

dynamic and variable than lake food webs.

10 type
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PCO1 (78.1% of total variation)

Figure 4. Ordination of food webs (points) based on the resemblance matrix created from food web
metrics using Bray-Curtis distances, which was analysed with PERMANQOVA. Site type is shown as
either black points (streams) or grey points (lakes). This plot allows comparison of food web metrics
(blue vectors and names) with the predictor variable PC1 extracted from Figure 3, in multivariate
space. Longer vectors indicate a stronger correlation. The blue circle indicates the boundary for a
correlation of 1. C = connectance, LD = linkage density, meanTH = mean trophic height, maxTH =
maximum trophic height, Vul = resource vulnerability, Gen = consumer generality, E = network
efficiency, Red = node redundancy
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Table 2. Statistics of fit for the multiple mixed effects models. All models include a random effect of

site on the intercept of the linear relationship, and year on the slope of the linear relationship. Bold p-

values indicate significance at a = 0.05.

Response Predictor variable d.f. F-value P-value
variable
Connectance PC1 99 -1.537 01270
type 1 7991 <0.0001
Linkage density PC1 72 -3902  <0.0001
type 1 2686  0.0130
Mean trophic PC1 76 -0.017  0.9864
height type 1 4.294 0.0003
Maximum trophic PC1 74 1.407 0.1640
height type 1 -0.068 0.9460
Network efficiency fyile 101 822?;3%6 23%)%})1
Normalised PC1 54 -0.264 0.7929
vulnerability type 1 -2478  0.0208
Normalised PC1 67 1122 0.2666
generality type 1 -6.531  <0.0001
sVnerai) ] 1157039 06940
. PC1 112 1952  0.0534
sd(Generality) type 1 7228  <0.0001
Redundancy PC1 91 3577  0.0005
type 1 -5269 <0.0001
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549  Figure 5. The relationship between connectance, linkage density, mean and maximum trophic height,
550  and environmental stress. The acidity gradient is PC1 extracted from Figure 3, and is strongly related
551  topH, SO4& labile aluminium, with increasing environmental stress (acidity) from left to right, such
552 that the most acidified food webs are to the right of each plot. Lines indicate fitted values from

553  GLMM,; where p < 0.05, the conditional R? as an indication of overall model explanatory power is
554  shown (Johnson 2014). Where site type (lake or stream) was found to be a significant predictor

555  wvariable, separate lines are given for each site type. Lake food webs are indicated by dark blue squares,
556  while streams are light blue circles.
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richness) across the stress (acidity) gradient (greater acidity to the right, see Figure 5). Lake food webs
are indicated by dark blue squares, while streams are light blue circles.
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Figure 7. Network efficiency increases with decreasing environmental stress (acidity, greater acidity
to the right, see Figure 5), node redundancy decreases with decreasing environmental stress. Lines
indicate fitted values from GLMM; where p < 0.05 the conditional R? as an indication of overall
model explanatory power is shown (Johnson 2014). Where site type (lake or stream) was found to be a
significant predictor variable, separate lines (light blues streams; dark blue lakes) are given for each
site type. Lake food webs are indicated by dark blue squares, while streams are light blue circles.

B. Directional change in food web structure
There was overall a clear directional trend in chemical recovery: eighteen of the

