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ABSTRACT

Seafloor ecosystems play pivotal roles in biogeo-

chemical cycling, but hypoxia (O2 < 2 mg l-1) is

changing the way they contribute to ecosystem

function on a global scale. A major issue for miti-

gation of eutrophication-driven hypoxia is the

continued release of phosphorus and nitrogen from

sediments. Nutrient cycling is affected by sediment

characteristics, benthic communities, and oxygen

conditions, but the context dependency of these

processes in natural ecosystems is poorly known.

The Baltic Sea is naturally a low-diversity system,

where hypoxia has further decimated the benthic

communities. To investigate how oxygen condi-

tions affect the relationship between benthic fauna

and nutrient fluxes across the sediment–water

interface, we conducted macrofaunal sampling and

measurements of benthic oxygen and nutrient

fluxes (NO3
-, NO2

-, NH4
+, PO4

3-, SiO4) at 26 sites

across the entire north–south salinity gradient of

the Baltic Sea (>1200 km). This broad-scale sam-

pling confirmed the strong salinity-driven diversity

gradient and large spatial variations in oxygen

conditions, which affected the status of the benthic

communities. Benthic nutrient fluxes varied sev-

eral orders of magnitude, both between sea areas

and along gradients of hypoxia within areas.

DistLM modeling indicated that benthic fauna can

affect nutrient cycling, also under hypoxic condi-

tions, with the invasive polychaete Marenzelleria

spp. being particularly important. However, as the

oxygen content decreases—even slightly—the

subsequent changes in the faunal abundance and

functional diversity may influence the nature and

the rate of fluxes. These results imply that man-

agement targets for oxygen concentrations need to

be raised to sustain healthy ecosystem functioning

and to facilitate the recovery of large degraded sea

areas.
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INTRODUCTION

In the face of global species loss, understanding the

influence of biodiversity on ecosystem functioning

is becoming increasingly important (Cardinale and

others 2012). Less attention, however, has been

paid to how organisms’ contribution to ecosystem

functioning changes as the environmental condi-

tions deteriorate. Such degradation does not nec-

essarily entail species loss, but rather changes in

abundance, biomass, and dominance patterns

(Chapin and others 1997). Indeed, exploring

changes in natural communities across environ-

mental disturbance gradients may yield significant

insights into how species and their relative domi-

nance may affect ecosystem functioning in a con-

text-dependent manner (Dayton 1971; Polis and

others 1996; Larsen and others 2005; Snelgrove

and others 2014; Allgeier and others 2015).

Marine benthic communities are seriously

threatened by the exponential spread of hypoxia

(low oxygen concentrations, <2 mg l-1 O2) that

has been observed worldwide since the 1960s as a

consequence of increased nutrient loading to the

coastal zone due to poor wastewater treatment and

extensive agricultural practices with increased fer-

tilizer use (Diaz and Rosenberg 2008; Rabalais and

others 2010). As the spatial extent of these problems

increases, they become more difficult to resolve and

our focus needs to encompass both the nutrient

loading and the ability of the receiving ecosystem to

process, assimilate, or export these nutrients. One

major issue for mitigation of eutrophication and

hypoxia is the continued recycling of phosphorus

and nitrogen from sediments. In particular, the

benthic efflux of phosphate is enhanced under hy-

poxic conditions (Mortimer 1941; Ingall and others

1993; Slomp and others 2002; Reed and others

2011), which may fuel larger algal blooms and per-

petuate the problem (Vahtera and others 2007).

Although many links between hypoxia, degraded

benthic fauna, and sediment nutrient release have

been identified (Karlson and others 2007), we lack

in our understanding of the relevant larger-scale

feedback mechanisms, which may be particularly

important for ecosystem resilience and remediation

efforts (Kemp and others 2009; Norkko and others

2012; Carstensen and others 2014; Snelgrove and

others 2014).

