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1 | INTRODUCTION et al., 2016). Effects include changes in water temperatures that track

those in the atmosphere, variations in discharge, and variations in sol-
Streams and rivers are affected profoundly by climate through vari- ute or pollutant concentrations that reflect dilution or mobilization
ations in global heat budgets, atmospheric temperature and precip- under different flows (Ruhi et al., 2018; Vaughan & Gotelli, 2019). The
itation (Durance & Ormerod, 2007; Tonkin et al., 2019; Woodward solubility of important gasses such as oxygen and carbon dioxide also
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changes with temperature, while basic ecological processes such as
production, decomposition and respiration respond to both warming
and changing flow (Lauerwald et al., 2015; Verberk & Bilton, 2013).
Climatic effects on freshwater communities include changes in
geographical distribution, variations in population size and effects
on emergent properties such as community stability (Colombano
et al., 2022; Knouft & Ficklin, 2017; Markovic et al., 2014). However,
the exact processes that link ecological dynamics to climatic variability
are challenging to identify over the inter-decadal timescales involved,
in particular where they interact with local catchment character.

As well as progressive global warming, stream ecosystems
respond to climatic variations linked to large-scale phenomena
such the El Nifio-Southern Oscillation (ENSO), the North Atlantic
Oscillation (NAO) and the position of the Jet Stream. Among these,
the NAO has extensive effects around the North Atlantic reflecting
cyclical variations in atmospheric pressure between the Azores and
Iceland with an approximate periodicity of 6-8years (Hurrell, 1995;
Stenseth et al., 2003). In western Europe, positive and negative
phases of the winter NAO respectively bring either mild, wet and
stormy winters or cold, dry and calm winters as oceanic wester-
lies give way to northerly air masses of continental origin (Visbeck
et al., 2001). These contrasting conditions affect both temperature
and discharge in European rivers and are sufficient to influence the
growth, persistence, and phenology of stream organisms (Briers
etal.,, 2004; Durance & Ormerod, 2007; Elliott et al., 2000). Potential
effects on stream invertebrate communities first attracted interest
in the late 1980s (Weatherley & Ormerod, 1990). NAO signals were
subsequently identified in community resilience, variations in inver-
tebrate abundance and even local species extirpation (Bradley &
Ormerod, 2001; Durance & Ormerod, 2007, 2010).

As well as being intrinsically important in ecosystem processes,
the NAO offers a valuable proxy of overall climate conditions
over areas surrounding the north Atlantic as a synoptic ‘package
of weather’ that could predict population or ecosystem dynamics
(Stenseth et al., 2003). Potentially even more important, varia-
tions in the NAO provide an analog of developing climate-change
effects over western Europe, and in particular an ongoing shift
toward warmer, wetter winters combined with hotter, drier sum-
mers (Ottersen et al., 2001; Visbeck et al., 2001). The NAO could
thus offer an opportunity within manageable timescales to assess
the extent to which climatic conditions affect ecological dynam-
ics in stream ecosystems at regional scales in ways that transcend
more local, catchment-scale variations. Important clues about cli-
mate-change impacts over longer timescales would result.

One of the possible approaches to assessing the effects of regional
climatic effects on stream organisms is through patterns of synchrony
in population and community dynamics (Post & Forchhammer, 2002).
Synchronized dynamics have been detected increasingly across
ecosystems, taxonomic groups and levels of organization (Liebhold
et al., 2004; Valencia et al., 2020; Wilcox et al., 2017). For example,
coherent temporal fluctuations in the abundance of spatially sepa-
rated populations (spatial synchrony) are considered a fundamental
property of metapopulations but could also increase local extinction

risk by lowering the chance of demographic rescue (Heino et al., 1997,
Yeakel et al., 2014). Spatial synchrony also enhances variance in spe-
cies abundances, for example among pests (Peltonen et al., 2002;
Vindstad et al., 2019; Walter et al., 2020) and diseases (Moustakas
et al., 2018; Viboud et al., 2006). Synchronous variations can also
link spatiotemporal patterns in dispersal, richness and diversity, all
of which can have larger effects on ecosystem stability than richness
alone (Lande et al., 1999; Moran, 1953; Walter et al., 2021). As well
as having spatial dimensions, correlated dynamics in the abundances
of multiple species within single locations can give rise to community
synchrony as species respond coherently to environmental drivers.
In contrast, more stable communities are maintained where species
fluctuate independently or covary negatively through compensatory
dynamics which maintain total abundance or biomass (Loreau & de
Mazancourt, 2008; Wang et al., 2019). Independent or compensatory
dynamics are more likely among species differing in their functional
traits, in turn engendering increased temporal stability in functionally
diverse communities (de Bello et al., 2021; Wayne Polley et al., 2020).

While the integration of spatial and community synchrony within a
unified framework has provided insight into metacommunity dynamics
and stability (Lamy et al., 2021; Wang et al., 2019; Wilcox et al., 2017),
less is known about the synchronizing effects of environmental and
climate changes through time. This is despite the well-recognized ef-
fects of climate change on population dynamics and evidence for the
synchronizing effect of other environmental drivers (Bogdziewicz
et al.,, 2021; Grenfell et al., 1998). Changes in the mean, extreme, and
variability of climate under global warming are all likely to influence
spatial and community synchrony, but the extent and direction of
these effects are unclear (Post & Forchhammer, 2002). For example,
increasing synchrony in vertebrate populations at continental scales
in the northern hemisphere has been linked to recent climate trends
and spatial autocorrelation in temperature (Black et al., 2018; Koenig &
Liebhold, 2016; Post & Forchhammer, 2004). However, the extent to
which climate variation affects synchrony and stability in metapopula-
tions and metacommunities, particularly in freshwater ecosystems at
local or catchment scales, is poorly understood.

