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Summary

1. Indicators of ecosystem status are of increasing importance for management. Many studies

infer associations between the environment and fish communities, but little is known about

how fish community indicators are related to temporal variation in anthropogenic and hydro-

climate drivers, and on what geographical scale, these indicators are representative.

2. Here, we investigate the spatial synchrony of seven indicators of coastal fish community

status among eleven reference sites 2002–2014 in the Baltic Sea. At three of these sites, we

study the temporal covariation between indicators and anthropogenic and hydroclimate

drivers over 25 years.

3. The indicators (abundance of) – Perch, Large Piscivores and Non-perch Piscivores –
showed spatial synchrony over the study scale (100–1000 km), whereas temporal dynamics of

other indicators reflected changes at scales <100 km.

4. At the studied reference sites, temporal changes of indicators were mainly associated with

climate-related hydrological variables, but nutrient-related variables were important in the

northern Baltic Sea. Landings showed no associations with any indicator. Four of the indica-

tors showed evident temporal autocorrelation reflecting an influence of internal popula-

tion/community processes.

5. Synthesis and applications. Environmental status of coastal fish communities in the Baltic

Sea should be assessed and managed at a local scale. The main drivers of fish community

indicators of ecosystem status tend to differ between coastal areas, but among the reference

sites assessed in this study, hydroclimatic variation and internal processes seem to be of

greater importance for the temporal development of indicators than anthropogenic pressures.

Therefore, when assessing the status of coastal fish communities and evaluating management

measures in areas impacted by anthropogenic activities, it is important to account for varia-

tion in salinity, temperature and time lags.

Key-words: anthropogenic drivers, autocorrelation, coastal ecosystems, ecological status, fish

indicators, hydroclimate, management, Mantel correlation, Marine Strategy Framework

Directive, size structure

Introduction

Coastal areas are heavily human-exploited ecosystems

(Lindeboom 2002), and in order to manage coastal sys-

tems sustainably, information on the key drivers for pop-

ulation, communities and functions is crucial. An

increasingly important means by which to characterize the

state and development of marine systems are ecological

indicators (Shin & Shannon 2010). In Europe, indicator-

based assessments have been implemented in regional con-

ventions (HELCOM 2010; OSPAR 2010) as well as in

directives of the European Union, that is the Water

Framework Directive (WFD; European Commission

2000) and the Marine Strategy Framework Directive

(MSFD; European Commission 2008). According to the

MSFD, the state of marine waters in Europe shall be

assessed in relation to eleven descriptors of environmental

status. Each descriptor is associated with indicator-based*Correspondence author. E-mail: orjan.ostman@slu.se
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assessments of whether an ecosystem or its components

have acceptable environmental status, and if not, manage-

ment measures should be implemented (European Com-

mission 2008).

Indicators should preferably represent key features of

ecosystems, but also be sensitive and exhibit fast and pre-

dictable responses to changes in primarily anthropogenic

drivers (Rice & Rochet 2005). The WFD initiated a devel-

opment of fish indicators for assessment of broader eco-

logical status in freshwaters and transitional waters

(estuaries, lagoons; European Commission 2000).

Although fish indicators within the WFD are associated

with anthropogenic pressures, they are typically national

or locally specific, likely a consequence of small systems

with well-defined boundaries (P�erez-Dom�ınguez et al.

2012). In contrast, marine and coastal waters are open

large-scale ecosystem and MSFD indicators need more

generic indicators reflecting key properties of fish commu-

nities over larger areas (HELCOM 2012, 2013). In the

Baltic Sea, MFSD indicator status differs between areas

in respect to anthropogenic influence from, for example,

eutrophication and fishing pressures (�Adjers et al. 2006;

HELCOM 2012), but the temporal development of fish

populations and communities are, however, influenced by

a mix of external drivers, species interactions and internal

population processes (Persson, Bystr€om & Wahlstr€om

2000; Shelton & Mangel 2011). Other studies across the

Northern Hemisphere have suggested that temporal devel-

opment of coastal fish communities is mainly influenced

by large-scale climate changes (Collie, Wood & Jeffries

2008; Howella & Auster 2012; Olsson, Bergstr€om & G�ard-

mark 2012), but impacts of eutrophication are perceivable

(Collie, Wood & Jeffries 2008). To achieve sustainable

management of coastal fish communities, we therefore

need to understand the influence of both hydroclimate

conditions and internal processes relative to the impact of

manageable variables such as fishing pressure and

eutrophication on fish community indicators, something

that has been little explored so far. Moreover, the spatial

scale at which the indicators reflect temporal changes is

basically unknown, a feature that is important both to

identify the relevant scale for management actions and

evaluations and how to organize the spatial network of

monitoring programmes for assessing environmental sta-

tus over larger spatial scales.

