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Abstract Waterbirds and fish sometimes compete
for macro-invertebrate prey. In Scotland, the inver-
tivorous waterbird, the common scoter Melanitta
nigra, breeds at oligotrophic lakes with few brown
trout Salmo trutta. This study tested whether reduc-
ing trout biomass favours this and other invertivorous
waterbirds. The study took place in Scotland’s Flow
Country, where brown trout occur widely, attracting
recreational anglers, though angling has declined.
At four small lakes, over 7 years, trout were reduced
using 25 m? exclosures, and re-introducing traditional
angling (including fish removal). Trout, macro-inver-
tebrates and waterbirds were monitored. After angling
re-introduction, trout biomass density declined
by 56% (95% CLs 13-78%), but there was little
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lake-level change in combined macro-invertebrate
biomass. However, within exclosures, macro-inverte-
brate biomass increased 4.7-fold (CLs 1.6—14). Ana-
lysing invertebrates in eight different groups showed
lake-level increases, following angling re-introduc-
tion, for two groups (freshwater shrimps Gammarus;
water-surface invertebrates). Gammarus showed the
strongest response, increasing sixfold (CLs 2.2-11.6).
A combined analysis was performed for the common-
est invertivorous waterbirds: common scoter, mal-
lard Anas platyrhynchos, teal A. crecca, greenshank
Tringa nebularia and dunlin Calidris alpina. After
angling effort increased, occurrence of these species
changed little initially, but rose later: 4 years after
angling began, odds of occurrence had increased 4.9-
fold (CLs 2.2—-11). This study supports reducing trout
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biomass in peatland lakes by encouraging traditional
angling, to increase some macro-invertebrate groups
and usage by invertivorous waterbirds. Further work
should test this across more lakes alongside work
investigating the origins (native or stocked) of brown
trout populations in the Flow Country.

Keywords Angling - Bird-fish competition -
Exclosures - Fish removal - Macro-invertebrates -
Mesocosms - Trophic cascades

Introduction

Evidence that fish and birds can compete for inverte-
brate prey has been found in a wide range of aquatic
ecosystems, including rivers (LeBourdais et al. 2009),
marshes (Hornung and Foote 2006), intertidal zones
(Furness et al. 1986), the open ocean (Toge et al.
2011), and lentic systems as diverse as saline mon-
tane lakes (Hurlbert et al. 1986), aquaculture ponds
(Haas et al. 2007; Kloskowski et al. 2010), oligo-
trophic boreal lakes (Eriksson 1979; Nummi et al.
2012) and large eutrophic lakes (Winfield et al. 1992;
Winfield and Winfield 1994). Bird-fish competi-
tion is often asymmetric, with fish tending to impact
birds more heavily than vice versa (Marklund et al.
2002; Nummi et al. 2016). Competitive interactions
can be markedly altered by the introduction of a
higher trophic level which disproportionately affects
one competitor (Gurevitch et al. 2000). Management
could produce a similar effect: for example, Giles
(1994) and Hanson and Butler (1994) showed that
reducing fish abundance by management increased
both macro-invertebrate abundance and habitat use
by invertivorous waterbirds. Such an approach could
have important applications in nature conservation.
This study investigated how the management of
invertivorous fish might be used to benefit waterbirds
of conservation importance, at oligotrophic lakes
in Scotland’s Flow Country, a globally important
blanket bog (Joosten et al. 2016). This~4000 km?
peatland landscape includes 1000s of pools and
lakes, holding macro-invertebrates which are prey to
breeding waterbirds like ducks Anatidae and waders
(shorebirds) Charadrii (Lindsay et al. 1988). The area
holds a 1453 km? European Birds Directive Special
Protection Area, in which five of the 12 designated
bird species are invertivorous waterbirds. A key
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species is an invertivorous duck, the common scoter
Melanitta nigra, for which the area holds around half
the British breeding population (unpublished data,
coordinated by RSPB). Small peatland lakes in the
area often support populations of brown trout Salmo
trutta. These typically comprise abundant small indi-
viduals, as reported by anglers, who, at many lakes,
commonly catch trout weighing ~100-200 g. Brown
trout is native to the area, and many lakes, including
those in the current study, are accessible to fish dis-
persing through rivers and streams. However, some
lakes may hold fish descended from stocking, which,
while poorly documented at the lake level, is known
to have taken place commonly in the region, decades
ago (Frost and Brown 1967; Maitland and Campbell
1992; and local reports) and perhaps earlier.

Breeding scoters in Scotland typically utilize shal-
low upland lakes with abundant macro-invertebrates,
foraging in shallow water near to lake shores (Han-
cock et al. 2016, 2019); lakes with the largest inver-
tebrate per sample averaging over 4 mg had relatively
more scoter usage than other lakes, by factors of 9
(females) or 27 (broods). In our earlier work, we also
found that lakes in the scoter range with abundant
macro-invertebrates tend to hold relatively few brown
trout, the relationship with trout abundance being
stronger for example, than that with water chemis-
try variables like pH or phosphate; given the poten-
tial prey overlap, the pattern of scoter lake use could
therefore reflect competition with trout for the same
prey resource (Hancock et al. 2016). Other duck spe-
cies, and waders, often forage for similar prey in simi-
lar lake shore habitats (Cramp and Simmons 1977,
1983), including in this region (Nethersole-Thompson
and Nethersole-Thompson 1986; authors’ unpub-
lished observations). This suggested that trout could
influence prey availability and hence habitat suitabil-
ity for several waterbird species sharing a common
macro-invertebrate prey resource.

This study aimed to test whether the pattern of
higher scoter use and macro-invertebrate biomass
on lakes with fewer trout reflects a causal link. If so,
reducing trout populations and biomass by manage-
ment could increase macro-invertebrate biomass, sup-
porting the conservation of scoters and other inver-
tivorous waterbird species (Hancock et al. 2020).
Meanwhile, evidence on this topic is limited (Conser-
vationEvidence.com). Therefore, during the current
study, trout abundance was manipulated, to reduce
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biomass, and subsequent changes in macro-inverte-
brate biomass and waterbird lake use were measured.
The study took place at four small lakes (4.1-13 ha)
known to have substantial trout populations. For sev-
eral years prior to the investigation, angling effort was
minimal within the study lakes, with little or no fish
being removed.

For the study, two trout reduction treatments were
introduced, one small- and one large-scale, each at
two lakes. Before and after these manipulations,
measurements were made of trout and macro-inver-
tebrate biomass, and lake use by invertivorous water-
birds. The study aimed to determine whether treat-
ments led to (i) a reduction in trout biomass; (ii) an
increase in macro-invertebrate biomass, either for all
groups combined, or for more vulnerable groups; and
(iii) greater lake use by invertivorous waterbirds.

Methods
Study area

The study took place on Forsinard Flows National
Nature Reserve, in Scotland’s Flow Country

(Fig. 1), an extensive, relatively undamaged peat-
land, protected under national and European law
(e.g. Wildlife and Countryside Act, Birds and
Habitats Directives), and a candidate World Her-
itage Site. The Flow Country is characterised by
open upland and blanket bog landscapes with many
small, oligotrophic lakes (Lindsay et al. 1988). The
study lakes (Figure S1) were chosen because they
were (i) rarely used by breeding scoters; (ii) within
the scoter breeding range; and (iii) held abundant
brown trout. Hence, they represented lakes where
trout reduction might improve scoter habitat quality.

Several waterbird species commonly forage for
macro-invertebrates along shorelines of the study
lakes, primarily ducks (Anatidae) and waders
(shorebirds: Charadrii). The lakes are peat-stained
and have low water clarity (Table 1), reducing their
suitability for visual hunting piscivorous birds like
divers (loons: Gaviidae; Supporting Information),
and they hold no fish capable of predating adult
trout. Thus, angling likely represents the main
means of adult trout removal. Although angling has
declined in the last 20-30 years (Headley 2005),
these lakes were previously popular among anglers
(Sandison 1992), sometimes with large catches
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Fig. 1 Map of the study area. The four study lakes are circled
in red, and labelled with the lake codes (Table 1) and treat-
ments (A: angling treatment; E: exclosures treatment). For-
estry plantations, dating from the 1980s, are indicated in green;
the remaining area (light brown) is blanket bog, or former
forestry plantation being restored as blanket bog. For clarity,

tracks and the railway (which passes through the small settle-
ment of Altnabreac, shown on the map) are not shown; there
are no public roads in this area. The mapped study area cov-
ers the area from approximately 3° 48" W, 58° 22' N, to 3°40’
W, 58°26' N; the inset map shows northern Scotland with the
study area marked as a yellow rectangle. (Color figure online)
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removed (Adams 1889). Moreover, human exploita-
tion of trout in the region dates back to Neolithic
times (Barrett et al. 1999).