Soft-sediment habitats are important in the glo-

bal cycles of elements and energy. For instance,

approximately 30% of the primary production in

the world’s oceans takes place over shelf and

coastal sediments (Berger and others 1989) and up

to 50% of this production may reach the sediments

(Wollast 1991). The benthic macrofauna inhabiting

these sediments provide important ecosystem ser-

vices, by providing food for higher trophic levels,

through their habitat engineering, and their effects

on benthic–pelagic coupling and sediment biogeo-

chemistry (Rhoads 1974). Bioturbation and bioir-

rigation (that is, sediment mixing and ventilation)

by infaunal species enhance oxygen penetration

into the sediments and thus influence all oxygen-

dependent processes in the sediment, including

organic matter mineralization through stimulation

of microbial activity, and nutrient cycling (Levin-

ton 1995; Aller and Aller 1998; Meysman and

others 2006; Glud 2008). Eutrophication and hy-

poxia affect benthic communities in complex ways,

with generally increasing biomasses at early stages

of organic enrichment followed by community

collapse when hypoxia and anoxia develop (Pear-

son and Rosenberg 1978; Grall and Chauvaud

2002; Levin and others 2009; Timmermann and

others 2012). Given the role of infauna in affecting

the flux of energy and matter across the sediment–

water interface, it is likely that loss of diversity and

in particular abundant key species with increasing

hypoxia will adversely affect or fundamentally shift

the nature of ecosystem functioning, for example,

in terms of nutrient cycling (Conley and others

2009; Norkko and others 2013; Villnäs and others

2013). Therefore, the status (condition/diversity) of

benthic communities should be important for

ecosystem functioning, with a potentially dimin-

ished role for benthic macrofauna under stressful

conditions.

The strength, direction, and relative importance

of the relationship between benthic community

structure and ecosystem function (measured, for

example, as nutrient fluxes across the sediment–

water interface) is, however, likely to be highly

context dependent (Snelgrove and others 2014). A

range of environmental factors such as tempera-

ture, wave exposure, salinity, sediment type,

mineral content, and habitat heterogeneity are

likely to influence these relationships (Norkko and

others 2006; Hewitt and others 2008; Hiddink and

others 2009; Godbold and others 2011). Never-

theless, the majority of studies of the relationship

between benthic fauna (usually species diversity)

and ecosystem function have been conducted ei-

ther in the laboratory or at only one or a few field

sites, encompassing only a limited range of envi-

ronmental variability. The need to expand the

spatial and temporal extent of studies to include

larger ranges of environmental variables and

stressors is starting to become recognized (Dyson
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and others 2007; Godbold and Solan 2009; Hid-

dink and others 2009; Braeckman and others

2014), with a particular need for field studies with

natural communities, where the scale of individ-

ual species effects and health of individuals may

vary (Volkenborn and others 2010; Villnäs and

others 2013). Moreover, disturbance history is

likely to affect sediment properties and the struc-

ture of resident communities due to non-random

species loss targeting vulnerable species and

causing dominance by more tolerant and rapid

colonist species. As faunal effects on sediments

and chemical fluxes are dependent on functional

traits, such as mobility, bioturbation mode, bur-

rowing depth, and feeding mode (Solan and oth-

ers 2004), shifts in ecosystem function are likely

to occur in areas subjected to different frequencies

and extent of hypoxic disturbance (Levin and

others 2001; Villnäs and others 2012, 2013).

Functional redundancy in high-diversity systems

may allow benthic communities to retain their

role in ecosystem function (Yachi and Loreau

1999; Loreau and others 2001), but in a low-di-

versity system such as the Baltic Sea, functions are

performed by a restricted range of species with

little redundancy (Villnäs and Norkko 2011;

Norkko and others 2013; Villnäs and others 2013).

Therefore, we would predict that under good

oxygen conditions the benthic fauna would be

unaffected and would drive nutrient fluxes,

whereas under poor conditions, environmental

factors (particularly oxygen content) would drive

fluxes and the decimated benthic fauna would

have little effect on fluxes.

In this study, we investigate the relationship

between benthic fauna and nutrient fluxes across

the sediment–water interface, and how this may

vary with hypoxia. We conducted a comprehensive

set of benthic nutrient flux measurements across

the entire salinity gradient of the open Baltic Sea,

from the Arkona Basin in the south to the Both-

nian Bay in the north. We also sampled along

distinct hypoxic disturbance gradients within three

different geographic areas with differing, salinity-

driven natural background diversity. With this

extensive field-sampling program, we tested the

role of macrofaunal diversity, abundance, biomass,

and bioturbation potential in ecosystem function-

ing in terms of nutrient fluxes across the sediment–

water interface. We then identified likely relation-

ships between benthic fauna and nutrient fluxes

across gradients of hypoxia and how the history of

hypoxic stress (that is, the status of the community)

may affect these links.