The Baltic Sea is a brackish sea characterized by gradi-

ents in salinity, temperature and nutrients (HELCOM

1996) and is affected by several human activities, in

coastal areas most notably eutrophication, fishing and

habitat degradation (�Adjers et al. 2006; HELCOM 2010;

Sundblad & Bergstr€om 2014). Because of the environmen-

tal gradients, coastal fish communities differ in their struc-

ture and species composition between different parts of

the Baltic Sea (HELCOM 2012; Olsson, Bergstr€om &

G�ardmark 2012) calling for species independent indica-

tors. Here, the objective is to understand for seven sug-

gested indicators of coastal fish community status in the

Baltic Sea assessed in reference monitoring sites (with rel-

atively low direct anthropogenic impact) at what geo-

graphical scale, there is a spatial dependency, and what

are the drivers of the temporal dynamics of indicators.

This is pivotal knowledge to develop management mea-

sures, understanding temporal changes in indicators and

correctly assess environmental status in general, but also

in anthropogenically impacted fish communities.

Materials and methods

Fish community data were compiled from reference monitoring

sites along the Swedish East coast (Fig. 1; see also Appendix S1,

Supporting information). Reference sites are representative for

the coastal zone in the area, include nursery habitat (i.e. local

reproduction) and are not directly impacted by locally high

anthropogenic effluents or activities. They are open for fisheries,

but situated in relatively low-populated areas with anticipated

low local fishing mortality (Neuman, Sandstr€om & Thoresson

1992).

The indicators studied here have been proposed for use in the

assessment of good environmental status according to Descriptor

1 (Biodiversity) of the MSFD in the Baltic Sea or at national

Swedish level (Swedish Agency of Water Management 2012,

HELCOM 2013) to reflect the following generic aspects of the

fish community: (i) abundance of key species, (ii) size structure,

(iii) function, and (iv) diversity (Table S1; HELCOM 2012).

Perch and Large Perch indicators reflect the abundance (number)

and size of a key species in the area, the perch (Perca fluviatilis;

Olsson, Bergstr€om & G�ardmark 2012). A lower length limit of

25 cm was applied for Large Perch since perch become predomi-

nantly piscivorous on fish age 1+ at this size (Mustam€aki, Ceder-

berg & Mattila 2014; Jacobson 2015) and is targeted by

commercial fisheries. Cyprinids indicate the abundance of fish

within the family Cyprinidae, which is a dominating taxon in the

functional group of mid-trophic level (zoobenthivorous) demersal

fish (Olsson, Bergstr€om & G�ardmark 2012; Snickars, Weigel &

Bonsdorff 2015). Large Piscivores is the abundance of all piscivo-

rous species (trophic level ≥4 according to FishBase; Froese &

Pauly 2014) ≥30 cm. Mean Trophic Level is the average species-

specific trophic levels derived from FishBase (Froese & Pauly

2014) weighted for the relative abundance of species in the catch.

As perch is the dominant piscivore in these communities (Perch

explain >95% of the variation of total abundance of all pisci-

vores), we also included Non-perch Piscivores as an indicator rep-

resenting the abundance of piscivores other than perch; pikeperch

(Stizostedion lucioperca), cod (Gadus morhua), pike (Esox lucius),

turbot (Psetta maxima) and burbot (Lota lota). Non-perch Pisci-

vores was not meaningful to calculate for the reference site

Holm€on because of too low abundance of non-perch piscivores.