23 sites exhibited a monotonic declining trend in their PC1 axis scores (i.e.
decreasing acidity) over time (Figure 8;Figure 9). Three of the five sites which
showed no trend in their PC1 scores (i.e. no directional change in acidity over time)
were located in the north of Scotland, which always experienced less acid deposition
and so were not highly acidified at the outset of monitoring (Figure 1)(Patrick,
Monteith & Jenkins 1995). This suggests that at least partial chemical recovery from
acidification has occurred at most sites at which it was expected (Monteith et al.
2014).
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Figure 8. Trends in overall acidity (PC1 extracted from Figure 3) at each of the UWMN lake sites.
For those sites showing significant monotonic temporal trends (as determined through Mann-Kendall
trend tests, see Methods) the test statistic and associated p-value are shown. Sites are arranged in
order of their decreasing latitude, which can be used as a proxy for their initial acidified state, more
acidified sites were generally in the south (bottom panels), while the least acidified sites were more
northern (top panels).
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Figure 9. Trends in overall acidity (PC1 extracted from Figure 3) at each of the UWMN stream sites.
For those sites showing significant monotonic temporal trends (as determined through Mann-Kendall
trend tests, see Methods) the test statistic and associated p-value are shown. Sites are arranged in
order of their decreasing latitude, which can be used as a proxy for their initial acidified state, more
acidified sites were generally in the south (bottom panels), while the least acidified sites were more
northern (top panels).
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Directional change in food web structure was also evident across many of the
UWMN sites, in line with the chemical trends and with our second main hypothesis,
although it was far from ubiquitous. Of the eighteen sites showing chemical
recovery, around half also showed significant increasing trends in connectance (9
sites; Table 3; Table 4), linkage density (7 sites; Table 3; Table 4), mean trophic height
(8 sites; Table 3; Table 4), resource Vulnerability (6 sites; ; Table 3; Table 4), standard
deviation in resource Vulnerability (5 sites, Figure 10; Figure 11) and network
efficiency (7 sites; Table 3; Table 4). Of the eighteen showing chemical recovery,
significant declines were evident in consumer Generality (10 sites; Table 3; Table 4),
redundancy (10 sites; Table 3) and the standard deviation of Generality (10 sites;
Figure 10; Figure 11). Maximum trophic height increased in one site, decreased in
two, and showed no trend in the other 20 (Figure 10; Figure 11). See Appendices for

more detailed plots of each trend over time.

There was evidence for a delay in food web recovery after chemical recovery
at the UWMN sites; most sites occupied the “both biological and chemical recovery’
or ‘chemical but no biological recovery’ portions of the conceptual recovery figure
(Figure 2) for each of their food web metrics (Table 3; Table 4). Very few sites
exhibited change in their food web structure in the absence of directional change in
their acidity (PC1); the food webs of Loch Coire Fionnaraich and Allt na Coire nan
Con both showed increasing linkage density and resource vulnerability over time, in
the absence of a significant temporal trend in acidity (Figure 10, Figure 11). Similarly,
the food web of Coneyglen Burn decreased in redundancy over time, despite no

significant temporal trend in acidity (Figure 10, Figure 11).
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Table 3. The number of the twelve lake sites showing a significant temporal trend in their food web

metrics over time, as determined by Mann-Kendall trend tests (see Methods). Chemical recovery here

is indicated by a significant temporal trend in acidity (PC1). C = connectance, LD = linkage density,

meanTH = mean trophic height, maxTH = maximum trophic height, Vul = resource vulnerability,

Gen = consumer generality, E = network efficiency, Red = node redundancy.

Biological & chemical

Biological but no chemical

recovery recovery
C=6 LD=2 C=0 LD=1
meanTH=4 maxTH=0 | meanTH=0 maxTH=0
Vul =3 Gen=6 Vul=0 Gen=1
E=4 Red =4 E=0 Red =0

Chemical but no biological

No biological or chemical

recovery recovery
C=4 LD=38 C=2 LD=1
meanTH=6 maxTH=8 | meanTH=2 maxTH=2
Vul =6 Gen=14 Vul =2 Gen=1
E=6 Red =6 E=2 Red =2

Table 4. The number of the eleven stream sites showing a significant temporal trend (in the direction

predicted in hypotheses; recovery) in their food web metrics over time, as determined by Mann-

Kendall trend tests (see Methods). Chemical recovery here is indicated by a significant temporal trend

in acidity (PC1). C = connectance, LD = linkage density, mean.TH = mean trophic height, max.TH =

maximum trophic height, Vul = resource vulnerability, Gen = consumer generality, E = network

efficiency, Red = node redundancy.

Biological & chemical

Biological but no chemical

recovery recovery
C=3 LD=5 C=0 LD=1
meanTH=4 maxTH=1 | meanTH=0 maxTH=20
Vul=3 Gen =14 Vul=1 Gen=0
E=3 Red =6 E=0 Red =1