METHODS

Baltic Sea Benthic Communities

The Baltic Sea is one of the largest brackish-water

ecosystems in the world (Figure 1), with strong

north–south gradients in salinity, temperature, as

well as sea-ice cover (ice cover each winter for 3–

5 months in the north, whereas ice only rarely

forms in the south). Eutrophication is one of the

main problems in the Baltic (HELCOM 2009b).

More or less permanently hypoxic (<2 mg l-1 O2)

zones in the open Baltic Sea occupy up to

80,000 km2 and are largely devoid of any benthic

macrofauna (Karlson and others 2002; Conley and

others 2009; Carstensen and others 2014). Although

salinity sets the limits for benthic macrofaunal

diversity in the Baltic Sea and the number of func-

tional groups is low (Bonsdorff and Pearson 1999;

Villnäs and Norkko 2011), bottom-water hypoxia is

currently the main factor structuring the benthic

communities in the Baltic Proper and Gulf of Fin-

land (Karlson and others 2002; Conley and others

2009). Hypoxia is not a problem in the Bothnian

Bay and Bothnian Sea, since a sill prevents hypoxic

water from entering from the south and there is no

major problem with eutrophication. Nevertheless,

signs of eutrophication are starting to be noticed also

in the Bothnian Sea (Lundberg and others 2009).

Abundances and biomasses of Baltic open sea

benthic communities are highly variable, both

spatially and temporally (HELCOM 2009a).

Macrofaunal diversity also increases with salinity

from north to south, and species composition

changes over time, both through natural changes

in salinity and through the spread of introduced

species (Villnäs and Norkko 2011). The most no-

table new soft-sediment invaders are the spionid

polychaetes Marenzelleria spp., now occurring with

at least three sibling species (Blank and others

2008), which have spread throughout the Baltic

since the first record of M. viridis in the 1980s (Bick

and Burckhardt 1989). It is now established as one

of the dominant genera in benthic communities in

the northern Baltic Sea (Kauppi and others 2015),

with subsequent potential for significant ecosystem

effects on nutrient cycling (Josefson and others

2012; Norkko and others 2012). Notably, Maren-

zelleria spp. is able to tolerate low oxygen concen-

trations (Schiedek 1997).

Area and Sampling

Sampling of benthic fauna and nutrient fluxes was

conducted on-board R/V Aranda in conjunction
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with the annual Finnish/HELCOM benthic moni-

toring, covering all the major sub-basins of the

open Baltic Sea. The sampling was done at 26 sites

in late May–early June 2009, after the spring bloom

(Figure 1). All sites had muddy sediment with

water depths greater than 47 m. At each site,

salinity and temperature depth-profiles were

determined from CTD casts and bottom-water dis-

solved oxygen (DO) concentrations were deter-

mined by Winkler titration of water samples

obtained from cores used for flux measurements

(see below; Appendix S1). To utilize information

on long-term patterns in oxygen conditions and

benthic community status along the whole salinity

gradient of the Baltic, sampling sites were chosen to

coincide with HELCOM monitoring stations. To

better investigate the interactions between benthic

diversity, hypoxic stress, and ecosystem function,

additional transects of multiple sampling sites were

chosen to encompass gradients of increasing hy-

poxia in three areas with different salinity-driven

background diversity (Gulf of Finland, Eastern

Gotland Basin, Southern Baltic; one transect per

area).

Figure 1. Location of the

26 study sites across the

Baltic Sea. The dashed

circles indicate the three

sampled transects of

increasing hypoxia in the

Gulf of Finland, Eastern

Gotland Basin, and the

Southern Baltic,

respectively. The

Bothnian Sea and the

Bothnian Bay together

constitute the Gulf of

Bothnia.
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Flux Measurements

Oxygen and nutrient (NO3
-, NO2

-, NH4
+, PO4

3-,

SiO4) fluxes across the sediment–water interface

were estimated by on-board incubation of intact

sediment cores. Cores were collected with a Gemax

twincorer (internal diameter 90 mm), using split

tubes, where the upper parts were used as flux

chambers (30 cm sediment depth + 10 cm of

overlying water). Five replicate cores were incu-

bated per site and only cores with undisturbed

sediment surfaces were accepted.