Diversity is the Shannon diversity index (Shannon & Weaver

1948) based on the relative abundance of species at each site and

year. Mean Trophic Level and Diversity are often based on bio-

masses, but weights were missing from the reference sites Fors-

mark and for some years at Holm€on. At the reference site

Kv€ad€ofj€arden where species-specific catch weights are available,

there was a linear correlation between indicator values over time

when calculated based on abundance and biomass (Mean Trophic

Level: r = 0�93; Diversity: r = 0�75) suggesting indicators based on

abundances well reflect changes in biomass. For consistency, we

used abundance-based indicators in all sites.
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DRIVERS

Catches in passively catching monitoring nets can be dependent

on temperature at fishing (Linløkken & Haugen 2006) causing

environmental noise in catches. A potential trend in water tem-

peratures may, however, influence recruitment and mortality

(Olsson, Bergstr€om & G�ardmark 2012), which is of interest.

Therefore, we accounted for the variation in temperature at fish-

ing around the long-term trend by using the standardized residu-

als from a linear regression between water temperature at fishing

and year for each site (Table S2). We used these residuals as our

estimate of the deviance in water temperature at fishing between

years (TempDev) as a covariate in further analyses.

We divided environmental variables into two groups: (i) hydro-

climate drivers, and (ii) anthropogenic-related drivers. This divi-

sion is ambiguous but refers to whether temporal variation can be

linked to anthropogenic-induced variation or not. Hydroclimate

drivers were average summer water temperature in the study area

(Temp), offshore salinity (Salinity) and the Baltic Sea Index (BSI).

The Baltic Sea Index is a climate variable of the regional oceano-

graphic conditions over the Central Baltic Sea, measured as the

difference in standardized sea-level pressure between Szcecin

(Poland) and Oslo (Norway). Positive BSI conforms to westerly

winds and warmer waters in the Baltic region, whereas negative

values represent easterly winds and lower water temperatures

(Lehmann, Krauss & Hinrichsen 2002; M€ollmann et al. 2009).

Anthropogenic-related drivers were Secchi depth (Secchi),

nitrogen (Nload) and phosphorus loads (Pload), dissolved nitro-

gen (DIN) and phosphorus (DIP). A detailed description of dri-

ver variables is available in Table S3 and Olsson, Bergstr€om &

G�ardmark (2012). Nload and Pload are the estimated annual ter-

restrial run-off of nitrogen and phosphorus to the coastal zone

per county (75–150 km coastal zone) in which the monitoring site

is situated (Fig. 1; Table S3). Secchi is an estimator of local water

transparency, which decreases with eutrophication and turbidity.

Salinity, DIN and DIP are the measured practical salinity unit

and concentrations of dissolved nutrients in offshore samples

(100–200 km outside the coast; Fig. 1). There is no long-term

monitoring data available from the coast, but offshore data likely

reflect long-term variation at the coastal zone as >90% of water

each year comes from surrounding water bodies (Dimberg &

Bryhn 2014).

Fig. 1. Map of the location of monitoring

sites along the Swedish Baltic Sea coast.

All sites but Vin€o were used in the analysis

of spatial synchrony (squares), and circles

are the long-term monitoring sites, where

Vin€o was used to validate the results from

Kv€ad€ofj€arden. Triangles are the offshore

stations for measuring dissolved nitrogen

and phosphorus associated with respective

reference fish monitoring site.
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Reference monitoring sites are situated in areas with low local

fishing pressure. To account for any temporal variation at large

scales in fishing pressure, we included landings of commercial

coastal fisheries. We used two types of variables for landings (see

Appendix S2). First Landings of commercial coastal fisheries (ves-

sels <12 m) reported in a 60 9 60 km2 area (ICES rectangle).

For the indicators Perch and Large Perch, we used landings of

perch; for the indicators Cyprinids, Large Piscivores, Mean

Trophic Level and Diversity, we used the landings of cod, perch,

pike and pikeperch; and for the indicator Non-perch Piscivores,

we used the landings of cod, pike and pikeperch. Secondly, as

landings may increase with stock sizes, we calculated Landing

Residuals, which are the residuals from a linear regression

between annual landings and CPUE of the species in the moni-

toring data (see Appendix S2).