Among freshwater organisms, invertebrates are an ideal group for
appraising the effects of climatic variation on metacommunity dynamics.
First, as ectothermic organisms with relatively short generation times,
their communities respond rapidly to changes in temperature, flow re-
gime and dissolved oxygen (Vaughan & Gotelli, 2019). Second, they
are taxonomically and functionally diverse, allowing tests of hypothe-
ses about diversity-stability relationships across communities that are
well-characterized over large areas of the world. Finally, along with many
freshwater organisms, they are at risk from a range of habitat impairments
(Haase et al., 2023; Tickner et al., 2020). Effort to understand how climate
variation may affect synchrony and stability in these systems is clearly
needed, but consistent long-term observations are still scarce, especially
from remote catchments where other global change effects are limited.

In this paper, we quantify spatial population synchrony as well as
community synchrony and stability among stream invertebrates using
a globally unique dataset where their abundances have been monitored
consistently for four decades in a spatially replicated set of headwaters.
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Wefocusonasetof 10streamsfromthe Llyn Brianne Stream Observatory
in central Wales (UK), a long-term ecological research (LTER) site where
the influence of the NAO on regional and local dynamics was first docu-
mented over 20years ago (Bradley & Ormerod, 2001), and where other
influences on taxonomic and functional diversity are well-understood
from over 40years of research (Durance & Ormerod, 2007; Larsen
et al., 2018; Ormerod & Durance, 2009).

Based on our previous observation and knowledge of the effects

on the NAO in Western Europe, we hypothesized that

(i) positive phases of the NAO would bring increased precipitation
and temperature to the Llyn Brianne catchments.

(ii

prolonged positive NAO phases with warmer, wetter winters
would bring more coherent dynamics across species and loca-
tions, thus increasing synchrony and reducing inter-annual sta-
bility in invertebrate populations and communities across the
Llyn Brianne streams.

(iii

streams or time periods with greater functional diversity would
buffer communities against the synchronizing effects of the
NAO. This is because communities supporting a range of func-
tional traits are more likely to have internal community dynamics
that are resilient to environmental variation (Feio et al., 2015).

2 | METHODS

21 | Studyarea

The headwaters that form the Llyn Brianne Stream Observatory
(Figure 1) were first sampled in 1981 thus initiating one of the world's

longest running investigations of global change effects on stream

FIGURE 1 Map of the Llyn Brianne
Reservoir in mid-Wales (inset) and the
10 streams included in the study. Map
lines delineate study areas and do not
necessarily depict accepted national
boundaries.
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ecosystems (Stoner et al., 1984). Established initially to investigate the
combined role of land use and acid rain in surface water acidification
and recovery (Ormerod & Durance, 2009), long-term data collection
has since revealed climatic influences on stream community dynamics
as well as possible strategies for climate change adaptation (Durance
& Ormerod, 2007, 2010; Pye et al., 2022). As a result, the study area
has been described extensively. In outline, the Observatory is situ-
ated in Central Wales (UK) on the maritime north-western fringes
of Europe (52°8’'N 3°45'W) where 14-16second-third order streams
drain catchments of 15-253 Ha at altitudes of 215-410m above sea
level spread over approximately 300km? in the upland reaches of the
Afon Tywi. As well as variations in local land cover ranging from native
deciduous woodlands and plantation forestry to open sheep-walk,
the streams vary in acid base status in part reflecting historical acid
deposition over base-poor rocks and soils, and in part reflecting local
geological variations where calcite veins running through Ordovician
shales and mudstones increase concentrations of base cations
(Weatherley & Ormerod, 1987). From this broader array, streams with
the longest and most compete runs of data were selected for analy-
sis, respectively: (i) ‘acid forest”: conifer plantations of Sitka spruce
Picea sitchensis and lodgepole pine Pinus contorta (LI1, LI2, LI4, and
LI8 <10-12mg/L CaCOy,); (ii) sheep-grazed ‘acid moorland’ (CI1, CI2,
Cl4, CI5<10-12mgL™? CaCO,) or (jii) ‘circumneutral moorland’ (LI6,
LI7; 15-19mg/L CaCO,). These catchment types are representative
of larger areas of Wales, reflected also in consistent ecological re-
sponses to declining acid deposition between Llyn Brianne and other
Welsh headwaters (Carr et al., unpubl. data). The regional climate is
temperate with mean monthly stream temperatures within the range
0.5-16°C and mean precipitation of 1900mm/year. The streams are

dominantly perennial despite inter-annual variations in discharge of
around 350%.
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2.2 | Invertebrate sampling

Macroinvertebrates were first sampled from selected streams at Llyn
Brianne in 1981, but more consistently from 1985 onwards in all years
except 1991 when there was a funding hiatus. Data for 1994 (LI6, LI7,
LI18), 2009 (Cl2, Cl4, LI14), and 2011 (CI2, Cl4, LI4, LI8) were incomplete
for the indicated streams. Data for this paper came from 1985 to 2018
and involved a quality-assured and standardized procedure involving
kick-sampling for 3-min duration (Freshwater Biological Association
handnet 0.9 mm mesh size) aggregated between marginal (1 min) and
riffle habitats (2min). This approach has been validated directly, and
also has proven reliable in detecting differences in abundance and
composition among streams and years (Bradley & Ormerod, 2002).
Samples were collected in April each year. Invertebrates were pre-
served on-site in 70% ethanol prior to subsequent sorting and iden-
tification to species (~70% of taxa) except for Diptera, Oligochaetes
and some Coleoptera. We used keys published by the Freshwater
Biological Association and maintained taxonomic consistency
throughout all years of the study. Further details are provided in pre-
vious papers (Bradley & Ormerod, 2001; Durance & Ormerod, 2007;
Ormerod & Durance, 2009; Weatherley & Ormerod, 1990).