Core incubations started immediately after col-

lection and water samples for oxygen and nutrient

concentrations (NO3
-, NO2

-, NH4
+, PO4

3-, SiO4)

were obtained at the start and the end of incubation,

and the differences in concentration were used to

calculate fluxes per surface area (lmol m-2 d-1,

positive flux = flux out of the sediment). DO was

determined by Winkler titration, whereas the

nutrient samples were centrifuged (20 min, 2500

rpm, 4�C) and analyzed on-board with an auto-

analyzer (Lachat QuickChem 8000). The cores

were sealed with a lid containing a Teflon-coated

magnetic stirring bar, which provided continuous

gentle stirring by an external magnet. Cores were

incubated 4 h in the dark at 4�C. At the end of

incubation, each core was photographed to obtain a

visual estimate of bioturbation depth. All cores

were sieved to quantify benthic species richness

and abundance (0.5-mm sieve, preserved in 70%

ethanol). Two of the cores per site were sliced to

estimate faunal depth distribution (top 3, 3–12,

>12 cm), with the sections sieved separately. The

remaining cores were sieved unsliced.

Benthic Community Structure
and Bioturbation Potential

Toprovide an additional andmore robust estimate of

benthic species richness, abundance, and biomass,

than gained from sieving of the above flux chambers

(0.006 m2), benthic fauna were sampled at each site

with a vanVeen grab (0.1 m2, 3–5 replicate grabs per

site, 1-mm sieve, preserved in 4% buffered forma-

lin). To compare species and/or communities and

their likely contribution to ecosystem function in

terms of bioturbation, these data were also used to

estimate the species-specific bioturbation potential

at each site (Solan and others 2004):

BPi ¼ B0:5
i �Mi � Ri;

where Bi
0.5 is the average individual biomass of a

species at a site (in g wwt), square root transformed

to linearize the effect of biomass, Mi is the mobility

of the species, and Ri is the reworking mode of the

species (both scored on a categorical 1–5 scale

based on biological trait information, Solan and

others 2004) (Appendix S2). Mobility was scored as

1 = grazers on the sediment surface, 2 = in a fixed

tube, 3 = limited movement, 4 = slow movement

through the sediment, and 5 = free movement via

burrow system. Reworking was scored as 1 = epi-

fauna bioturbating at the sediment–water interface,

2 = surficial modifiers, restricted to the top 1–2 cm

of the sediment, 3 = head-down/head up feeders

actively transporting sediment to/from the surface,

4 = biodiffusers causing a random diffusive trans-

port of particles over short distances, and 5 = gal-

lery diffusers. These species-specific data were

further used together with abundance data to cal-

culate the bioturbation potential of the whole

benthic community (BPc) at each site.

Statistical Analysis

Non-metric multidimensional scaling (nMDS PRI-

MER 6, Clarke and Gorley 2006) on the Bray–

Curtis similarity index, data square root trans-

formed to down-weigh dominance, was used to

illustrate area-specific patterns in abundance, bio-

mass, and bioturbation potential (BPc) across the

Baltic Sea (using data from van Veen grabs).

Dummy species were included in the analyses to

enable inclusion of anoxic sites with no fauna.

To explore differences in sediment oxygen con-

sumption and nutrient fluxes between areas and the

importance of oxygen conditions for the observed

patterns, scales of spatial variability in flux mea-

surements were analyzed using a mixed model and

taking oxygen concentrations into account as a

regulating factor. The potential for assumptions re-

lated to normality, independence, and homogeneity

of variances was investigated. Examining the stan-

dard deviation among replicated fluxmeasurements

versus theirmeans demonstrated that the variability

of nutrient fluxes scaled with the mean, whereas

variability of oxygen fluxes remained constant over

the entire span of flux measurements. Conse-

quently, nutrient fluxes were log-transformed using

log10(x + c), where c = 1000 was chosen to ensure

positive values for the transformation as some flux

measurements were negative (that is, influx). The

mixed model included three fixed effects and three

random effects to describe variations in the trans-

formed fluxmeasurements (f(x); identity for oxygen

and log10(x + c) for nutrients):

f ðxÞ ¼ lþ ai þ b0 � oijk þ bi � oijk þ SðaÞjðiÞ
þ Bj ið Þ � oijk þ eijk:
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The fixed effects described the variation between

sea areas (ai; i denotes levels of sea area), a com-

mon linear dependency with the oxygen concen-

tration (b0 9 oijk; b0 is the slope), and sea area-

specific linear relationships to oxygen (bi 9 oijk; bi
are area-specific slopes). The random effects de-

scribed the variation between sites within sea areas

(S(a)j(i); j denotes levels of sites), variations in the

oxygen dependency between sites (Bj(i) 9 oijk; Bj(i)

are site-specific slopes), and variation between

replicated flux measurements at a given site (eijk; k

denotes the replications). The average oxygen

concentration over the incubation period (oijk) was

used in the mixed model. Interaction terms and

main effects not significant at the a = 0.05 level

were removed iteratively by backward-elimination

and the model re-estimated until only significant

effects were retained. Contrasts on parameter esti-

mates were used to test differences between sea

areas and significance of specific parameter esti-

mates.