In the spatial analyses, we only use Landings of all piscivorous

fish as this was well linearly correlated with both annual catches

of perch (r > 0�65), non-perch piscivores (r > 0�89) and Landing

Residuals (r > 0�4).
All driver variables but landings were applied as three-year

(backwards) moving averages to integrate them over the approxi-

mate time before fish have reached the size for being caught in

the monitoring nets (most species are in their third calendar year

when they reach 12–14 cm). Year-specific data were used for

landing variables as fishing has a potential immediate effect on

indicator values. Variance inflation factor (VIF) of drivers was

low to moderate (VIF ≤ 4; Table S4) meaning that colinearity

among driver variables may maximum double standard errors of

parameter estimates in linear regressions. The strongest linear

correlation was found between Nload and Pload (r = 0�65), and
between Temp and Salinity (r = �0�48).

SPATIAL SYNCHRONY

An overview of analyses is available in Fig. S1. We estimated

spatial synchrony of indicators as the average pairwise Pearson

correlation coefficient (rp) between all eleven sites 2002–2014.

Confidence intervals (CI) were calculated from all pairwise corre-

lation coefficients. To calculate how spatial synchrony among

sites relate to distance, we regressed rp of indicators over the pair-

wise Euclidean distances between sites. As similar temporal trends

in water temperature at fishing between sites may affect the syn-

chrony of indicators, we used the Pearson correlation coefficients

of water temperature at fishing between sites as a covariate in

partial Mantel correlation (rM), using the ‘vegan’ package for R

(Oksanen et al. 2013). That is, how much of the temporal corre-

lation between sites remains after correcting for the correlation in

temperature at fishing. Negative rM suggests indicator values are

correlated over some spatial scale, but synchrony decays with dis-

tance because of similar degree of density dependence, dispersal

among sites or nearby sites have similar environmental changes

than more distant sites. rM close to zero indicates no spatial

structure over the spatial scale studied here.

rp assumes linear relationships of variables between sites, which

is unknown. We therefore complement with the coefficient of

concordance (Kendalls’s W) that measures synchrony of rank dis-

tributions between sites (Buonaccorsi et al. 2001). W ranges 0–1,

where one means perfect synchrony among sites, and zero that

all years have identical average ranks. To estimate confidence

intervals of W, we sequentially removed one site at time and

recalculated W and calculated CI from the standard deviation

(SD) of recalculated W: CI = ta 9 SD/√Sites. The expected W

from a random distribution is 1/site and expected CI was calcu-

lated from 100 randomizations of rank orders.

To study the spatial synchrony of driver variables that may

explain spatial synchrony of indicators, we only had data from

the four long-term study sites. We did pairwise Pearson correla-

tions between these sites for each driver (Table S5) to study

whether changes in driver variables have been similar (regional

changes) or independent (local changes) among sites.

ASSOCIAT IONS BETWEEN INDICATORS AND DRIVERS

Prior to analysis indicator and driver variables were loge-trans-

formed, except BSI and TempDev (both indices), to reduce the

influence of high values and to improve normality of the data.

To study the association among studied variables from all three

sites with the longest time series (Kv€ad€ofj€arden, Forsmark and

Holm€on; see Appendix S1), we did a principal component analy-

sis of all indicator and driver variables. All variables were stan-

dardized (z-transformed, that is mean = 0, SD = 1) within each

site to remove differences in raw means across sites.

To assess time lags (k) of indicators, we used standardized indi-

cator values within each site using partial autocorrelation func-

tions (PACF). For k = 1, the PACF shows the autocorrelation

between times t and t�1. For lags k ≥ 2, a PACF shows the tem-

poral autocorrelation when controlling for all shorter lags (Berry-

man 1992). Lags with PACF(k) > 0 suggests that the residuals

from indicator values at time t and indicator values at time t–

k�1 are correlated with indicator values at time t–k.

We used standardized indicator and driver variables within

each site to study associations between driver variables and each

indicator separately with site as a random factor, implemented in

R 3.1.1 and the ‘lme’ function in the nlm package (Pinheiro et al.

2014). If PACF(1) > 0�2 (corresponding approximately to

P < 0�05), for an indicator, we added an AR(1) (or larger if nec-

essary) autocorrelation term, φ (indicator value at time t was

modelled as a function of the indicator value at time t�1). φ is

an estimator of temporal autocorrelation of an indicator not

explained by extrinsic variation in driver variables, that is, a sig-

nal of temporal autocorrelation in internal processes or any

unmeasured extrinsic environmental variable. Positive φ means

indicator value at t is dependent on the indicator value at t�1,

whereas φ=0 indicates no temporal dependence. Negative φ
could indicate negative feedback processes. We used a backward

model selection procedure where driver variables and TempDev

were removed until the finite sample size correction of Akaike

information criteria, AICc (Burnham & Anderson 2002), of the

model could not be improved further. The variable that had the

smallest t-value was removed at each step. Landings were only

allowed to have negative effects on Perch, Large Perch, Non-

perch Piscivores and Large Piscivores as it otherwise indicates lar-

ger catches with higher abundances.