Chemical but no biological

No biological or chemical

recovery recovery
C=5 LD=3 C=3 LD=2
meanTH=4 maxTH=7 | meanTH=3 maxTH=3
Vul =5 Gen=4 Vul =2 Gen =3
E=5 Red =2 E=3 Red =2
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Figure 10. Trends in food web metrics at each of the UWMN lake sites. Sites are arranged in order of
their decreasing latitude (top left to bottom right; see Figure 1), which can be used as a proxy for their
initial acidified state (generally least acid to the top left, more acidified sites at the bottom). Site names
in green indicate a monotonic decreasing trend in acidity over time at that site, site names in black
indicate no trend in acidity. Points on the inner ring of each radial plot indicated a negative trend in
that variable at that site over time, points on the middle ring indicate no significant trend while
points on the outer ring indicate a positive trend. C = connectance, LD = linkage density, mean.TH =
mean trophic height, max.TH = maximum trophic height, E = network efficiency, Vul = resource
vulnerability, Gen = consumer generality, sd.V = standard deviation in resource vulnerability, sd.G
= standard deviation in consumer generality, Red = node redundancy. See Appendices for detailed

plots of each trend over time.
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658  Figure 11. Trends in food web metrics at each of the UWMN stream sites. Sites are arranged in order
659  of their decreasing latitude (top left to bottom right; see Figure 1), which can be used as a proxy for
660  their initial acidified state (generally least acid to the top left, more acidified sites at the bottom). Site
661  names in green indicate a monotonic decreasing trend in acidity over time at that site, site names in
662  black indicate no trend in acidity. Points on the inner ring of each radial plot indicated a negative
663  trend in that variable at that site over time, points on the middle ring indicate no significant trend
664  while points on the outer ring indicate a positive trend. C = connectance, LD = linkage density,

665  mean.TH = mean trophic height, max.TH = maximum trophic height, E = network efficiency, Vul =
666  resource vulnerability, Gen = consumer generality, sd.V = standard deviation in resource

667  ovulnerability, sd.G = standard deviation in consumer generality, Red = node redundancy. See

668  Appendices for detailed plots of each trend over time.

34



669
670

671
672
673
674
675
676
677
678
679

680

681
682

683
684
685
686

687

C.Food web recovery from acidification
Trends in chemistry over time were not linearly related to shifts in food web

structure, or at least have not yet related to the latter, strengthening the evidence for
inertia in food web recovery. The x? tests revealed that there was little congruence
between those sites exhibiting chemical and biological recovery (Table 5). However,
the x? tests did reveal that those sites showing a trend in standard deviation in
consumer Generality also tended to show a trend in acidity (Table 5). This generally
refutes our third hypothesis, and provides more evidence for a lag or inertia in food
web recovery; those sites recovering from acidification over time showed little
systematic change in their food web structure, suggesting that biological recovery (in

terms of food web structure) does not directly track chemical recovery at these sites.

Table 5. Results from the y2 contingency test (see main text). Bold p-values indicate significance at
= 0.05. See the legend of Table 3 for abbreviations.

PC1
C 0.113
LD 1
mean.TH 0.123
max.TH 0.574
E 0.146

Vulnerability 1
Generality 1
sd.V 1
sd.G 0.046
Redundancy 0.325
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IV. Discussion

Our analyses reveals fundamental structural changes occurring in food web
structure in response to decreasing acidity over the three decades of the study. These
structural changes could have profound implications for the stability of the systems’
food webs, and could be hindering biological recovery. Confirming our hypotheses,
when analysed at the regional (UK) scale, acidified food webs had lower linkage
density, and network efficiency but had more redundancy within their feeding
pathways. Contrary to our other hypotheses, we found no effect on connectance,
trophic height, nor on resource Vulnerability and consumer Generality or the standard
deviations of both. When analysed at the site scale some further trends in network
metrics over time became clearer, but overall these were mixed and often harder to
associate with decreasing acidity per se. There was strong evidence for a lag in
biological recovery, as those sites showing a recovery in both their biology and their

chemistry tended to be a nested subset of those that only showed a chemical trend.

A.Food web recovery across the UWMN sites and acidity

gradient

The general increasing mean trophic height of food webs over time at each
site (see also Figure D Appendices) reflected the reverse of the typical responses to
acidification, where species are lost throughout the food web, but top predators such
as fish (Henriksen, Fjeld & Hesthagen 1999) and many predatory macroinvertebrates
are especially vulnerable (Layer ef al. 2011). The return of these acid-sensitive species
over time causes food chain lengths and the trophic height of the web as a whole to
increase (Woodward & Hildrew 2001; Layer et al 2011) - in our dataset all of the sites
which experienced this lengthening of food chains were also decreasing in their
acidity. However, not all sites with falling acidity also exhibited increases in trophic
height, which is again suggestive of food-web inertia. Often site-specific trends were
not evident, but were when the data were analysed across the full acidity gradient,
also suggesting that other environmental drivers might be modulating the
relationship with the food web. For instance DOC, which was closely related to PC2,
is known to limit secondary production in lakes (Finstad et al. 2014).