The macro-invertebrate communities of Scottish
scoter lakes are typically dominated by insects like
caddisflies Trichoptera, mayflies Ephemeroptera, and
aquatic beetles Coleoptera; the commonest non-insect
invertebrates are freshwater shrimps Gammarus
spp. (Hancock et al. 2019). Some freshwater macro-
invertebrates found in the Flow Country are of nature
conservation importance, including species of caddis-
flies, water beetles and shrimps (Lindsay et al. 1988).

Three-spined sticklebacks (Gasterosteus aculea-
tus) and European eels (Anguilla anguilla) occur
in some lakes locally, including at least some of
the study lakes, but their distributions are not fully
known in the area. The study lakes all have outflow
streams that are large enough to allow trout disper-
sal, implying accessibility to trout which are native to
the region; however, their trout populations may also
have been influenced by undocumented trout stocking
in the past.

Study design

At each lake, 10 sampling points were established
around the shoreline. Point 1 was located at ran-
dom; remaining points were equally spaced around
the lake. At each point, most sampling took place
within two adjacent 5 m X 5 m quadrats, adjoining the
shoreline. Gently shelving shorelines (Table 1) meant
that quadrats typically had maximum water depths
around 20-25 cm. This shallow littoral zone is heav-
ily used by foraging scoters (Hancock et al. 2019) and
is a focus of other waterbird use. Quadrat substrates
comprised mainly sand or gravel, with some finer
and coarser substrates, and~20% macrophyte cover
(Figure S2). Commonly occurring macrophytes in
the area are Lobelia dortmanna, Littorella uniflora,
Isoetes lacustris, Myriophyllum alterniflorum and
Juncus bulbosus (Robson et al. 2019). Maximum lake
depths were~1.5-3 m; deep-water substrates were
usually peat or mud.

The study took place over 7 years: 2013-2019. The
first 6 years were the main sampling years, when all
forms of survey and sampling took place. In 2019,
a further year’s data were gathered on bird use and
angling. During each main sampling year, inverte-
brate sampling took place during three survey rounds,

encompassing the main bird breeding period, and
maintaining consistency with earlier work (Hancock
et al. 2016): mid-April to mid-May (Round 1); June
(Round 2) and early July to early August (Round 3).
Bird surveys took place during the same period,
and camera trapping extended to mid-September, to
record any late season activity; however, breeding
bird activity tended to peak in early June, consist-
ent with the central date of invertebrate sampling.
Trout seine netting was carried out in late summer,
between mid-August and mid-September. This activ-
ity required several people for most of the day; late
season timing helped avoid disturbing breeding birds
during the main breeding season. This timing also
preceded the trout spawning period, during which
trout may commonly swim out of lakes, into streams.

Trout reduction treatments were planned to
start in 2014, the second study year, and this tim-
ing was achieved for exclosures. However, a change
in angling tenancy delayed the start of the angling
treatment until 2015. Exclosures were constructed in
February 2014, therefore, all years from 2014 were
post-treatment years. Angling took place largely
in mid-summer (July and early August), after most
invertebrate and bird surveys, but before trout seine
netting. Therefore, for the angling treatment, the post-
treatment period was considered to start in 2016 for
invertebrate and bird responses, and in 2015 for trout
responses as measured by seine netting.

Each of the two trout reduction treatments was
applied at two of the four lakes, such that all four
treatment combinations were present among the study
lakes (Table 1; Fig. 1). Treatments took place at two
spatial scales, with angling applied at the whole lake
scale, and exclosures constructed at the quadrat scale.

Prior to the study, the lakes had been unfished or
only rarely fished for several years (~0-3 angling
visits per lake per year) and commonly managed
on a ‘catch and release’ basis (captured trout being
returned, alive). Contrasting with this, the angling
treatment introduced for this study comprised~10
angling excursions per lake per year, each of a few
rod-hours, with all captured trout being killed and
removed. Consistent with some guidance (Youngson
et al. 2003; Lewin et al. 2006), there were no size
restrictions on fish removal, although the choice of
tackle (fly, hook) influenced sizes of fish taken. This
treatment is termed ‘traditional trout angling’, being
similar to typical twentieth century practices locally,
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described by older anglers and relevant literature (e.g.
Bridgett 1924). The angling treatment was carried out
by experienced fly fishers from the local angling club.

Trout exclosures, 5 mx5 m (Figure S3), con-
structed at two lakes (Table 1; Fig. 1), were planned
at alternate sampling points among the 10 at each
lake. However, at both lakes, one point was unsuit-
able for exclosure construction (due to the presence
of large boulders, or deep soft peat). Therefore, four
exclosures were built per lake. Each sampling point
had two adjacent 5 mX5 m quadrats adjoining the
shore (above), and at points chosen for exclosures, an
exclosure was built around the left-hand side quad-
rat, viewing from the shore. Exclosures comprised a
frame of untreated wood, fitted with~10 mm mesh
to a height of ~1 m above the lake-bed. Given typical
shoreline slopes (Table 1), the outer edges of exclo-
sures typically had depths around 20-25 cm.

Although there was only a single lake in each treat-
ment combination, the work included at least one
lake-year in each category, before and after treatment,
with a control lake, allowing a practical approach to
measuring effects that was realistically achievable
alongside large-scale nature conservation manage-
ment (Ockendon et al. 2021). Although highly repli-
cated and long-term paired-series designs would be
preferable, these are challenging to deliver in prac-
tice; indeed even simple Before-After-Control-Impact
designs like this one are not often achieved in simi-
lar projects, despite their advantages (Christie et al.
2019).

Field methods
Invertebrate sampling

During each sampling round at each lake, inverte-
brates were surveyed at all 10 sample points, using
six different sampling methods (Figures S4b—g), con-
sistent with recommendations to use multiple meth-
ods to characterize lake macro-invertebrate communi-
ties (Schilling et al. 2009). Four methods were those
used in previous work (Hancock et al. 2016): stone
sweeps (pond-net sweeps under shoreline stones);
surface sweeps (standardized pond-net sweeps of the
water’s surface); sediment grabs (grab samples of
soft sediment); and colonization traps (placed on the
lake-bed for colonization by invertebrates between
survey rounds). For this study, two further methods
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were added: visual counts (1 min lake-bed observa-
tions using an aquascope, counting invertebrates seen
in size and taxonomic categories); and funnel traps
(collecting invertebrates caught in traps set to sample
three-spined sticklebacks).

All sampling methods were conducted twice per
point, once in each quadrat, except grab samples,
which took place in deeper water to obtain soft sedi-
ments; these were done once per point. Mesh sizes of
pond nets, bag-sieves (used to process grab samples),
and the lower size threshold for visual counts, were
1 mm. Samples were preserved in 70% ethanol in
the field and later sorted in the laboratory, identified
using Croft (1986), usually to family level for com-
mon groups and late instars. Body lengths were meas-
ured, allowing biomass estimation from published
length-mass regressions, as in previous work (Han-
cock et al. 2016).

Fish surveys and angling records

Seine netting and mark-recapture methods were
used to estimate trout populations (Figure S4h).
Each lake was surveyed twice, a few days apart,
using a 37.5 m long,~3 m deep seine net made of
knotless nylon mesh, with a mesh size of 6.5 mm in
the central 12.5 m and 14 mm in the wings. Seine
netting always took place along the same stretches
of shoreline. These seine netting zones (around one
third of the lake perimeter) had gently shelving sub-
strates mainly of gravel and pebble and were rea-
sonably clear of large boulders. The seine net was
loaded into a small inflatable boat and deployed
by wading, setting the net in an approximate semi-
circle, starting about 10 m from the shore. A series
of adjacent sets of the net were made until a suit-
able catch (aiming for at least 50 fish per day)
had been obtained. Trout captured were trans-
ferred to mechanically aerated holding bins, then
lightly anaesthetized using a solution of 30 ppm
Benzocaine, weighed, measured (fork length), photo-
graphed and marked by fin-clipping. A sample of
at least five scales was collected from each fish for
ageing. After a period of recovery in holding bins to
ensure that equilibrium was re-established, all trout
were returned to the lake. The proportion of fish
caught on the second survey each lake-year, bearing
the fin-clip mark from the first survey, was used to
estimate trout population size using mark-recapture
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methods (Southwood and Henderson 2000). Popu-
lation was converted to biomass per ha using mean
trout mass and lake area.