To estimate the amount of variation driver variables

explained in indicator values, we used the adjusted R2 values of

the final model in a multiple linear regression with the driver

variables and eventual φ and TempDev terms as explanatory

variables compared with the adjusted R2 values from a model

with only intercept, and eventual φ and TempDev terms, that

is, the additional variation explained by driver variables after

removing temporal autocorrelation and deviance of temperature

at fishing.

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology
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To study whether the relative importance of drivers differed

among sites, we studied associations between driver variables and

each indicator within each of the three sites separately. We used

the same method as above with loge-transformed variables and

without a random effect. To assess the generality of the models,

we tested the predictability of the best model derived for

Kv€ad€ofj€arden by applying it to the data from the nearby Vin€o

site, situated ca 50 km from Kv€ad€ofj€arden and with similar tem-

poral environmental change (Table S5) and fish community. The

time series at Vin€o is shorter (1995–2013) than at Kv€ad€ofj€arden

(1987–2013), so it does not cover the same variation in driver

variables. For each indicator, we used the respective final model

from Kv€ad€ofj€arden and tested their significance for predicting

temporal variation in indicators at Vin€o.

Results

SPATIAL SYNCHRONY

Perch was the only indicator showing on average positive

synchrony at this scale, whereas Non-perch piscivores and

Large piscivores showed a significant spatial structure in

synchrony, that is temporal development of the indicators

were more similar among nearby sites (Table 1; Figs 2

and S2). For Non-perch piscivores, sites within 150 km

showed a stronger correlation than expected by chance,

and for Large piscivores, there was spatial autocorrelation

within a distance of 400 km. The other indicators showed

no spatial synchrony or structure in synchrony at the

100–1000 km scale studied here (Table 1; Fig. S2).

Drivers showed stronger spatial synchrony, especially

the climate-related ones (Table S5). Nutrient loadings

were also positively correlated between the two Bothnian

Sea sites (Holm€on and Forsmark) and between the nearby

Kv€ad€ofj€arden and Vin€o. Offshore dissolved nutrients

(DIN, DIP) and Secchi showed no consistent correlations

across sites, whereas Landings were only positively corre-

lated among Forsmark, Kv€ad€ofj€arden and Vin€o.

ASSOCIATIONS BETWEEN INDICATORS AND DRIVERS

The four-first PC axes, including both indicators and dri-

vers, explained 57% of the total variation (Fig. 3). The

indicators Perch, Mean Trophic Level, Non-perch Pisci-

vores, Large Perch and Large Piscivores were mainly

associated with changes in temperatures along the first PC

axis. Diversity sorted out with DIP and Nload on the sec-

ond axis, the third axis differentiated between Cyprinids

at one end and Mean Trophic Level and Non-perch Pisci-

vores at the other end together with Nload and Pload,

whereas Secchi sorted with Perch and Large Piscivores on

the fourth axis.

Partial autocorrelation function analysis (PACF) sug-

gested that except for Large Perch (negative four-year

lag), there were only one-year time lags PACF > 0�2
(Fig. S3). The AR(1) term, φ, had the large DAICc for

three indicators when all three sites were included in the

same analysis (Table S6). For each site separately, DAICc

of φ varied between sites for the same indicator

(Table S7), but not in any consistent manner.

Perch and Diversity that did not show autocorrelation

at any time-lag were associated with the deviance of water

temperature at fishing (Table S6). For all sites combined,

Temp was the most frequently included driver (four times)

in the final models (Table S6, Fig. S4). Salinity, Secchi

and BSI contributed to explaining variation in two indica-

tors each, and Pload and Nload one indicator each

(Table S6, Fig. S4). Landings, Landings ResidualsDIN and

DIP did not contribute to explaining variation for any

indicator (Table S6). Variables related to hydroclimatic

conditions (Temp, Salinity and BSI) had the largest

DAICc for Perch, Large perch, Large piscivores, Cyprinids

and Mean Trophic Level (Table S6). The explanatory

power of the final models was in the interval of 5–28%
(Table S6).