Along the derived acidity gradient, normalised Vulnerability and Generality
were unchanged. Over time at individual sites, however, the latter tended to
decrease and the former to increase, but across the 23 sites as a whole only seven
showed increasing Vulnerability and most showed complex and non-linear patterns
over time (see Appendices). Decreasing Generality and increasing Vulnerability with

decreasing acidity is consistent with the proposition that specialist consumers and
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also larger top predators re-colonise communities following chemical recovery
(Woodward & Hildrew 2001; Layer, Hildrew & Woodward 2013). This should result
in increased Vulnerability (more consumers per resource due to greater consumer
species richness) and reduced Generality (fewer resources per consumer due to
increased specialism). The reappearance of acid-sensitive consumers including both
invertebrates (such as species of the mayflies Baetis spp. and Caenis spp., or the snail
Radix balthica) and salmonid fish at high pH should lead to both a general elongation
and greater compartmentalisation in the web and specialism becomes more

prevalent both within and across trophic levels.

The connectivity of the food webs as a whole changed across the derived
acidity gradient: network efficiency, which describes how ‘reachable” each node is
from every other, increased with decreasing acidity. If pockets of species are poorly
connected to other species, the average shortest path length between all pairs of
nodes will increase. Thus, species within more acidified food webs were less well-
connected on average across the whole network. The increased species richness and
addition of top predators such as salmonid fish to the system (Woodward & Hildrew
2001) may explain the increased efficiency of these less-acidified food webs. The top
predator of these freshwater systems, the brown trout (Salmo trutta) is a highly
generalist engulfing predator which will consume anything within a given size
range of prey. The addition of these (acid-sensitive) generalist interactions between
top predators and those macroinvertebrates within its prey-size range may well
increase the reachability between those resource nodes, as well as ultimately linking
together different feeding pathways (e.g., the allochthonous vs autochthonous
resource base of the food web), even though these may be becoming more
compartmentalised horizontally among their increasingly specialist primary

consumers.

Acidified food webs contained proportionally more redundant feeding
pathways than their circumneutral counterparts, the proportion of ‘trophic species’,
nodes feeding on and being fed on by the same species, is larger in the smaller, more
acidified food webs. This is consistent with the increase is specialist consumers as
acidity decreases. Additionally, acidified food webs tend to have few species and

few links (Layer et al. 2010b), making the scope for unique feeding pathways small.

Contrasting trends emerged when our data were analysed at the site or
regional scale. When our data were analysed at the individual site scale, trends were
mixed and were not necessarily always related to decreasing acidity, while clearer

trends often emerged from the regional scale analysis. This could arise if
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communities are highly variable when released from a stressor, and other drivers
(e.g. nutrients) that were previously uninfluential start to shape local habitat filtering
(e.g. Micheli et al. 1999). Additionally, site scale sources of variation, such as
potentially powerful contingent site characteristics, might have swamped potential
underlying trends in food web structure over time. Indeed, site identity was a
necessary variable in our models that encompassed a range of site specific variables,
such as latitude. Additionally, weather conditions were uncontrolled and extreme
events close to the small sampling widow for each site, has caused some sites to lose
and regain their significant trends in biotic recovery over time (Monteith & Evans
1998, 2005; Kernan et al. 2010). Additionally, the portion of the acidity gradient that

each site is exposed to is small relative to that of the whole dataset.

B. The recovery of freshwater food webs from acidification
Although some clear responses were evident, the food web metrics used here

might not be the most appropriate for detecting recovery from acidification. There
were considerable inter-site differences in food web structure, but not all were
sensitive to changes in acidity and there was still considerable unexplained variation
in the models. It seems likely that, as our understanding grows, more sensitive
measures of food web structure will emerge, perhaps through analysis of
substructure rather than ‘whole network” properties, and that these might be better

at capturing ecological responses to environmental change.