Three-spined sticklebacks were sampled during
each invertebrate sampling round using one funnel
trap (Figure S4g) per quadrat for 20 min (giving
20 trap-hours per lake-year). Sticklebacks captured
were measured (fork length) and released.

To measure angling effort and catch at angling
treatment lakes, anglers completed a ‘catch return’
form after each excursion, recording lake, date,
number of anglers, hours fishing, and numbers of
trout caught and removed by 1 cm size classes. No
angling took place at the two lakes assigned to the
non-angling treatment.

Waterbird recording

To record waterbirds, camera traps were deployed
at each lake (Figure S4i). Cameras were sited 2-3 m
from the shore, facing north, viewing the shoreline
of a sheltered bay. Bird records were collated for
the period 15 April to 15 September inclusive, in
all study years (2013-2019). Cameras were visited
approximately fortnightly (mean 15.9 days, s.e. 0.6)
to change memory cards and check batteries. Dur-
ing these short visits, the lake was checked for birds,
by scanning with binoculars and walking part of the
shore. Additional short bird survey visits were car-
ried out (five per lake per year, in all study years,
2013-2019), using similar search methods, as part of
a long-running standard waterbird monitoring pro-
gramme. These ‘short survey visits’ usually involved
one observer (mean 1.2 observers, s.e. 0.3) for less
than an hour (mean 0.49 h, s.e. 0.02). During inver-
tebrate and fish survey days (eight per lake per year,
during 2013-2018), birds were also recorded. These
‘long survey visits’ lasted several hours (mean 6.0 h,
s.e. 0.09), involved a few observers (mean 4.0 observ-
ers, s.e. 0.2), and covered much or all of the lake
perimeter.

Data analysis
Trout biomass
Trout numbers and biomass within each lake were

estimated for each year using seine netting data.
Firstly, the trout population for each lake-year was

estimated from mark-recapture data using the Lin-
coln index, adjusted for small samples (Southwood
and Henderson 2000: Egs. 3.25, 3.26). Secondly,
mean individual trout body mass was calculated
for that lake-year, using the first capture event for
any fish caught more than once. Biomass density
was calculated as the product of trout population
and mean body size, divided by lake area. Lake-
year biomass density was right-skewed, therefore,
it was log.-transformed for analysis. Because net-
ting surveys in different lake-years varied markedly
in the numbers of trout caught, estimates of popula-
tion and hence biomass varied markedly in accuracy
(see Results). Hence, a weighted analysis was used,
in which the biomass density estimate for each lake-
year was weighted by the reciprocal of its estimated
variance (Quinn and Keough 2002; Supporting Infor-
mation). Also, the study period included some excep-
tionally cold and warm spells (e.g. the seventh cold-
est spring in north Scotland since 1910 (2013) and
two of the three warmest Mays (2017 and 2018): Met
Office 2021). Such temperature variation might affect
trout behaviour and populations (Jonsson and Jonsson
2011) and hence blur treatment effects. Therefore,
mean water surface temperature was included as a
covariate in analyses of trout biomass density, to help
control for this source of variation.

To test whether trout biomass density changed in
association with the angling treatment, a general-
ized linear mixed model (GLMM: Stroup 2013) was
used, with lake-year as the unit of analysis, fitted
using the GLIMMIX procedure in SAS (SAS 2014).
The response (y) variable was log, (biomass density),
with a normal error distribution. The explanatory (x)
variables were water surface temperature, treatment
(assigned to angling, or not), period (before or after
angling) and their interaction. Lake and year were
fitted as random effects. The reciprocal of estimated
variance in y, at the lake-year level, was used as a
weight variable. The x-variable of interest was treat-
ment X period, which tested whether trout biomass
density declined in lakes where angling took place,
relative to corresponding changes at lakes without
angling.

Combined invertebrate biomass

To investigate treatment effects on combined macro-
invertebrate biomass, data were analysed at two
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spatial scales: quadrat and lake, testing the effect of
trout reduction by exclosures and angling, respec-
tively. Each analysis combined data within 1 year,
hence the units of replication were quadrat-year and
lake-year, respectively. The quadrat-year analysis
included a factor to represent lake-years with angling,
but interpretation focussed on the exclosures effect.
Similarly, the lake-year analysis included a factor
to represent lake-years with exclosures present, but
interpretation focussed on the angling effect. Each
analysis tested whether experimental fish reduction
reduced macro-invertebrate biomass, for all taxa
combined.

The timing of the treatments differed: exclosures
were in place in 2014, but the angling not until 2015.
Angling largely took place after invertebrate sampling
each year, therefore, it was not expected to affect
invertebrate data until the following year. Thus, for
invertebrate analyses, baseline versus post-treatment
periods were 2013 versus 2014-2018 for the exclo-
sures treatment, but 2013-2015 versus 20162018 for
the angling treatment.

In these analyses, the following treatment vari-
ables were included as fixed effects: treatment (exclo-
sure quadrat, angling lake), period (before or after
treatment) and treatment X period. This last (interac-
tion) term measured how changes between periods in
macro-invertebrate biomass differed between treat-
ments; it was therefore the key estimate of responses
by combined macro-invertebrate biomass to fish
reduction treatments. The following additional fixed
x-variables were also included to compensate for
sources of variation other than treatment: both analy-
ses: water temperature (included for similar reasons
to trout analyses); quadrat-year analysis: angling lake-
years, quadrat position (left or right); lake-year analy-
sis: exclosure lake-years.

Invertebrates were sampled using several different
methods; at each sampling unit, the value from each
method was included as a separate row of data, mod-
elling ‘method’ as a random effect. Analyses were
carried out using GLMMs with the following ran-
dom effects: sampling method, lake, year, lake X year
(both analyses); sampling point, quadrat, sampling
pointX year and quadratXyear (quadrat-year analy-
sis). The y-variable for each analysis was the biomass
(mg) of macro-invertebrates recorded by that sam-
pling method at that spatial unit, per sampling visit
during that year, with a normal error distribution.
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Data were right-skewed, so were log -transformed for
analysis. Since some zero values were present, a con-
stant was added (equal to the lowest recorded nonzero
value) prior to log-transformation.

Biomass of different macro-invertebrate groups

Because different taxa might differ markedly in
their responses to trout reduction, further analyses
were carried out in which macro-invertebrates were
grouped into eight taxon groups (Table 2). It was
considered that each group would comprise animals
that shared commonalities of behaviour, location
within the lake and/or taxonomy, which might affect
vulnerability to fish predation: for example, taxa typi-
cally living within the sediment or in protective cases
were considered less vulnerable than those commonly
active in open water. The assignment of taxa to these
groupings was based on our own observations, local
angler knowledge, and literature on brown trout diet
in lakes (e.g. Frost and Brown 1967; Headley 2005;
Martinez-Sanz et al. 2010; Jonsson and Jonsson 2011;
Sanchez-Hernandez and Amundsen 2015; Milardi
et al. 2016a, b).

To analyse responses by these invertebrate taxon
groups, biomass was summed within each group
across all sampling methods at the lake-year or quad-
rat-year level and divided by the number of samples,
giving mean biomass per sample. These data were
then analysed separately for each taxon group, using
GLMMs, similarly to combined invertebrate analy-
ses. For these data, square-root transformation gave a
good fit to normal distribution of residuals. Random
effects were as for combined biomass models (above),
except that method was not needed here since data
were too sparse (too many zeros) at the taxon group
level for modelling using separate data row for each
method. As in the combined biomass analyses, the
treatment X period interaction term was the key test of
the focal taxon group’s response to trout reduction.