2.3 | Physico-chemistry

Chemical data were first collected from the streams at Llyn Brianne
in 1981-1982 (Stoner et al., 1984), and water samples have since been
collected at weekly-monthly intervals and analysed using accredited
methods in the laboratories of Natural Resources Wales. The exact
length of the data runs varied across sites such that LI1, LI2, LI8, and
LI6 have been sampled since 1981 while sampling at the other sites
began in 1984. Briefly, pH was measured on samples returned to the
laboratory by combination glass electrode while cations were meas-
ured using atomic absorption spectrophotometry after acidification
and filtration at 0-45 pm and anions using colorimetry (see Weatherley
& Ormerod, 1987). Determinands included pH, conductivity, total oxi-
dized nitrogen, hardness, alkalinity, and concentration of multiple ions
including CI", Na*, K*, Mg**, Ca**, AI** and other metals. Mean win-
ter values (October-March, i.e., before macroinvertebrate sampling)
were derived for each year and included in subsequent analyses.

A principal components analysis (PCA) based on correlation was
used to extract the main axes of spatiotemporal variability in hydro-
chemical data across streams. Six streams offered the most complete
data series (LI1, LI4, LI5, LI6, CI2, Cl4). These were included in a PCA
and the first principal component (PC) was used to assign a synthetic
score to each year and stream. Scores were then used to calculate spa-
tial synchrony between streams and temporal variance within stream.

2.4 | NAO and climate data

Our climate variables comprised the winter NAO index (December-
March inclusive), mean daily winter rainfall, mean winter discharge,

and mean winter air temperature for the region, each calculated
from October-March prior to spring macroinvertebrate sampling.
NAO data were obtained from the National Centre for Atmospheric
Research after Hurrell (1995). This NAO model was chosen for
consistency with previous studies (e.g., Bradley & Ormerod, 2001;
Ottersen et al., 2001) and the proven correlation with weather and
stream variables in UK (Ness et al., 2004). Moreover, we considered
the modes of the NAO a stronger potential analog of future climate
change effects on winter weather patterns than other Atlantic
weather systems such as the East Atlantic or Scandinavian patterns.

Rainfall and air temperature data were derived from Met Office
HadUK-Grid datasets (Hollis et al., 2019). For these, HadUK-grid
data for the UK (1980 to 2019) were obtained at the highest avail-
able temporal resolution—daily rainfall and monthly temperature—at
5km grid spatial resolution. The 10 study streams fell within three
spatial grids.

Climate data for each grid within which streams were located
were subsequently extracted using ncdf4 (Pierce, 2019), ras-
ter (Hijmans, 2020) and rgdal (Bivand et al., 2023) packages in R.
Discharge data at 15-min intervals (April 1996 to June 2020) were
available from Natural Resources Wales (NRW, 2020) from the
flume at LI1 within the Llyn Brianne Observatory. Values were stan-
dardized by dividing by catchment area (km?) above the LI1 monitor-
ing station. To confirm that the available environmental data from
Llyn Brianne were representative of local conditions, cross-checks
were performed against nearby rain gauge, air temperature, and dis-
charge gauging sites, located between 11 and 40km from the study
area (R=.9; Table S1 and Table S2). In addition, during the 1980s,
discharge and temperature were measured continuously in the ma-
jority of the Llyn Brianne streams (15-min intervals), providing con-
fidence in the representativeness of our longer-term data (Edwards
et al,, 1990).

The influence of the NAO on local rainfall and temperature was
quantified using a linear mixed-effect model including stream iden-
tity as random effect (using the R function nlme: : 1me).

2.5 | Synchrony analysis

Our data analysis involved two aspects respectively involving syn-
chrony among locations (spatial synchrony) and synchrony among
species' populations within locations (community synchrony).

2.51 | Spatial synchrony

Only species occurring in more than five streams and observed in
more than seven individual years were included in the analyses to
reduce the chance effects of scarcer species on detectable pat-
terns. In order to have a complete biological data series for the
analyses, we imputed any missing abundance data for each species
using a simple moving average with a 4-year window expanding

before and after the missing year. Imputation of the few missing
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data did not affect the estimates of population synchrony (R?>=.96;
correlation between original and imputed synchrony values).
For each species, spatial synchrony was expressed as the spear-
man correlation in abundance between each pair of streams (e.g.,
Larsen et al., 2021). We also calculated spatial synchrony in overall
community abundance across each stream (Walter et al., 2021). In
order to examine temporal changes in spatial synchrony of popu-
lation and community abundance, synchrony values were also
calculated using a 6-year moving window which provided a good
compromise between individual series length and number of win-
dows while also matching the longest periodicity in the NAO over
the 6-8year timescale (see Results and Stenseth et al., 2003). In
the analyses, we limited the overlap of time windows by excluding
every second window (hence, N=15). Autoregressive first-order
generalized least square (gls) models (cor =coraAR1) were used to
account for serial non-independence of time-series data. When
necessary, multiple observations per stream were accounted for
using mixed effect models with stream identity as random factor
(nlme: : 1me function).