That acidified ecosystems might exhibit ‘ecological inertia” has increasingly been
suggested as mechanism to explain the delay in biological recovery (Lundberg,
Ranta & Kaitala 2000; Ledger & Hildrew 2005; Kernan et al. 2010; Layer et al. 2010b).
Various lines of evidence are increasingly suggesting that acidified food webs are
dynamically stable and resistant to re-colonisation by acid-sensitive species, even as
chemical conditions start to improve. Townsend et al. (1987) measured the
persistence of 27 stream invertebrate communities across a pH gradient, and found
that those communities from the most acidified sites were indeed the most
persistent, although data on species interactions and network structure were not
available at the time. Later, Layer et al. (2010b) used dynamic modelling to determine
the robustness of stream food webs to species extinctions, and found that food webs
from more acidified conditions were more robust, but the long-term temporal data
were not available to test this prediction empirically. Here we provide the largest
scale evidence to test these ideas, which broadly support the general notion that
redundancy is an important component of stability that could confer robustness on

the system. In ecosystems redundancy can increase the reliability of process rates
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and buffer the effects of species loss (Naeem 1998; Peralta et al. 2014): we found that
food webs from acidified waters had higher redundancy, suggesting that they might
be more robust, and might therefore provide more stable (albeit often slower)
process rates (Naeem 1998; Peralta et al. 2014). As acidity decreases in fresh waters,
decomposition of leaf-litter, which fuels much of the food web, does indeed
accelerate (Jenkins, Woodward & Hildrew 2013), although the extent to which
species richness modulates this relationship is still largely unknown (but see Jonsson
et al. 2002). Additionally, we found that more acidified food webs had lower global
efficiency, which is associated with reduced small-world properties. Ecological
networks that are small worlds are often relatively stable (Solé & Montoya 2001;
Dunne, Williams & Martinez 2002), as they offer many alternative pathways of
interaction. These apparently contrasting responses to different dimensions of
stability warrant further investigation to reveal if acidified food webs are indeed

more (or less) stable in some regards and not others (e.g. Donohue et al. 2013).

C. Caveats and future directions
The use of inferred feeding links in food web studies has been criticised on

the basis that they might over estimate diet breadth, and fail to detect behavioural
differences between sites (Hall & Raffaelli 1997; Raffaelli 2007), yet to build complete
food webs de novo from replicated natural systems is simply logistically unfeasible,
so a trade-off between replication and realism is inevitable. The use of ‘summary’
food webs, which include the full complement of known possible tropic interactions
can still be a useful tool for understanding community structure, especially as in
freshwaters most species are highly generalist and their diets are largely size-driven
and consistent among systems when presented with the same potential prey species
(Woodward et al. 2010b; Layer, Hildrew & Woodward 2013; Gray et al. 2015). Indeed,
given the nature of building summary food webs, that they tend to overestimate
interactions between species, they are more likely to be insensitive to environmental
change rather than reveal erroneous trends (i.e. it is more likely that the structure of
summary food webs is conserved given that any changes will be entirely driven by
changes in species composition rather than feeding behaviour). Hence, we contend
that the trends revealed here are broadly realistic, and warrant further examination,
especially as the feeding links described in many of our webs had been observed in
the same system, albeit only for a snapshot of the full set of sampling occasions.
Future work could involve a more formal validation of randomly selected portions
of the network via direct analysis of gut contents (as in Woodward, Speirs &

Hildrew 2005; Layer et al. 2010b) and also the application of new molecular
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approaches that could potentially capture a more complete picture of the entire food

web with a fraction of the current effort required (Gray et al. 2014).

Another potential limitation to the food webs produced here is that they do
not include the full freshwater community, in particular the meiofauna and
microfauna (e.g. Schmid-Araya et al. 2002) and true apex predators such as the
European Dipper (Cinclus cinclus) or Otter (Lutra lutra). Top predators can have
varying effects on food web structure in these systems (Woodward & Hildrew 2001;
Layer et al. 2011), and so their exclusion may be omitting an important source of
variation in this data. However, this was unavoidable in this study, as in almost all
other food webs described to date, because the presence of these cryptic or very rare
species has not been systematically recorded. Additionally, although the fish
assemblage of the lakes were sampled from the lake outflows, all these low-
productivity upland sites are typically dominated by brown trout (Salmo trutta) and
the occasional European eel (Anguilla anguilla) in both the running and standing
waters across the acidity gradient: of the 434 sampling occasions on which fish were
present at a site, brown trout were always present, reflecting its dominance in these
systems. The next most common species was the European eel (Anguilla anguilla),
was found on 136 occasions and all other species (Esox lucius, Gasterosteus aculeatus,
Lampetra spp., Phoxinus phoxinus and Salmo salar) were found on <60 sampling

occasions.