Waterbird lake use

To analyse responses by waterbirds, data were first
collated from the three types of survey: short survey
visits, long survey visits, and camera traps. For short
and long survey visits, an occurrence of a particular
bird species was defined as its first occurrence on a
survey visit. Survey effort was the number of visits of
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Table 2 Taxon groups used for taxon-specific invertebrate analyses

Taxon group Details

Life stages

Order(s) Class(es)

Insects on the water’s surface Spent adults of insects with
aquatic juvenile stages,
e.g. mayflies, caddisflies,
chironomids; trapped ter-
restrial spiders and insects,
e.g. ants, bees, flies and
bugs

Freshwater shrimps Gammarus spp., Gammari-

dae

Exposed larvae Larvae of most mayflies
Ephemeroptera (except
Ephemeridae, which bur-
row as larvae) together with
other larvae that are often
active and exposed, such
as Plecoptera and aquatic

Coleoptera

Mostly adults

Adults and nymphs Amphipoda

Larvae

Ephemeroptera, Trichop- Insecta, Arachida
tera, Neuroptera, Diptera,
Hymenoptera, Hemiptera,

Araneae

Malacostraca

Ephemeroptera, Coleoptera, Insecta

Plecoptera

Lesser water boatmen
Beetle adults
Concealed larvae

Corixidae
Adult water beetles

Adults and nymphs
Adults
Larvae

Hemiptera
Coleoptera

Insecta
Insecta
Insecta

Larvae that are usually con-
cealed within a case or the
sediment/detritus: Trichop-
tera, Diptera: Chironomi-
dae, Odonata, Neuroptera:
Sialidae, Ephemeroptera:
Ephemeridae

‘Worms Segmented worms (Annel-
ida) including Oligochaeta

and leeches, Hirudinea

Pea mussels Sphaeriidae (known as pea
mussels, pea clams, or

fingernail clams)

Juveniles and adults

Juveniles and adults Sphaeriida

Trichoptera, Diptera,
Odonata, Neuroptera,
Ephemeroptera

Clitellata

Bivalvia

Groups are listed in descending order of putative vulnerability to trout predation. These groups comprised 98% of sampled biomass

that type during that lake-year. For camera trap data,
an occurrence was the first photograph showing the
focal species at that lake on a particular date (Rich
et al. 2016). Survey effort was the number of days
that lake-year, when the camera trap was operational.

Firstly, waterbird responses were analysed across
all years. This was done using a logistic GLMM,
modelling the number of bird occurrences, adjusted
for survey effort, in relation to treatment, across all
lakes, years, species and survey types. The unit of
replication was a species, recorded by a survey type,
during a lake-year. Data were analysed for all inver-
tivorous waterbird species that occurred at least 50
times during the study. There were five such spe-
cies (see Results). The recorded, breeding season
macro-invertebrate diet for these species (Cramp and

Simmons 1977; 1983) and for scoters Melanitta spe-
cies (summarized in Hancock et al. 2019) comprises
14 prey taxa, of which half are recorded for at least
four of these bird taxa, implying a high degree of prey
overlap. These five species were included in a sin-
gle analysis, modelling ‘species’ as a random effect;
exclusion of rare species allowed a reasonable fit to
normality for the ‘species’ random effect estimates.
In each row of data, the number of occurrences of
a particular species was the y-variable, and survey
effort (see above) was the binomial denominator; in
effect, this modelled frequency of occurrence. The
fixed effect x-variables of interest were treatment
(angling or not), period (before or after angling) and
treatment X period. As in other analyses, this last term
estimated the angling treatment effect on frequency
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of waterbird occurrence, controlling for changes at
non-angling lakes. Analyses also included a categori-
cal variable representing lake-years with exclosures
present, in case this affected bird occurrence (con-
sidered unlikely). The following random effects were
included to account for correlation among different
observations: lake, year, species, survey type, and
their two- and three-level interactions.

Secondly, the above analyses were performed sep-
arately for each post-treatment year, because these
bird species could show lagged responses to changes
in food availability following trout reduction, due to
their high breeding site fidelity as adults (e.g. Johnson
and Grier 1988; Jackson 1994), potentially slowing
changes in breeding distribution.

In general, across data analyses, P values are pre-
sented, with effect sizes and confidence intervals to
help interpretation. In some cases, one-tailed tests
might have been appropriate (e.g. when estimat-
ing the effect of trout reduction in their typical prey
groups), but for simplicity, two-tailed tests were used
throughout.

Further information on study methods is given in
Supporting Information.

Results
Fish: angling, trout biomass, and other fish species

At the two lakes where angling was used to remove
trout during the treatment period, there were six to 15
angling excursions per year (mean 8.8, s.e. 0.95), each
with one or two anglers: a mean of 3.9 rod-hours per
excursion (s.e. 0.73). In the five angling years, the two
lakes with angling, Loch na Cloiche and Lochan nam
Breac, had, respectively, averages of 148 (s.e. 27) and
152 (s.e. 20) fish caught and removed per year: means
of 4.2 (s.e. 0.52) and 5.0 (s.e. 0.80) trout per rod-
hour. Mean lengths of trout caught averaged 22.4 (s.e.
0.54) and 17.3 (s.e. 0.84) cm, respectively. Such fish
would have estimated individual weights of~122 g
and~57 g, respectively, using the study’s overall
length—weight regression from seine-netted trout
(log, (weight (g))=2.92Xxlog, (length (mm))—11.0).
These estimated weights would imply~1.4 kg ha™!
and~2.1 kg ha™! removed per year, by angling, from
Loch na Cloiche and Lochan nam Breac, respectively.
Seine-netted trout at these lakes averaged somewhat
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smaller than fish taken by angling, at 17.5 (s.e. 0.76)
and 16.3 (s.e. 0.81) cm for Loch na Cloiche and
Lochan nam Breac, respectively. (Means and stand-
ard errors given here were calculated at the lake-year
level). There was a weak (non-significant) tendency
for trout caught per rod-hour to fall during the study,
and their mean lengths to rise (Figure S5; Table S1).

Each lake-year, between 34 and 229 trout were
caught by seine netting, giving lake-year estimates in
the following ranges: trout populations, ~80 to~780;
mean weights: 30-210 g; biomass densities:~0.6
to~10 kg ha™! (Figure S6). There were few old fish:
most were aged as 1+(45%) or 2+(39%), with only
1.0% aged as 4 +; relative frequencies of year-classes
varied strongly between lake-years (Figure S7). At
lake-years with angling, trout lengths tended weakly
to average higher at a given age (by ~24 mm); how-
ever, this difference was highly variable (s.e. 23 mm)
and not significant (Table S2).

The introduction of angling was associated with a
significant (P=0.032: Table 3) reduction in trout bio-
mass density, by an estimated 56% (95% confidence
intervals 14-78%) (Table 3, Fig. 2). In lake-years with
angling, trout biomass averaged around 1.7 kg ha™!,
compared to around 3.6 kg ha™! without angling.

Sticklebacks were occasionally recorded in funnel
traps, but only at Loch na Cloiche and Lochan nam
Breac (36 and 2 records, respectively). Due to small
samples, these data were not analysed formally, how-
ever, there was no clear contrast between pre-angling
(7.3, s.e. 3.5) and post-angling (4.7, s.e. 2.0) mean
counts per year at Loch na Cloiche. During seine net-
ting at Loch na Cloiche, an average of 66 sticklebacks
were caught (year-wise s.e. 54) per set of the net in
the pre-angling period and 29 (s.e. 18) in the post-
angling period (¢ test comparing periods at the lake-
year level: P=0.39; n=06).

During seine netting, European eels were occa-
sionally observed (11 records) and released, confirm-
ing occurrence at Loch na Cloiche and Clar Loch;
however, eel abundance was not measured.

Composition of macro-invertebrate samples

The composition of samples by lake (Fig. 3a) showed
some commonalities, such as the prevalence of cad-
disfly and mayfly larvae, making up 50-72% of
sampled biomass (depending on lake), and beetles,
Diptera larvae and terrestrial insects, making up a
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Table 3 The effect of increased angling on brown trout biomass density

Parameter Estimate Standard error P value
Fixed effect variables other than treatment

Intercept 2.07 0.83 0.027

Water surface temperature —0.06 0.04 0.200
Fixed effect treatment variables

Treatment assignation® 0.21 0.69 0.780

Period (before or after treatment)® -0.03 0.42 0.311

Treatment X period® -0.83 0.35 0.032
Random effect variables (variance estimates)

Lake 0.39 0.41

Year 0.17 0.14

Residual 0.96 0.37

Effects are estimated in terms of log,-transformed biomass density of trout (kg ha™!)