When analysed per site, hydroclimatic variables drivers

were again most frequently included in the models

(Table S7). In the southernmost site, Kv€ad€ofj€arden, Temp

explained most variation in six of the seven indicators,

and BSI was included in four of the final models. In Fors-

mark, either or both Temp and Salinity explained varia-

tion in five of the indicators, and nutrient or Secchi was

represented in six of the final models. At Holm€on, the

northernmost site, Salinity was represented in three of the

indicator models, and nutrient or Secchi was included in

five of the final models. Thus, summer temperature

seemed to become less important with increasing latitude,

in favour of an increased importance of salinity- and

nutrient-related variables.

Table 1. Average (�CI) spatial synchrony of indicator variables among 11 sites between the years 2002–2013

Perch Large perch Cyprinids Non-perch piscivores Large piscivores Mean trophic level Diversity

Ave rp 0�20 � 0�06 0�03 � 0�08 �0�03 � 0�09 �0�01 � 0�08 0�04 � 0�11 0�02 � 0�09 0�06 � 0�13
WI 0�22 � 0�05 0�06 � 0�03 0�09 � 0�07 0�07 � 0�03 0�14 � 0�05 0�09 � 0�05 0�11 � 0�04
rM �0�11 0�07 �0�07 �0�37 �0�42 �0�01 0�01

Ave rp is average Pearson correlation between yearly changes in indicator values (loge-transformed) among sites, and WI is the coefficient

of concordance based on rank data of indicator values. rM is the partial Mantel correlation between indicator values and distances

[loge(km)] corrected for correlations in temperature between sites. Numbers in bold indicate P < 0�05. The distribution

WI = 0�09 � 0�068 (CI) is used as the null distribution calculated from 100 random iteration of rank distributions at each of the eleven

sites (See Table S1 for description of indicators).

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology
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The explanatory power of the final models of drivers

varied across sites and indicators. At Kv€ad€ofj€arden dri-

vers explained >50% of the temporal variation in most

(five) indicators (Table S7). In Holm€on the explanatory

power of drivers never exceeded 28% and in Forsmark it

ranged from 10% to 60%. In general the qualitative pat-

tern (i.e. positive or negative association) between drivers

and indicators was consistent across sites. However, some

of the drivers had qualitative different associations with

the same indicator between sites. For example, Salinity

showed a negative relation with Large piscivores in

Holm€on and Forsmark but a positive relationship in

Kv€ad€ofj€arden. The final models from Kv€ad€ofj€arden

applied to the Vin€o data had adjusted R2 > 15%, except

for Mean trophic level (adj. R2 = 10%), and up to 41%

(Non-perch piscivores).

Discussion

Indicators of environmental status are of increasing

importance for management objectives and evaluations of

management measures for marine ecosystems (European
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Commission 2008). Here, we show that the temporal

changes of several suggested indicators for coastal fish

communities in the Baltic Sea reflect local (<100 km)

changes between reference sites, despite that related dri-

vers showed similar trends over the whole study area. In

these reference sites, the temporal development of indica-

tors was mainly related with changes in hydroclimate vari-

ables and temporal autocorrelation. Thus, these indicators

are mainly reflect changes at smaller geographical scales;

moreover, hydroclimate variables and time lags should be

accounted for in assessments of ecological status and

management measures, otherwise risking obscuring effects

of anthropogenic-induced drivers.

SPATIAL ASPECTS

The low spatial autocorrelation of many indicators,

despite (hydroclimate) driver variables showed spatial syn-

chrony, suggests that the indicators mainly reflect local

community dynamics, like local cohort effects, or small-

scale temporal variation in environmental conditions. At

the scale of the Baltic Sea, many indicators have to be

species independent, which all indicators but Perch and

Large Perch were here. Generic indicators can be expected

to show lower degree of spatial synchrony than species-

specific indicators because of species-specific responses to

environmental variation. Still, all sites studied here are

characterized by the same dominant species (perch and

roach) although sites may face different ecological condi-

tions, for example different piscivorous species, relative

abundance of plankton and benthic feeding species, caus-

ing variable responses to larger scale temporal variation

in hydroclimate variables. Most indicators, however,

showed low synchrony already around 100 km between

sampling sites, where species composition and likely eco-

logical conditions are similar. Perch was the only indica-

tor with a sign of regional synchrony. As perch display a

genetic structure over distances <100 km (Olsson et al.