D.Conclusion
It is clear from this study that both spatial and temporal scales are important

considerations when assessing food web responses to environmental change in real
time (Chave 2013). When our data were analysed at the individual site scale, trends
were mixed and were not necessarily always related to decreasing acidity. When the
data were analysed at the regional (UK) scale, some clear and significant trends
emerged, highlighting the need for large, replicated collections of food webs as well
as the need for caution when extrapolating from small collections or individual food
webs. Identifying the effects of individual chemical drivers was often challenging
given the range of potential drivers in a nationwide dataset that also spans several

decades.

To the best of our knowledge this is the largest collection of food webs that
span both large temporal and spatial gradients: the next largest set of empirical food

webs from natural systems of which we are aware is less than half the size (the 170
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soil webs described by Mulder et al. 2011) and the remainder are far smaller still,
with most studies being conducted on unreplicated singletons (Ings et al 2009). Our
study is thus one of the first to address macroecological questions relating to the
structure of food webs across time and a broad environmental gradient in a
(relatively) standardised manner. Our analysis reveals fundamental structural
changes occurring in the food webs as they respond to changes in acidity, these
structural changes could have profound implications for the stability of the system,
and may be limiting biological recovery. It would be instructive to investigate
further the stability of these food webs, in order to explore more fully whether
intrinsic inertia is indeed limiting their recovery, and how that might possibly be

manipulated to accelerate the rate of recovery.
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VII. Text Box

Definitions of food web metrics used in this study

Food Web metric
Connectance (C)

Linkage density

Generality (G)
Vulnerability (V)
Mean food chain length

Maximum food chain
length

Efficiency

Redundancy

Definition

Number of links (L) / Number of species (S)2. The
proportion of potential trophic links that do occur
(Warren 1994).

L/S. Number of links per taxon. A measure of average
diet specialisation across the food web (Tylianakis,
Tscharntke & Lewis 2007).

The mean number of prey per consumer (Schoener &
Schoenerz 1989).

The mean number of consumers per prey (Schoener &
Schoenerz 1989).

Average number of links found in a food chain across
a food web (Levine 1980; Williams & Martinez 2000).
The maximum number of links found in any food
chain in a food web (Levine 1980; Williams & Martinez
2000).

How well connected a network is, as well as the
distribution of those connections across a network.
High efficiency indicates that the species of a food web
are all closely connected to one another (Latora &
Marchiori 2001)

The trophic similarity among species within a web,
high redundancy indicates that many of the species in
a food webs are the same resources and consumers;
many of the feeding pathways are the same (Briand &
Cohen 1984; Cohen & Briand 1984).
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Figure A. Trends in connectance at each of the UWMN sites. Sites are arranged in order of their
decreasing latitude, which can be used as a proxy for their initial acidified state, more acidified sites
were generally in the south (bottom of plot), while the least acidified sites were more northern (top of

plot). See Figure 1 for site name abbreviations.
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legend of Figure A. See Figure 1 for site name abbreviations.

Figure B. Trends in linkage density at each of the UWMN sites. Site ordering is explained in the
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Figure C. Trends in mean trophic height at each of the UWMN sites. Site ordering is explained in the
legend of Figure A. See Figure 1 for site name abbreviations.
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Figure D. Trends in maximum trophic height at each of the UWMN sites. Site ordering is explained
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explained in the legend of Figure A. See Figure 1 for site name abbreviations.

Figure E. Trends in average food web vulnerability at each of the UWMN sites. Site ordering is
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Figure F. Trends in the standard deviation of food web vulnerability at each of the UWMN sites. Site
ordering is explained in the legend of Figure A. See Figure 1 for site name abbreviations.
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1265  Figure G. Trends in food web generality at each of the UWMN sites. Site ordering is explained in the
1266  legend of Figure A. See Figure 1 for site name abbreviations.
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1268  Figure H. Trends in the standard deviation of food web generality at each of the UWMN sites. Site
1269  ordering is explained in the legend of Figure A. See Figure 1 for site name abbreviations.
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1272 Figure I. Trends in food web efficiency at each of the UWMN sites. Site ordering is explained in the
1273 legend of Figure A. See Figure 1 for site name abbreviations.
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1278  Figure ]. Trends in food web redundancy at each of the UWMN sites. Site ordering is explained in the
1279  legend of Figure A. See Figure 1 for site name abbreviations.
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