“Effect of lakes where angling is planned or taking place, versus other lakes

PEffect of post-treatment years, versus pre-treatment years

“The change between treatment periods at lakes where angling took place, relative to that at other lakes

Time period: Pre-angling Post-angling
2
2 6
[0}
o
aE 4]
®© —
52 |
8= 24
=]
(<]
= 0
No angling Angling No angling Angling

Lake category
(which treatment is planned: left hand bars;
or being carried out: right hand bars)

Fig. 2 The effect of angling on brown trout biomass per ha.
The introduction of angling resulted in a significant decline
in trout biomass per ha (see Results, and Table 3). The lakes
with angling introduced were Loch na Cloiche (lake code
CLOI) and Lochan nam Breac LNBR); the other lakes, with no
angling, were Clar Loch (CLAR) and Loch Talaheel (TALA)

further 12-19% of biomass. Other groups varied more
strongly between lakes, such as shrimps Gammaridae
(8.5% of biomass at Loch na Cloiche), leeches Hiru-
dinae (23% at Loch na Cloiche) and water boatmen
Corixidae (13% at Loch Talaheel).

As expected, different sampling methods tended
to sample different components of the macro-inverte-
brate fauna (Fig. 3b). Visual counts and funnel traps
were characterized by active invertebrates like corix-
ids, making up 32% and 49% of biomass, respectively.
Surface sweeps caught many more terrestrial insects

(14% of biomass) than other methods. Stone sweep
and colonization trap samples were somewhat simi-
lar, dominated by caddisfly larvae (39% and 50% of
biomass, respectively), but included a wide range of
other groups. Sediment grab samples held more Dip-
tera larvae and oligochaete worms (19% of biomass
each), than other methods. Mayfly larvae varied least
between methods, making up a significant proportion
(10-31% of biomass) under all methods.

Trout reduction and combined macro-invertebrate
biomass

Examining macro-invertebrate biomass separately
by sampling method suggested that most methods
tended to record more biomass within exclosures than
in adjacent open quadrats (Fig. 4a). This pattern was
most pronounced for methods focussing on active,
exposed invertebrates: visual counts and funnel traps.

Statistical analysis of the exclosures treatment
across all sampling methods showed that exclosures
were associated with a 4.7-fold (95% CLs 1.6-14)
increase in combined macro-invertebrate biomass
(Fig. 4b), a highly significant difference from cor-
responding values in open quadrats (Table 4:
P=0.0044). Invertebrate biomass was also higher
in the post-treatment period generally (Table 4:
P=0.03), perhaps reflecting cold conditions in 2013,
the single pre-exclosures baseline year. Conversely,
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Fig. 3 The composition of macro-invertebrate samples. a
Comparing the four study lakes (lake codes: CLAR, Clar
Loch; CLOI, Loch na Cloiche; LNBR: Lochan nam Breac;
TALA, Loch Talaheel). b Comparing the six sampling meth-
ods (method codes: VISU, visual counts; TRAP, funnel traps;

the angling treatment, tested at the lake-year level,
had no effect on combined macro-invertebrate bio-
mass (Table 4: P=0.71).

There was no evidence that invertebrate responses
became more positive in later years of the study
(correlation between year and treatment X period
estimates from analyses including single, post-treat-
ment years: exclosures: r=0.24, P=0.70, N=35;
angling: r=-0.21, P=0.86, N=3). Nor was there
evidence that exclosures strongly affected physi-
cal conditions (wave height, water temperature:
Table S3).

Trout reduction and different macro-invertebrate
groups

Four of the eight macro-invertebrate groups inves-
tigated showed signs of increasing in biomass fol-
lowing trout reduction (Table 5; Fig. 5). The strong-
est evidence of increase (P =0.011) was for shrimps
Gammaridae at the lake-year level, associated with
the introduction of angling. There was weaker
evidence of positive effects of trout reduction on
surface-layer insects (associated with angling, at
the lake-year scale, P=0.067), and both exposed
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Sampling method

B Terrestrial arthropods
m Miscellaneous (aquatic)
m Oligochaeta
m Hirudinea
® Gammaridae
H Diptera larvae
m Odonata & Megaloptera
m Corixidae

Coleoptera adults

Coleoptera larvae

g2
ww
z Z

COoLO

% m Trichoptera larvae

m Ephemeroptera larvae

NETD, surface sweeps; NETS, stone sweeps; COLO, colo-
nization traps; GRAB, sediment grab). The miscellaneous
(aquatic) category comprised adult stages of aquatic insects,
gastropods, common but small invertebrates like mites, Clad-
ocera and pea mussels, and various rarer groups

and concealed larvae (associated with exclosures,
at the quadrat-year scale, P=0.065, P=0.085,
respectively). Conversely, pea mussels Sphaeriidae
declined at the lake-year scale in association with
angling (P=0.012). Putative trout predation risk
was weakly related to these results, as shown by
three of the significant positive results being among
the highest listed three groups in Fig. 5, and the
only significant negative effect in the lowest listed
group.

Effect sizes of these group-specific changes were
estimated by setting pre-treatment biomass per sam-
ple to its mean value (Table 5). This implied that
angling was associated with a sixfold increase in
shrimp biomass per sample (95% CLs 2.2-11.6),
and a weaker, 1.3-fold increase in biomass of sur-
face-layer insects (1.0-1.7). Similarly, exclosure
construction was associated with 2.6- and 2.9-fold
increases in biomass of exposed and concealed
larvae, respectively (confidence limits: 0.93-5.2,
and 0.82-6.3). Conversely, pea mussel biomass
decreased following angling, by a factor of 2.2
(1.2-3.3).

Body mass size distributions of sampled macro-
invertebrates were plotted graphically (Figure S8).
Although not analysed formally, the presence of
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Fig. 4 The effect of trout exclosures on invertebrate biomass
across all taxa. a Sampled biomass by method, for sample
points with exclosures, after exclosures had been constructed,
at exclosure quadrats and adjacent open quadrats. Note that
the y-axis differs by method. Quadrats with exclosures pre-
sent (white bars with bold outline) tended to hold more bio-
mass than adjacent, open quadrats (grey bars), under most
sampling methods. b Fitted mean biomass per sample, across
all methods, from the quadrat-year statistical model of inver-
tebrate biomass (Table 4) (with standard errors). Note that the

exclosures was associated with higher abundance in
larger size classes (0.125-32 mg) compared to adja-
cent open quadrats; no such pattern was observed
in the baseline period, prior to exclosure construc-
tion (Figure S8a). At the whole lake level, however,
there were no clear differences in body size distri-
bution associated with the introduction of angling
(Figure S8b).

y-axis differs in the two periods, and uses a logarithmic scale.
Across all sampling methods combined, there was a highly sig-
nificant increase in biomass following exclosure construction,
compared to changes in quadrats where no exclosure was built
(labelled as “Other quadrats™) (see Results, and Table 4). Due
to unequal sample sizes, the overlap of errors bars is poorly
related to significance level. These charts are based on the
two lakes where exclosures were constructed: Clar Loch (lake
code: CLAR) and Lochan nam Breac (LNBR)

Trout reduction and lake use by waterbirds

During each lake-year, bird survey effort comprised,
on average, 140 camera trap days (s.e. 2.5), 10.4 short
survey visits (s.e. 0.55) and 6.8 long survey visits
(s.e. 0.56). Survey effort declined slightly during the
study, largely due to increasing rates of camera trap
malfunction as the cameras got older (operational
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Table 4 The effect of trout reduction on invertebrate biomass, across all sampled taxa: model results

Parameter Quadrat-scale model (testing exclosures) Lake-scale model (testing angling)
Estimate Standard error P value Estimate Standard error P value

Fixed effect variables other than treatment

Intercept —-2.88 2.09 0.20 0.03 1.28 0.98

Water surface temperature -0.02 0.06 0.77 0.03 0.06 0.64

Quadrat location® -0.01 0.13 0.91

Occurrence of angling at this lake-year® -0.92 0.55 0.11

Presence of exclosures at this lake-year® -0.51 0.53 0.36
Fixed effect treatment variables

Treatment assignation® -0.35 0.52 0.18 -0.01 0.54 0.99

Period (before or after treatment)® 2.03 0.89 0.03 0.21 0.82 0.81

Treatment X period’ 1.55 0.54 0.0044 -0.14 0.36 0.71
Random effect variables (variance estimates)®