2011), this probably reflects a common response to large-

scale environmental factors, rather than through density

dependence or dispersal. Non-perch Piscivores and Large

Piscivores displayed a spatial structure in synchrony, on

scales up to 150 and 400 km, respectively. Also Strecker

et al. (2011) found that piscivores in Lake Huron

responded stronger to larger scale temporal variation than

other functional fish groups. In our study, the dominant

species of Non-perch Piscivores differ between sites (pike

in the north, pikeperch in the middle and cod in the

south) so that different responses to hydroclimate varia-

tion likely results in a low synchrony among sites. As

most indicators here seem to reflect changes in fish com-

munities on a scale <100 km, they are probably suitable

as indicators of small-scale anthropogenic disturbances,

whereas piscivore indicators seem to more reflect changes

on scales up to 400 km.

IND ICATORS AND DRIVERS

The temporal development of coastal fish community

indicators in these reference sites was strongly correlated

with changes in hydroclimate variables than in anthro-

pogenic drivers. There is, to our knowledge, no study

available of associations between marine indicators and

driver across several sites, but temperature and salinity

have been suggested to drive fish community changes also

in other coastal areas (Collie, Wood & Jeffries 2008;

Howella & Auster 2012; Olsson, Bergstr€om & G�ardmark

2012; Snickars, Weigel & Bonsdorff 2015), as well as in

Baltic Sea offshore ecosystems (M€ollmann et al. 2009).

The qualitative association between hydroclimate vari-

ables and indicators was not always identical between

sites, likely reflecting species-specific responses to hydrocli-

mate variation at the different sites. For example, cod in

the southern part being favoured by a higher salinity

whereas the species of freshwater origin in the northern

sites may be disfavoured by increasing salinity.

The anthropogenic-influenced variables, nutrients and

landings had to be assembled on a much larger scale than

the monitoring sites, representing changes at a more

regional scale, and we cannot exclude that small-scale

temporal variation may have caused temporal variation in

indicators. Nutrient variables did exhibit stronger rela-

tionships when each site was analysed separately. A rea-

sonable explanation for this is more small-scale changes
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of nutrients relative hydroclimate variables. There were

also different aspects of nutrients associated with the same

indicator in the different sites (Table S7). Whether the dis-

crepancy at different sites depends on spurious associa-

tions within sites, or that it is different aspects of the

nutrient status (nitrate, ammonia, phosphate, stoichiome-

try, etc.) that is of significance at different sites is an open

but important question.

Fishing is permitted in the reference, but we did not

find any correlation between landings and the indicators.

Landings and Landing residuals are proxies for fishing

mortality in the absence of estimates of stock biomass

and are calculated for larger spatial scales than the moni-

toring sites. Recreational fisheries, for which we lack data,

harvest substantially more than commercial fisheries of

perch, pikeperch and pike species included in this study,

for example (€Ostman et al. 2013; Karlsson et al. 2015).

This highlights the problem of lacking estimates of bio-

mass or fishing effort (of commercial and recreational

fisheries) to evaluate fishing effects for coastal stocks.

Instead, we have to rely on trend analyses to evaluate the

effects of changes in fishery management.

The final models when all three sites were included

explained up to 30% of the temporal variation, but when

assessed separately up to 70%. This discrepancy across

scales may partly related to the fact that several indicators

are comprised by different species at the different study

site that may respond differently to the variation in driver

variables. But also the species-specific Perch and Large

Perch showed considerable variation between sites in

which driver best explained temporal development and

amount of variation explained. One explanation for the

relatively low degree of overall explanation is that we may

lack important drivers in the analyses due to lack of data

at adequate scale. For example, cormorants and seals that

have expanded are not been considered here, but may

influence abundance of perch (€Ostman et al. 2012, 2013)

and pikeperch (Mustam€aki et al. 2014).