To assess how different NAO phases influenced the decay in
population synchrony with spatial distance, we modelled mean pop-
ulation synchrony as a function of Euclidean geographic distance
between streams. We separated observations over five quantiles of
increasing NAO values (with equal number of observations), which
were included as a random factor in a linear mixed model. This also
allowed us to estimate whether the NAO affected the mean syn-
chrony (i.e., random intercept) and/or also the rate of decay with

distance across locations (random slope).

2.5.2 | Community synchrony and variability
We next calculated variability (as coefficient of variation, CV) and
community (inter-specific) synchrony across levels of organization
(population, metapopulations, community, metacommunity) fol-
lowing the hierarchical decomposition approach and the associated
R function (var.partition) of Wang et al. (2019); see also Erés
et al. (2020). The specific mathematical definition for each hierarchi-
cal component is given in Wang et al. (2019) and additional concep-
tual diagrams are given in Erds et al. (2020) and Wilcox et al. (2017).
Metrics used in this study are given below.

We define X, the abundance of species i in stream s in year
t, and use the subscripts P and C to represent ‘population-level’
and ‘community-level’, respectively, and the subscript R (regional)
to define catchment scale variables (across the 10 streams in Llyn
Brianne). At the local site scale, we calculated ‘population CV' as the
weighted average of local population abundance variability (CV;,)
across species and streams:

Population CV = CV,, = 5CV, x Bis | 1)

Hys

where CV ¢ = \/Vj;/u;, With V;
and mean of population abundances, respectively, while uyy is the

and y; ; being the temporal variance

i,sS
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temporal mean of total metacommunity abundance (sum across spe-
cies and streams).

Similarly, we calculated ‘metapopulation CV' as the catchment
scale (the 10 streams) weighted average of metapopulation abun-
dance variability (CVpg):

Metapopulation CV = CVpp = ZCV,p X E (2)
Hss

where CV; = \/Viiz / nis With V;z and g5 being the temporal vari-
ance and mean of metapopulation abundances.

Finally, we define ‘metacommunity CV’, the variability of total
metacommunity abundance of the species present across the 10
streams as:

\% VE,Z

Metacommunity CV = CV¢p = ——, (3)
' Hsyx

where \/E is the temporal variance in total metacommunity abun-
dance across all streams.

We then defined local scale (within-stream, s) community syn-
chrony as in Loreau and de Mazancourt (2008), but in a square-root

version:

VZ,ss

2 \% Vii,ss 7

Local community synchrony (¢, ) =

(4)

where \/E is the temporal variance in community abundance, and
the denominator is the sum of individual population variances.

Similarly, regional synchrony is defined as the synchrony among
different metapopulation:

VZ,):

Zy/Vis

Regional community synchrony (@) =

) (5)

Community synchrony ranges between O (perfect asynchrony)
to 1 (perfect synchrony), the latter indicating that all populations
within a site, or all metapopulations within the region, are correlated
through time. Measures of variability and synchrony were also cal-
culated for each 6-years moving window as described above. An
autoregressive function of order 1 was used to model the effect of
NAO on measures of community synchrony and variability.

As well as assessing patterns for organisms, spatial synchrony
and variance in stream hydrochemical data series were also calcu-
lated over the 6-year window, using the scores of streams over the
first axis from the PCA as synthetic values reflecting overall water
quality variables. Using the moving window approach, we examined
whether higher synchrony or variability in hydrochemistry across
streams was linked to positive NAO phases.

2.6 | Wavelet analyses

We used wavelet analyses—a method that identifies any periodic
oscillations in time-series data—to examine the temporal scales of
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climate variability and timescale-specific spatial synchrony in the
stream invertebrate metacommunity. Specifically, wavelet trans-
forms were used to decompose the temporal scales of variability in
the winter NAO series, as well as winter air temperature for each site
and for the discharge series from LI1. This allowed the visualization
of similarities in the main scales of variability between NAO and the
available environmental data.

To study the timescale specificity of spatial synchrony in the stream
invertebrate community, we examined the wavelet phasor mean field
of community abundance (Sheppard et al., 2016). The wavelet phasor
mean field ranges from O to 1, with values of 1 indicating perfect phase
alignment (synchrony) among a set of data series at a given time and
timescale. Statistical significance was assessed by comparing empirical
synchrony magnitudes to those of 10,000 sets of n=10 (for 10 streams
used in the analyses) random phasors; empirical synchrony was consid-
ered statistically significant when it exceeded 95% of surrogates.

To further explore the extent and timescales at which winter NAO
influenced spatial synchrony in community abundances, we used a
wavelet linear model (Sheppard et al., 2019). Wavelet linear models are
analogous to linear regression models but use the normalized wavelet
transforms of predictor and response variables to quantify the degree
to which spatial synchrony in the predictor variable(s) explain spatial
synchrony in the response variable. In combination with the wavelet
Moran theorem (Sheppard et al., 2016), wavelet linear models permit
quantification of the fraction of synchrony in the response variable ex-
plained by predictors as a function of timescale, similar to the coeffi-
cient of determination (R?) in linear regression analysis.