Lake 0.44 0.43 0.20 0.24

Year 0.59 0.47 0.92 0.69

Sampling method 14.36 10.17 3.25 2.07

Residual 8.09 0.24 0.59 0.08

Trout reduction was carried out using exclosures at the quadrat scale, and angling at the lake scale. Estimates give the effects on
log,-transformed invertebrate biomass per sample (mg). The effect of trout reduction on overall invertebrate biomass is estimated by

the treatment X period term. P values lower than 0.05 are indicated in bold

“Effect of left quadrat, versus right quadrat

Quadrat-year analysis: effect of angling lake-years versus non-angling lake-years

“Lake-year analysis: effect of lake-years with exclosures present, versus other lake-years

dQuadrat-scale analysis: effect of quadrats where exclosures will be or have been sited, versus other quadrats. Lake-year analysis:
effect of lakes where angling is planned or taking place, versus other lakes

°Effect of post-treatment years, versus pre-treatment years

"The change between treatment periods at quadrats or lakes where trout were reduced, relative to that at other quadrats or lakes

£0nly the three largest random effect estimates are shown. Remaining random effects (lake X year, and in the quadrat-year analysis:
point, quadrat and their interactions with year) accounted for less than 5% of random effect variance

camera trap days falling on average by 1.6 days per
lake per year).

There were five regularly occurring (over 50
records in total) waterbird species that are wholly
or largely invertivorous in the breeding season: the
ducks common scoter (58 occurrences), teal (862) and
mallard (254), and the waders greenshank (210) and
dunlin (65). These species were included in analyses.
Observations and camera trap images from these spe-
cies supported the idea that they spend most of their
time at study lakes foraging, or in related activities
(e.g. locomotion); however, this was not quantified in
detail. A further nine invertivorous waterbird species
occurred too infrequently for analysis.

Occurrence of the five focal waterbird species
was variable (Fig. 6a), but over time, there was a
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slight decline in recorded occurrence for some spe-
cies at some lakes, potentially influenced by the slight
decline in survey effort (see above; note that, bird
analyses statistically compensated for variations in
effort, see Data Analysis). Teal was the most regularly
recorded species (up to 121 occurrences per lake-
year), followed by mallard and greenshank as middle
ranked species (up to 31 and 26 occurrences per lake-
year, respectively). Dunlin and common scoter were
less common (up to 8 and 7 occurrences per lake-
year, respectively). At lakes without angling, records
declined by 1.2 occurrences per year, averaged across
the five species and the 7-year period. Meanwhile,
at lakes where angling was introduced, occurrences
remained broadly level (rising by 0.1 occurrence per
year, on average).
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Table 5 The effect of trout reduction for eight groups of macro-invertebrate taxa (see Table 2 for composition of each group)

Taxon group
level

Effect of trout reduction by exclosures, at the quadrat-year Effect of trout reduction by angling, at the lake-year

level

Example fitted means®

Example fitted means®

Fitted treat- P value Mean pre- Fitted post- Fitted treat- P value Mean pre- Fitted post-
ment X period exclosure exclosure ment X period angling angling
interaction” biomass per biomass per interaction” biomass per biomass per
sample (mg)°  sample (mg)? sample (mg)°  sample (mg)?
Insects on 0.11 (+0.1) 0.393 028 (+0.1) 0.067 3.77 4.9 (3.8-6.2)
the water’s
surface
Freshwater -0.03(x0.1) 0.821 037 (=0.1) 0.011  0.066 0.39 (0.14-
shrimps 0.77)
Exposed 0.38 (+0.2) 0.065 0.379 1.00 (0.35- -0.14 (= 0.2) 0.425
larvae 1.98)
Lesser water  0.12 (= 0.1) 0.334 -0.20(+0.1) 0.192
boatmen
Beetle adults  0.26 (+0.2) 0.137 —0.03(+0.2) 0.890
Concealed 0.43 (+0.2) 0.085  0.365 1.06 (0.30- 0.15(+02) 0456
larvae 2.30)
Worms -0.01(+=0.2) 0978 -0.21 (= 0.3) 0.462
Pea mussels —0.02 (=0.0) 0.585 -0.12(=0.0) 0.012 0.191 0.10 (0.06—
0.16)

P values lower than 0.1 are indicated in bold

*For taxa showing some evidence of treatment effect (P <0.1)

"These values are estimates of the change in square-root transformed biomass per sample (mg), summed across all sampling meth-
ods, at treatment lake-years (angling) or treatment quadrats (exclosures), relative to corresponding changes at control lake-years and
quadrat-years. Positive values indicate that trout reduction was associated with a relative increase in biomass for this taxonomic

group

“Mean biomass per sample for this group in the pre-treatment period

dFitted, estimated, back-transformed, post-treatment biomass per sample, based on this pre-treatment value, and model parameters

(mean and 95% confidence limits)

Statistical analysis of occurrences for the five
waterbird species, accounting for variation in sur-
vey effort, found no significant effect of trout
reduction by angling, when combining all post-
treatment years (2016-2019: Table 6). However,
analyses of each post-treatment year separately
implied a strong increase in effects of angling
over time: for the last 2 years of the study, there
was a significant positive association between trout
reduction by angling and occurrence of these inver-
tivorous waterbirds (Fig. 6b). In the final year of
the study, the fitted log.,(odds ratio) of 1.59 (s.e.
0.41) indicated a 4.9-fold increase in the odds of

these species occurring (95% CLs 2.2-10.9). Lake-
year estimates of occurrence in this year suggested
a 5.6-fold increase in occurrence for these species
at lakes with angling, relative to corresponding
changes at other lakes.

Among piscivorous bird species, only grey heron
Ardea cinerea was regularly recorded (190 records
overall); a further six species were much rarer (only
45 records in total). For these rarer species (in
sum), but not for grey heron, recorded occurrence
showed a decline in association with the introduc-
tion of angling, relative to corresponding changes at
non-angling lakes (Figure S9).
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Fig. 5 The effect of trout reduction on eight groups of macro-
invertebrate taxa (described in Table 2). The figure shows the
fitted treatment X period parameter estimates (Table 5) for each
taxon group, indicating the effect of trout reduction by angling
at the lake scale (filled circles) or by exclosures at the quadrat
scale (open circles). Positive values indicate that the biomass
of this group increased after trout reduction. Groups are listed
in order of putative vulnerability to trout predation, with more
vulnerable groups at the top of the chart. Significant (P <0.05)
effects are indicated by an asterisk; near-significant effects
(0.05<P<0.1) are indicated by a bracketed asterisk

Discussion

Reducing trout abundance and biomass: exclosures
and angling

Trout reduction took place at two scales (quadrat,
lake) using two methods (exclosures, angling). This
follows the recommendations (e.g. Carpenter et al.
2010) to investigate lake processes using complemen-
tary approaches, combining mesocosms with whole
lake studies. Although exclosures completely exclude
fish, they are not viable forms of management and
may be influenced by artefacts, such as edge effects or
changes in the physical environment (Marklund et al.
2002; Holomuzki et al. 2010). Meanwhile, angling is
clearly a management approach, but one which might
not quickly produce a strong enough change in trout
abundance, that would be required to measure subse-
quent effects within the study time frame. However,
consistent results across both spatial scales would
support interpretation.

In this study, skilled anglers making several well-
timed excursions per season captured~40-60% of
standing trout biomass each year. General patterns in
lake fisheries (Downing and Plante 1993) suggest this
level of trout removal would exceed sustainable yield.
Hence, over time, it should reduce overall biomass,
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and this was achieved, in line with the management
objective. Angling was also found to be time-effi-
cient, capturing~400 g of trout biomass per person-
hour, in comparison with seine netting surveys, which
captured ~ 70 g per person-hour.

This study has shown that the removal of brown
trout by angling can have significant impacts on over-
all population numbers and biomass of trout. These
results are supported by those of Almoddvar and
Nicola (2004) for stream-dwelling brown trout and
Parker et al. (2007) for lacustrine bull trout (Salve-
linus confluentus), both of whom recorded a rise in
fish abundance after angling had ceased. This accords
with traditional brown trout management at upland
Scottish lakes, where angling has long been used
to reduce numbers, with the intention of reducing
intraspecific competition to increase the availability
of larger fish for recreational anglers (Bridgett 1924;
Frost and Brown 1967; Headley 2005).