The partial autocorrelation functions revealed evident

temporal autocorrelation for some indicators after con-

trolling for temporal environmental variation. This sug-

gests that time lags originating from internal dynamics

may slow down or buffer indicators against changes in

driver variables. Here, we used three-year moving average

to integrate driver variables over time. Thus, it can take

several years until an environmental change is manifested

as an indicator response, and quite long or intensive mon-

itoring may hence be required for detecting significant

temporal trends between drivers and indicators in refer-

ence sites.

Although only the final models from Kv€ad€ofj€arden

could be validated by independent data from the nearby

Vin€o site, the results of this validation show that adjusted

R2 values tended to be in the order up to 30%. Although

R2 values were considerably higher in Kv€ad€ofj€arden, this

is still in parity of studies of temporal changes in coastal

fish communities (e.g. Collie, Wood & Jeffries 2008;

Howella & Auster 2012; Olsson, Bergstr€om & G�ardmark

2012; Snickars, Weigel & Bonsdorff 2015) and suggests

some generality of the findings across nearby monitoring

areas.

MANAGEMENT PERSPECTIVES

Coastal ecosystems are of societal, economic and ecologi-

cal importance, and there is a need for efficient manage-

ment tools in order to follow the effects of multiple

impacting drivers, including human activities, on coastal

ecosystems. The indicators investigated here were primar-

ily chosen to reflect generic desirable ecological and soci-

etal features of coastal fish communities, that is

abundance and size structure of key species, functional

groups and species diversity, giving an ecological comple-

ment to direct measurements of the pressure levels per se.

All indicators except Perch show low or no spatial syn-

chrony across areas although several of the investigated

drivers do. That most of the studied indicators are generic

and not species specific may contribute to a lower spatial

synchrony as different species may respond differently to

variation in drivers. On the other hand, generic indicators

are necessary in order to achieve a coherent assessment

over large environmental gradients such as in the Baltic

Sea. The implication of the low synchrony is nevertheless

that the status of coastal fish communities in the Baltic

Sea should mainly be assessed on a local geographical

scale and that overall environmental status is better

assessed from an extended network of monitoring sites

rather than a few but intensively studied monitoring sites.

This is also important for avoiding assessments being con-

tingent on local internal dynamics or random effects.

The observed time lags for some indicators suggest that

there is an important internal dynamics in fish popula-

tions or communities important to consider. The response

time in relation to different measures can potentially be a

couple of years due to internal population processes, and

hydroclimatic variation may affect between-year variation.

The assessment period of 6 years applied in relation to

the MSFD (European Commission 2008) is likely enough

to encompass this, whereas evaluations over shorter peri-

ods should consider the influence of internal processes.

Indicators generally showed stronger associations with

hydroclimatic variables and internal dynamics than with

anthropogenic drivers in these reference sites. Stronger

associations between anthropogenic drivers and indicators

would of course have been desirable from a management

perspective. The link between anthropogenic drivers and

indicator values is here likely weakened by: (i) a low con-

trast of anthropogenic drivers in reference sites over the

time period, that is no ‘severe anthropogenic state’, or (ii)

the mismatch of spatial scales of drivers and indicators.

More site and species-specific indicators may respond

more strongly to changes to specific drivers (Olin et al.

2002), but may face the issue of only being applicable in a

limited part of the Baltic Sea. Moreover, some of the

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology
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indicators studied here show spatial variation related to

variation in eutrophication (e.g. Cyprinids, Diversity) and

fishing pressure (piscivore indicators; �Adjers et al. 2006;

HELCOM 2012). Thus, no indicator should be rejected

based only on this study of large-scale environmental vari-

ation among reference sites. The important message is,

however, that hydroclimate variation, especially tempera-

ture, and temporal autocorrelations should be accounted

for in assessment of ecological status and evaluating man-

agement measures.

As it a priori is difficult to predict when and where

hydroclimate variables may be important, hydroclimate

variables and internal processes (time lags) should be

accounted for in the general status assessment over larger

areas, most importantly temperature, which is easily mea-

sured or accessible. This applies to both geographical

comparisons of coastal fish communities and temporal

development of indicators in relation to changes in human

activities/management. How to encompass this is the next

step, but as hydroclimate variables showed relative high

spatial synchrony, regionwide data of hydroclimatic vari-

ables may be useful as covariates in future assessments.
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