Before wavelet analyses, all data series were Box-Cox trans-
formed to improve normality and standardized (demeaned,
detrended, with unit variances). All wavelet analyses used the con-
tinuous complex Morlet wavelet transform. Wavelet analyses were

performed in R using the ‘wsyn’ package (Reuman et al., 2021).

2.6.1 | Functional traits
To estimate community functional diversity, we gathered informa-
tion on species affinity for multiple ecological and biological traits,
including river zonation, temperature preference, feeding habits,
body size, and locomotion (Table S3). These traits were selected
based on availability, and because they reflect the sensitivity of the
species to temperature and flow dynamics while also describing key
ecological functions. Available trait information was obtained from
the online database provided in www.freshwaterecology.info. The
affinity of each species for each trait category was fuzzy coded and
values were standardized between 0 and 1 to represent the relative
preference of each taxon for the different trait categories (Chevenet
et al., 1994). Trait information was available, on average, for about
70% of taxa, ranging from 80% (river zonation, feeding habits) to
40% (temperature preference). Most missing trait information was
limited to taxa classified at the family or genus level.

Functional diversity, for each stream, year, and 6-year window,
was expressed as Rao's quadratic entropy:

Q = 2i%j dypp;.

Based on species relative abundances p and their functional dis-
tance dij calculated as the square root of Gower trait dissimilarity
index. Two approaches were used with missing trait information
when calculating functional distance between taxa. Missing values
were either excluded, or substituted with the mean trait profile of
the other taxa, as obtained from the prep. fuzzy.var function of
the Ade4 R package. Qualitative similar results were obtained, and
we present results based on the second approach.

Functional diversity was calculated using the SYNCSA::rao.
diversity functioninR.

To control for the potential influence of taxonomic richness on
functional diversity, we also calculated functional deviation by shuf-
fling the names of the species in the trait matrix (999 times), keeping
the observed abundance distribution, thus deriving the expected
mean functional diversity. Functional deviations were expressed
as: (observed functional diversity)—(mean expected functional
diversity).

The influence of local functional diversity on community syn-
chrony and stability was modelled including stream identity as ran-

dom effect.

3 | RESULTS

3.1 | NAO and local environmental conditions

As expected, the normalized wavelet transform of the winter NAO
index displayed consistently strong variation over a timescale of
6-8years, as well as a temporary strong signal at an approximate
3-year timescale after 2005 (Figure 2). The wavelet transform of
monthly winter rain for an example stream (LI8) over the same
period showed similar features, while winter discharge from LI1
showed a clear signal over the 6-8year timescale. These analy-
ses indicated clear similarity in the temporal variation of the NAO
and local hydro-climatic condition in the catchment. As expected,
positive NAO phases were accompanied by increasing mean
winter rainfall (Ime slope=0.37; p<.001) and air temperature
(slope=0.40; p<.001) across the streams, as well as increasing
variability (Figure 3).

Turning to relationships between the NAO and hydrochemi-
cal patterns, the first principal component (PC1) of hydrochemical
data explained about 40% of the variation and reflected a strong
gradient in acid-base status as expected from previous studies at
Llyn Brianne (Figure S1). There was no evidence for greater spatial
synchrony in scores on this PC across streams during positive NAO
phases (slope=0.20; p=.2; Figure S2), but there was an increase in
variance in PC1 scores within each stream (Ime slope=1.26 + 0.3SE;
p<.004; Figure S3). In other words, streams across the Brianne
catchments were not systematically more or less acidic during
warmer, wetter NAO periods, but chemistry was more variable
within streams during positive NAO phases.
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FIGURE 2 Wavelet transform of winter NAO (a), mean monthly
rain at stream LI8 (b), and winter discharge at stream LI1 (c)
revealing variations at comparable 6-8years timescale and at
shorter timescale between 2010 and 2015. These data come from
the Llyn Brianne Stream Observatory in central Wales.

3.2 | NAO and spatial synchrony

Overall mean spatial synchrony in invertebrate populations among
streams—calculated for 6-years moving windows—decayed with
distance between them (Figure 4). This distance effect occurred
across all phases of the NAO, but with far stronger overall syn-
chrony when the NAO was more positive. This effect was clearly
visible from the linear fits of population synchrony-decay for the
five quantiles of increasing NAO values: a linear mixed effect
model of decay in mean population synchrony including the NAO
quantile groups as random components supported the inclusion of
arandom NAO intercept (slope=-9.33e-06; p<.001; AIC=-905),
and to a lesser extent a random slope (AIC=-902). In other

ST e L

words, positive NAO phases were accompanied by higher mean
synchrony in population abundances but relatively similar decay
with distance. Overall, the inclusion of a random NAO model was
clearly supported over a model which ignored it (AIC=-810), indi-
cating that the NAO had detectable effects on population spatial
synchrony.

Irrespective of distance between streams, fluctuations in
invertebrate abundance were more synchronous during posi-
tive NAO phases (Figure 5a), increasing by ~100% for each unit
increase in average NAO values (gls model slope=0.35+01 SE;
p=.0006).

The wavelet model allowed us to quantify the extent and
timescale with which the NAO apparently influenced synchrony in
invertebrates abundance across streams (Figure 5b). The apparent
effect of the NAO was evident over the 4-6year timescale, with
up to 50% of variation in abundance synchrony explained by the
model. However, the wavelet phasor mean field of the observed
spatial synchrony in abundance (Figure 5c) indicated that strong
synchrony also occurred at shorter timescales, especially around
the year 2000.