Although, in this study, angling halved trout bio-
mass density, there was marked variation in year-to-
year population estimates, making it harder to meas-
ure treatment differences accurately. Trout age-class
composition also varied strongly between lake-years,
perhaps reflecting variability in recruitment, which
could be linked to weather events affecting spawn-
ing habitats (for example, 2016 was the 12th driest
autumn since 1910 in North Scotland, with 66% of
average rainfall: Met Office 2021), or fish skipping
spawning in some years (Frost and Brown 1967; Jon-
sson and Jonsson 2011).

Trout reduction and macro-invertebrates

Trout exclosures showed that combined macro-
invertebrate biomass was several times higher when
trout were excluded, and this is similar to results
from other presence-absence contrasts. For example,
Schilling et al. (2009) found 13 times more macro-
invertebrate biomass in fishless lakes compared to
those stocked with brook trout Salvelinus fontinalis.
Increases within exclosures appeared most marked in
the larger sizes classes of invertebrates, which may be
of disproportionate value as prey to foraging water-
birds at lakes like these (discussed in detail in Han-
cock et al. 2016). This result has parallels with other
studies showing changes in invertebrate size classes
in association with changes in fish predation (e.g.
Nummi et al. 2006).
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Fig. 6 Waterbird occurrence at the study lakes. a The
observed pattern of occurrence for the five most regularly
recorded (over 50 occurrences) species, summing occurrences
from all forms of survey (long and short survey visits, and
camera traps). On each species chart, for each lake, there are
seven adjacent bars representing the seven study years, 2013—
2019. b The modelled effects of trout reduction by angling on
the occurrence of invertivorous waterbirds (see also Table 6).

At the whole lake level, however, trout biomass
reduction by angling was not associated with any
overall increase in macro-invertebrate biomass,
across all taxonomic groups combined. A few pos-
sible reasons might explain this difference from
exclosures. Firstly, angling at the whole lake scale
reduced trout biomass less dramatically than exclo-
sures, being reduction rather than exclusion, and
with angling tending not to catch the smaller trout
size classes present. Fish reductions may need to
reach a certain threshold, before strong overall
macro-invertebrate responses can be detected (Hol-
omuzki et al. 2010). Secondly, because angling
began later in the study, there were only three

2016

2017 2018 2019

(*)

Fitted treatment X period interaction terms, which estimate the
effect of treatment as: the change in occurrence at treatment
lakes, comparing before and after treatment, relative to the cor-
responding change at control lakes. Positive values of the fit-
ted log odds ratio indicate an increase in occurrence associated
with treatment, controlling for any parallel changes at lakes
which were not treated. Statistical significance is indicated as
follows: ... P<0.001; . P<0.05; (-)=P<0.1

(rather than five, for exclosures) post-treatment
years of invertebrate data. Sometimes invertebrate
responses to fish reduction can be lagged by a few
or several years (Knapp et al. 2001; Schilling et al.
2009; Pope and Hannelly 2013). Thirdly, the preci-
sion with which invertebrate biomass was measured
was higher in exclosures, due to the higher sam-
pling rate (more samples per unit area). Finally, the
greater size and complexity of lakes compared to
quadrats might result in greater variation between
taxonomic groups in their response to trout reduc-
tion, giving a less clear overall response at the
lake level by combined macro-invertebrates. Such
between-group variability was indeed revealed by
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Table 6 The effects of trout reduction (by angling, at the whole lake scale) on invertivorous waterbirds: model results

Parameter Estimates for combined post-angling years  Estimates for individual post-angling
years
Estimate Standard error P value 2016 2017 2018 2019
Fixed effect variables other than treatment
Intercept —2.06 1.02 0.13 -2.15 -2.15 -2.08 -2.09
Presence of exclosures at this lake-year® —-0.07 0.48 0.89 0.03 0.03 0.12 0.01
Fixed effect treatment variables
Treatment assignation® -1.07 0.50 0.18 —-1.05 —-1.04 -1.12 —1.08
Period (before or after treatment) —-0.38 0.44 0.50 —0.69 —-0.08 -0.04 —-0.84
Treatment X period 0.19 0.43 0.66 —0.96 -0.77 0.77 1.59
Selected random effect variables (variance estimates) ©
Species’ 0.54 0.64 0.66 0.63 0.61 0.65
Survey type® 2.03 2.30 222 2.03 2.19 2.01
Survey type X lake 0.31 0.23 0.59 0.55 0.25 0.35
Survey type X species 0.84 0.50 0.77 0.82 0.60 0.63
Species X lake X year 0.27 0.07 0.29 0.32 0.24 0.27
Survey type X lake X species 0.23 0.11 0.24 0.24 0.31 0.34

Models estimate the effect of treatment on probability of bird occurrence (number of occurrences/number of surveys). The five most
regularly recorded waterbirds (teal, mallard, greenshank, dunlin and common scoter) were all included each analysis, with species
identity modelled as a random effect. Similarly, each analysis included the data from three survey types (short visits, long visits, and
camera traps). Model results are presented firstly for all post-treatment years combined, and then for individual post-treatment years

(see also Fig. 6)

*The relative effect of lake-years with exclosures present, versus other lake-years

The relative effect of lakes where angling is planned or taking place, versus other lakes

“The relative effect of post-treatment years, versus pre-treatment years

4The change between treatment periods at lakes where trout were reduced by angling, relative to that at other lakes

€Only the six largest random effects estimates are shown; these accounted for 88-95% of random effect variance

fThe effect of species identity
£The effect of survey type

group-specific analyses (below), showing a greater
spread of means among groups at the lake level,
than at the quadrat level.

Trout reduction should affect different invertebrate
groups differently. Active and exposed taxa, perhaps
most vulnerable to fish predation, might show strong-
est effects (Schilling et al. 2009; Martin-Sanz et al.
2010; Jonsson and Jonsson 2011; Tiberti et al. 2014).
In this study, the clearest taxon-specific associa-
tion with trout reduction was the ~6-fold increase in
shrimp biomass at the whole lake level, when angling
was introduced. Brown trout strongly select gam-
marid prey, developing red spotting when feeding on
shrimps (Frost and Brown 1967), and this is linked
to better body condition (Parolini et al. 2018). Gam-
marids responded positively to reductions in related
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fish species (Leavitt et al. 1994; Milardi et al. 2016b).
Many waterbirds also prey heavily on gammarids,
including the same (or closely related) bird species
as those studied here (MacNeil et al. 1999), including
common scoter (Stein Byrkjeland pers. comm.).

The number of insects sampled at the water’s sur-
face (e.g. adults of aquatic groups like mayflies and
caddisflies; terrestrial insects) also increased follow-
ing trout reduction by angling. Surface feeding is
important to brown trout in lakes (Jonsson and Jons-
son 2011; Sanchez-Hernandez and Amundsen 2015),
as is well known to anglers (Headley 2005), underpin-
ning the effectiveness of fly fishing. Surface food is
particularly important in small oligotrophic lakes like
those studied here (Frost and Brown 1967; Carpenter
et al. 2010; Milardi et al. 2016a). Aquatic insects like
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mayflies and caddisflies may be most vulnerable to
trout predation as they pass through the surface layer
to emerge as adults (Pope et al. 2009).

Both exposed and concealed larvae (mainly may-
flies and caddisflies) also showed positive responses
to trout exclusion by exclosures. The lack of a clear
relationship with degree of exposure, as assigned
here, implied that other factors affected trout influ-
ences on these groups. Trout predation might have
most impact at more vulnerable parts of the life-
cycle, for example when emerging (see above) or ovi-
positing. Variability in fitted effects for these groups
implied much intra-group variation, perhaps reflect-
ing variation within these groups in anti-predator
strategies or effectiveness. For example, some spe-
cies reduce investment in predator avoidance/defence,
allowing increased resource acquisition rates (Johans-
son 1991; Peckarsky 1996).

Only one macro-invertebrate group declined in
association with trout reduction: pea mussels, a result
found elsewhere (Thorp and Bergy 1981; Tiberti et al.
2014). Perhaps fish indirectly benefit pea mussels and
other filter-feeders by enhancing nutrient flows, such
as algae falling to lake-beds (Leavitt et al. 1994).