3.3 | NAO and community synchrony and
variability

As well as apparently affecting the synchrony of invertebrate
populations among streams, there were also strong relationships
between NAO phases and community synchrony across levels of
organization from streams to the whole Llyn Brianne region. In
particular, community synchrony increased during positive NAO
phases (Figure 6a), with effects strongest at the regional scale
(Equation 5; gls model slope=0.24 +0.07 SE; p=.007), and weaker
at local stream scales (Equation 4; slope=0.12+0.05 SE; p=.03).
Greater synchrony among species during positive NAO phases was
associated with increasing variability in abundances, with trends
significant at the metapopulation (Equation 2; weighted average
of metapopulations CV; gls model slope=0.29 +0.09 SE; p=.007)
and metacommunity levels (Equation 3; CV of total metacommu-
nity abundance; gls slope=0.30+0.08 SE; p=.004; Figure 6b).
In other words, community synchrony increased instability dur-
ing positive NAO phases, with effects particularly evident at the
metacommunity level.

3.4 | The influence of community
functional diversity

Stream-scale community synchrony declined significantly with in-
creasing functional diversity (Figure 7; Ime slope=-1.86; p<.01;
n=150). This trend was relatively consistent across streams except
for CI2 and LI6, which display rather opposite patterns, but had
narrow variation in values of functional diversity. The relationship

between local population variability and functional diversity was
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weaker (Ime p=.06). The patterns were similar when functional de-
viation was used to control for the effect of taxonomic richness on
functional diversity, albeit non-significant (Figure S4; p=.09).

4 | DISCUSSION

We aimed to test three hypotheses that (i) positive phases of the
NAO would bring warmer, wetter conditions to the Llyn Brianne
catchments—reflecting their maritime position in western Europe;
(ii) prolonged warmer, wetter conditions induced by the NAO
would increase population synchrony among species and loca-
tions, thus reducing inter-annual stability among Llyn Brianne's
stream invertebrates; and (iii) streams or time periods with more
functionally diverse communities would be buffered against the
synchronizing effects of the NAO through internal community

(
(

0.636,1.02]

dynamics that were more resilient to climatic variation. The first
hypothesis was supported clearly by variations in rainfall and tem-
perature that match the well-known effects of the NAO across
Europe. Hypotheses (ii) and (iii) were also supported: first, syn-
chrony and variability in population abundances increased mark-
edly with each unit increase in the NAO index, with these effects
scaling up also to affect community and regional metacommunity
synchrony across the Llyn Brianne catchments. Second, synchrony
declined at sites and times with the most functionally diverse com-
munities. Our previous work at Llyn Brianne had hinted at some
of these effects, and evidence has strengthened over the last
four decades. Already by 1990, Weatherley and Ormerod (1990)
had detected developing changes in the stability of invertebrate
communities in the study streams but were unaware of the cause.
Bradley and Ormerod (2001) subsequently linked inter-annual and
region-wide variations in community composition and population
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based on random phasor.

abundance to the NAO, which also increased stream discharge lo-
cally. Durance and Ormerod (2007) then illustrated how climate
change and positive phases of the NAO acted in concert to in-
crease stream temperatures at Llyn Brianne, in turn driving down
invertebrate abundances in circumneutral streams. Here, using a
larger set of streams, we found that positive NAO phases were
associated with increasing synchrony across streams, although
effects on overall invertebrate abundance were less consistent
among streams. Elsewhere in upland Britain, contemporaneous
studies had linked the phenology of stream organisms and the
NAO (Briers et al., 2004; Elliott et al., 2000). Our expanded data
set from four decades confirms further that variations in atmos-
pheric pressure systems and associated teleconnections over the
North Atlantic combine with weather systems to influence stream
ecosystem dynamics in maritime Britain. Moreover, the detection

of common NAO effects across replicate streams with contrasting
chemistry and land use at Llyn Brianne reveals how region-wide
climatic variation takes precedence over local factors in influenc-
ing important aspects of ecological variability. Not only do these
effects in freshwaters augment established links between the
NAO and the dynamics of European terrestrial and marine sys-
tems (Ottersen et al., 2001), they also provide the first evidence
that NAO-induced climatic variations affect synchrony and sta-
bility in freshwater organisms across populations, communities
and ultimately the regional metacommunity. Classical explana-
tions on spatial ecological synchrony cite three likely mechanisms
that involve (i) congruence between population dynamics linked
to environmental factors such as temperature, rainfall; (ii) biotic
interactions among species whose dynamics are synchronized and
(iii) dispersal among populations (Liebhold et al., 2004). The role of
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the NAO in synchrony demonstrated here is consistent with these
perspectives, but in reality, all of these effects could interact, and
we cannot separate them. We expand on these points below.
Among the NAO effects recorded during our long-term study,
those related to stream temperature and discharge are readily ex-
plained. Atmospheric pressure differences between the Azores
and Iceland during positive NAO phases in winter act to draw
warmer, wetter air masses eastwards from the Atlantic across
Europe (Hurrell, 1995). These increases in precipitation and atmo-
spheric temperature in turn increasing river discharge and water
temperature widely across northern, central and southern Europe
(Arora et al., 2016; Trigo et al., 2004; Webb & Nobilis, 2007). The

0.30 0.35

Functional diversity

consequences are remarkably consistent across western Britain,
where mean stream temperatures in winter increase by around
2.5°C between the most negative and positive phases (Durance &
Ormerod, 2007; Elliott et al., 2000). Winter discharge in the Llyn
Brianne streams increases on average by at least 15%-20% as this
switch occurs (Bradley & Ormerod, 2001).

Although these climatically induced effects are almost certainly
involved either directly or indirectly in the invertebrate dynamics
we observed, there are several possible mechanisms that range
from hydrological response, altered thermal regimes, hydrochem-
ical change and resource depletion. From a thermal perspective,
changes of the magnitude detected during different NAO phases
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are sufficient to affect invertebrate phenology in temperate streams
(Briers et al., 2004), but might also approach or exceed thermal tol-
erances in cool-water invertebrates, for example by increasing meta-
bolic costs or reducing competitiveness (Durance & Ormerod, 2010;
Shah et al.,, 2023). Warmer, wetter periods during positive NAO
years also increase the downstream export of particulate organic
matter through the Llyn Brianne streams, depleting benthic stocks
except where maintained by litterfall from riparian broadleaves
(Pye et al., 2022). This is important given the role of organic leaf
litter in stream macronutrient dynamics, food-web energetics and
population maintenance as shown in adjacent catchments (Thomas
et al., 2016). Notably, however, the NAO can also influence precipi-
tation and stream discharge in summer, for example through effects
on drought, which complicates assessments of subsequent changes
among stream organisms. Further complications also arise through
interactions between the NAO, stream discharge and water quality.
In upland catchments like those at Llyn Brianne, this includes effects
on acid-base dynamics, metals (specifically aluminum), dissolved or-
ganic carbon, base cations and nitrate which respond variously to
precipitation, chemistry, soil hydrology and thermodynamic influ-
ences on mobilization (Hindar et al., 2004; Monteith et al., 2000;
Ness et al., 2004). At Llyn Brianne, most chemical variation across
the streams and through time reflects acid-base dynamics (see
Figures S1 and S2), but we found no synchronous, linear relation-
ships between chemistry and the NAO as reflected in principal
component analysis. However, temporal variability in hydrochemis-
try increased during positive phases of the NAO. This is consistent
with the occurrence of acid episodes at the least buffered streams at
Llyn Brianne during hydrological events that dilute base-cations, re-
duce pH and mobilize aluminium at potentially toxic concentrations
(Kowalik et al., 2007; Ormerod & Durance, 2009). These effects are
diminishing with progressive recovery from the past effects of acid
deposition, but will still have affected stream invertebrates over the
time period covered by the present assessment. For all of these rea-
sons, we cannot yet offer an unequivocal view of which aspects of
stream variability link the NAO to stream invertebrate dynamics ei-
ther alone or in combination. Moreover, uncovering the exact mech-
anisms is always likely to be challenging because very long-term
studies like ours are beyond the scope of conventional, manipulative
experiments and so rely on weak inference through correlation. This
perspective is consistent with assessments elsewhere (Ottersen
etal., 2001).

Similar uncertainties exist around the complex interactions
between climate change, weather patterns and ecological dynam-
ics that affect ecological synchrony and stability (Garcia-Palacios
et al., 2018; Sabater et al., 2022; Sheppard et al., 2016). While some
long-term assessments of ecological synchrony are emerging (Wang
etal., 2019; Wilcox et al., 2017), they are scarce especially at decadal
timescales similar to ours. Wavelet modelling indicated that the syn-
chronizing effect of the NAO on overall invertebrate abundance
across streams was significant at long time-scales, but weaker at
shorter scales. Although wavelet models are a relatively novel tech-
nique, these results are in line with recent investigations in showing
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how ecological responses to large-scale climate oscillations mostly
manifest at longer timescales (Castorani et al., 2022; Sheppard
et al., 2016). One small caveat was that we also found that the dy-
namics in abundance were relatively synchronous also at shorter
timescales (<4years), implying that other processes, not directly
linked to variation in the NAO, could be involved. Nevertheless,
growing evidence suggests that changes in the mean and variance
of climate variables are linked to greater spatial autocorrelation
between the weather and other environmental variations (Black
et al.,, 2018; Hansen et al., 2020). These, in turn, can promote spa-
tial synchrony in population fluctuations (Koenig & Liebhold, 2016).
The effects on population dynamics of large-scale climatic varia-
tion, such as the ENSO, are well documented and can reflect eco-
logical synchrony through spatially correlated regional effects
on weather, even at continental scales (Koenig & Liebhold, 2016;
Post & Forchhammer, 2002). Anthropogenic forcing of climate
is also changing the frequency of extreme events and likely to in-
duce ecological synchrony at regional and continental scales (Post
& Forchhammer, 2004). Evidence for similar effects at the hierar-
chy of scales in our study, involving metacommunity, community
and population patterns, is scarcer and likely to be complicated by
local factors such as habitat heterogeneity, dispersal limitation and
functional difference among species. In addition, the effects of the
NAO might depend on the intensity of environmental fluctuation
involved. Evidence elsewhere shows that synchrony in ecological
dynamics can be induced by changes in environmental variability,
either as extreme events or increasing variance (Dallas et al., 2020;
Hansen et al., 2020), without necessarily involving changes in spatial
correlation.