Three-spined sticklebacks can be important alter-
native prey for trout (e.g. L’Abée-Lund et al. 1992)
but results suggested they were very rare at these
lakes. They were unrecorded at two of the four lakes,
and, with only 38 records overall, had a mean trap
rate of only about 0.08 per trap-hour. This contrasts
with more neutral lakes in the same region inhabited
by stickleback predators, like those studied by Perkins
et al. (2005), where stickleback trap rates (in the same
trap type, in one study year) averaged around two
orders of magnitude higher (unpublished data). Lakes
in the current study may have low stickleback abun-
dance due to their low pH: 87% of pH readings for
this study fell below pH 6.5; such values are associ-
ated with stickleback egg hatch rates lower than 20%
(Faris and Wootton 1987).

Trout reduction and waterbirds

This study showed that a guild of invertivorous water-
bird species occurred more frequently at peatland
lakes following trout reduction by angling, but this
was only apparent from 3 years after trout reduc-
tion. Bird responses to changes in fish abundance

are sometimes rapid (e.g. within a season: Haas et al.
2007). However, more often, studies report lagged
responses, e.g. following a 1-year delay (Eriksson
1979) or growing markedly between years one and
three after fish reduction (2.3-fold: Hanson and But-
ler 1994; 50-fold: Giles 1994). In another study, fol-
lowing a sudden drop in fish abundance, there was
no first-year response by breeding adult goldeneye
Bucephela glangula, but duckling numbers increased
(Poysd et al. 1994; Nummi et al. 2012). A delayed
response would be consistent with the high site
fidelity commonly shown by adult ducks and wad-
ers at their breeding sites (Methods), and the one or
more years taken for young birds to join the breeding
population. Longer-term studies would enable bet-
ter understanding of long-term waterbird responses,
including species level responses; such follow-up
work is recommended (see below).

While many studies have investigated interac-
tions between fish and ducks (reviewed in Bouffard
and Hanson 1997; Nummi et al. 2016), we could
find no similar studies of fish-wader interactions in
freshwater habitats. Waders like dunlins and green-
shanks associate strongly with pools and small lakes
in their breeding grounds (Thompson and Thompson
1991; Lavers et al. 1996; Hancock et al. 2009), feed-
ing on similar macro-invertebrates to ducks (Cramp
and Simmonds 1977; 1983) in shallow littoral zones.
Hence, they could be just as vulnerable as ducks to
competition with brown trout.

Among piscivorous birds, there was no evidence
that angling reduced the occurrence of grey her-
ons. While grey herons likely feed on trout at these
lakes, they can also take eels, amphibians and insects,
which sometimes make up significant proportions of
their freshwater diet (Cramp and Simmons 1977).
Although angling decreased trout biomass density,
there may have been some increases in mean trout
size, which could benefit a large piscivore like grey
heron. Other piscivorous birds were very rare: most
such species in the region are pursuit predators, a
strategy more typical of lakes with much higher water
clarity (Methods: Study area).

Caveats and potential future work
This study suggests that trout and waterbirds com-

pete for macro-invertebrate prey. However, this
study has not elucidated the process by (for example)
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demonstrating overlap in prey base or fine-scale
(within-lake) foraging habitat use (Eadie and Keast
1982). These would be highly worthwhile subjects
for future studies, to enrich and inform management
trials like this one. Diet could be investigated using
molecular methods, e.g. metabarcoding the stomach
contents of culled trout (Hoenig et al. 2021), and
the faeces of waterbirds (e.g. Rytkonen et al. 2019),
the latter potentially gathered at loafing sites (e.g.
islets). Stable isotope methods can also be valuable
for dietary studies (Antén-Tello et al. 2021). Fine-
scale habitat use by waterbirds could be quantified
using observational methods, as done for common
scoters (Hancock et al. 2019). Parallel studies could
quantify fine-scale habitat use by trout, using tagging
approaches (such as the use of Passive Integrated
Transponders) to identify the position of marked fish,
or the movement of fish within spawning streams.
Radio or acoustic tagging approaches can also be
used to actively track individual fish within lakes (e.g.
Skov et al. 2008; Cook et al. 2014). Such approaches
have already been used to identify key fish habitats in
many lakes, including small systems similar to those
used in this study.

Although this study extended over 7 years, waterbird
responses were still developing in the final years of the
study. Although some studies have found rapid ecosys-
tem responses to fish reduction, others suggest they may
develop slowly. For example, Knapp et al. (2001), inves-
tigating complete removal of stocked fish, found that it
took over 10 years for invertebrate communities to align
with naturally fishless lakes. It would be valuable to
maintain the contrasting angling treatments at the study
lakes for several more years, monitoring trout using
catch-returns, and waterbirds using regular surveys.

At many lakes in the Flow Country, the origin of
their brown trout population is uncertain. Lake stock-
ing with brown trout descended from either local or
distant populations was widely practised in Scotland
until recently (Bridgett 1924; Maitland and Camp-
bell 1992) including within our study region (Frost
and Brown 1967; reports from local anglers and land
managers). Such stocking is now considered highly
inadvisable, both in terms of angling management
(Headley 2005) and maintenance of genetic diversity
(Lewin et al. 2006; Ferguson 2007). Stocking may
have taken place in lakes that were naturally fish-
less, as studied in North America (Knapp et al. 2001;
Schilling et al. 2009). In the Flow Country, while
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some lakes may hold trout of stocked origin, oth-
ers may hold native trout populations of high nature
conservation importance, descended from post-gla-
cial colonizations (McKeown et al. 2010). To help
manage trout populations appropriately, future stud-
ies could usefully clarify, for example using genetic
methods (Kliitsch et al. 2019), which populations are
native, and which have been affected by stocking.

Management implications

This study supports using traditional, low-intensity
fly fishing to further nature conservation objectives
of increased biomass of freshwater macro-inverte-
brates and the occurrence of waterbirds that feed on
them. Any such management should take place along-
side future research to better understand the origins
(native or stocked) and connectivity of these fish
populations, to properly inform their management.
Emerging aquatic insects could also enhance habitat
quality for terrestrial species like land birds and bats
(Pope et al. 2009). Angling return forms completed
by anglers (standard practice in our study area) pro-
vide useful information to help manage trout popu-
lations (Frost and Brown 1967). Careful monitoring
of angling returns, perhaps supported by fisheries
models, should help reveal any signs of over-exploi-
tation, such as reduced fish sizes (Almodévar and
Nicola 2004). A response to this might be for anglers
to release larger fish (e.g. Olin et al. 2017). Regulat-
ing the number of angling excursions and taking fish
at all sizes, as done here, can prevent over-exploita-
tion or excessive disruption of population structure
(Lewin et al. 2006). Monitoring of trout angling
returns should go along with waterbird monitoring,
consistent with recommendations to monitor more
than one element in lake food webs (McParland and
Pazcowski 2007; Carpenter et al. 2010).

If trout populations derived from past stocking
were identified in lakes that were naturally fishless,
then more rigorous management options to restore
these lakes could be considered (Schilling et al. 2009;
Nummi et al. 2016), although stocked populations
can also die out naturally (Pope et al. 2009).

Anglers can be effective supporters of nature
conservation, both of native fish populations, and
of wider conservation interests like habitat qual-
ity, waterbirds and macro-invertebrates (Cooke et al.
2016; Williams and Moss 2001). This study also
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supports a common interest between well-regulated,
low-intensity traditional brown trout angling, and
nature conservation at small peatland lakes.

The current study aimed to inform decisions
around fish management, to support aquatic conserva-
tion by maintaining invertebrate biomass and water-
bird habitat quality. Similar issues are widely relevant
around the world, as shown by reviews like Bouffard
and Hanson (1997), Nummi et al. (2016) and Brit-
ton (2022). While these illustrate the concentration
of studies in North America and Europe, there are
also related examples from elsewhere, such as South
America (Hurlbert et al. 1986; Ortubay et al. 2006;
Porcel et al. 2022), Australia (Smith et al. 2009) and
Africa (Kadye et al. 2013). More broadly, fisher-
ies management in lakes with important invertebrate
and waterbird populations is a key issue in freshwater
conservation, highlighted by Dudgeon et al. (2006)
in their global review. They emphasized the need for
reconciliation between biodiversity conservation and
human uses of freshwaters. This study supports that
approach, by showing that good alignment can be
achieved between carefully managed trout angling
and aquatic conservation objectives.
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