Whatever environmental drivers link the NAO and its asso-
ciated climatic variability to synchrony in stream communities,
the biological processes involved are also elusive. Emergent
patterns at community and metacommunity levels are likely to
emerge from cumulative effects on individuals and populations,
for example from effects on species metabolism, growth rate,
phenology, behaviour, resource availability and interspecific in-
teractions. Evidence for climatic effects on resource availabil-
ity and inter-specific competition in stream communities at Llyn
Brianne is already available (Durance & Ormerod, 2010; Pye
et al., 2022). Direct physiological effects on individuals are less
well evidenced, but potentially important in ectothermic organ-
isms such as stream insects. Higher water temperature increases
metabolic rate, accelerates development and alters the allocation
of internal resources between somatic growth and reproduction
with consequences for fitness. Even small thermal changes can
affect cool-water organisms (Shah et al., 2023) and occur along-
side other constraints such as declining oxygen concentration as
temperature increases (Rubalcaba et al., 2020). Whether these
effects on individuals translate into increasing biotic synchrony
is unclear, but altered fitness at higher air temperature could in-
fluence both the aquatic stages of insects as well as the fecun-
dity and dispersal of adult aquatic insects among streams (Briers
et al.,, 2004; Wonglersak et al., 2020). Our data revealed major
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NAO variations over a 6-8 year timescale, which may be enough to
cause dispersal-driven spatial synchrony, even in univoltine spe-
cies. However, our data showed that the NAO did not alter the
rate of synchrony decay with distance and moreover movement
data from Llyn Brianne suggest that inter-basin dispersal events
in invertebrates are less likely than longer-distance movements
(Masters et al., 2007; Petersen et al., 2004). The biological and
ecological dimensions for synchrony of the types we detected is
likely to be a fertile area for further research both to unpick the

mechanisms and understand the consequences.

4.1 | Implications: Climate change, catchment
management, and biodiversity conservation

As well as its fundamental importance, synchrony in ecological dy-
namics is recognized as a widespread phenomenon with strategic
implications for the management and conservation of ecosystems
(Heino et al., 1997; Liebhold et al., 2004). This stems from the grow-
ing understanding of the multiple dimensions of synchrony in differ-
ent ecosystems (e.g., Larsen et al., 2021; Walter et al., 2021) and the
scaling relationship with ecological stability across organizational
levels (Wang et al., 2019). Based on our results, we draw attention
to three implications relevant to climate change, catchment manage-
ment and biodiversity conservation.

First, the interdecadal community dynamics at Llyn Brianne
add to the increasing evidence for time-dependent biotic syn-
chrony linked to timescales relevant to climate change and fluc-
tuation (Allstadt et al., 2015; Koenig & Liebhold, 2016; Post &
Forchhammer, 2004). Of particular importance is that the NAO
is not just a synoptic ‘package of weather’ (Ottersen et al., 2001;
Stenseth et al., 2003), but also a potential analog of developing
climate change. Specifically, warmer, wetter, and more stormy
winters brought by positive phases of the NAO match some cli-
mate change effects over temperate western Europe. Importantly,
these conditions appear to destabilize invertebrate populations
communities in temperate streams by synchronizing biotic dynam-
ics. Similar effects at Llyn Brianne were documented in previous
analyses, but not with such marked effects at the population, com-
munity and metapopulation scales (Bradley & Ormerod, 2001).
Clarifying the extent to which spatial and community synchrony
in species abundances determine compositional stability is an im-
portant research area (Lamy et al., 2021), but so too is the need to
assess the consequences for ecological function, food-web ener-
getics, population persistence and ecosystem resilience.

Secondly, as a corollary to potential climatic effects on inver-
tebrate community stability, the scale of the mechanisms hints at
catchment management options that could obviate the effects.
Specifically, if warmer, wetter winters destabilize upland inverte-
brate communities through combined effects of discharge, resource
depletion, temperature and hydrochemical variability—for example
acid episodes—then catchment management aimed at flood-risk
management, resource enhancement, thermal damping and reduced

pollution would be beneficial. Judiciously expanding the cover of
natural deciduous woodlands on temperate catchments is already
known to have benefits in some of these respects as a key aspect
of climate change adaptation (Pye et al., 2022; Thomas et al., 2016).
For thermal damping in winter and natural flood management, the
evidence is still equivocal, but considered as an opportunity for land-
scape-scale interventions (Cooper et al., 2021).

Thirdly, the apparent effects of increased functional diver-
sity in reducing synchrony argues for biodiversity conservation
aimed at retaining or restoring composition in stream communities.
Communities supporting more diverse functional traits are more
likely to display independent or compensatory dynamics among
species which respond differently to environmental variation (Feio
et al., 2015). One small caveat from our work is that the reduction
in community synchrony brought by higher functional diversity
was partly driven by the underlying increase in taxonomic richness,
which is known to limit synchrony among species. Nevertheless, fac-
tors that promote synchrony and variability at the metacommunity
scale have key conservation implications as they are likely to hinder
both demographic rescue among subpopulations as well compen-
satory dynamics within communities (Heino et al., 1997; Liebhold
et al., 2004; Wilcox et al., 2017). These effects are still poorly un-
derstood in biodiversity conservation generally, and nor are they
recognized widely.

In summary, we offer this work and its strategic implications as
one of the longest assessments so far of ecological synchrony in
streams and rivers, and the first to reveal the synchronizing effects
of NAO-induced climatic variations on freshwater organisms across
populations, communities and metacommunities.
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