The importance of environmental factors (depth,

oxygen content measured in the bottom water in

the flux cores, and salinity and temperature de-

rived from CTD measures at the site scale) and

biological factors (species abundances, species bio-

mass, and species bioturbation potential) in pre-

dicting oxygen and nutrient fluxes was investigated

multivariately using the distance-based linear

model option DistLM in PERMANOVA + for PRI-

MER (Anderson and others 2008). Flux data (NOx,

NH4
+, PO4

3-, SiO4, O2) were normalized (that is,

set to run between 0 and 1 to ensure equal

importance of all fluxes) then used to construct a

single matrix of dissimilarities between samples

based on pairwise Euclidean distances. Two such

matrixes were obtained, one based on all individual

replicates and one on site means. Five sets of

DistLM models were run, with predictors being

environmental variables and either species-specific

abundances (from (i) core replicates, (ii) core

means per site, (iii) means per site based on van

Veen grabs), (iv) biomass or (v) BPc. The different

models using the core macrofaunal data (i and ii) as

predictors were run to determine whether directly

linking resident macrofauna to fluxes (i) or aver-

aging the between-core variability of both fauna

and fluxes (ii) increased explanatory power. The

comparison of those results with the results

including the van Veen abundances as predictors

(iii) allowed for a broader description of macro-

faunal communities and a focus on the abundance

of larger organisms (>1 mm). The comparison

between results from including the van Veen

abundances versus biomasses as predictors indi-

cates whether abundance estimates are sufficient or

whether biomass needs to be incorporated when

explaining fluxes. Finally, comparisons between

results from including the van Veen abundances,

biomasses, or the calculated BPc as predictors al-

lowed us to assess whether BPc was a good surro-

gate across species for the effect of bioturbation

activity on nutrient and oxygen fluxes. We also ran

an analysis that included geographical location, in

case any faunal predictive power we observed in

the models was simply a surrogate for environ-

mental conditions. This analysis revealed that ‘‘lo-

cation’’ removed explanatory power as much from

oxygen and salinity as it did from the fauna (�5%

for fauna and oxygen, and �6% for salinity), sug-

gesting that faunal predictive power was not simply

a surrogate for location, so analyses including

location are not reported further.

Forward selection was used to develop models

using AIC as the selection criterion. Given the

potential overriding influence of oxygen on both

fauna and fluxes, forward selection was utilized to

ensure that oxygen effects on the fauna were first

accounted for, before assessing the explanatory

power of the fauna on nutrient fluxes. Because

temperature and salinity were highly correlated

(Pearson’s r = 0.97), the forward-selection procedure

was not automated, and the order in which variables

were introducedwas varied to ensure collinearity did

not drive the model results. Transformations were

considered for all variables, butonlyprovednecessary

for BPc (Log10(BPc + 1)) and some van Veen abun-

dances (Macoma balthica, Marenzelleria spp., Scoloplos

armiger, and Bylgides sarsi).

In a meta-analysis of oxygen thresholds based on

the physiological response of marine organisms,

worldwide Vaquer-Sunyer and Duarte (2008)

conclude that the commonly used 2 mg l-1 oxygen

threshold for severe hypoxia is too low, because it

only describes ‘dead zones’ and that the safe limit

for well-functioning systems is likely to be around

4.6 mg l-1 (that is, 3.22 ml l-1, because 1 mg l-1 =

0.7 ml l-1), which was the 90th percentile median

lethal concentration derived from the meta-analy-

sis. To investigate the influence of oxygen on the

benthic community, we divided sites into ‘good’

(O2 > 3.22 ml l-1) and ‘poor’ oxygen conditions.

Note that site HAS was classified as ‘poor’ in the

analyses, although the measured O2 concentration

was 3.83 ml l-1. This site was thought to have

experienced a recent injection of ‘new’ oxygenated

water (potentially brought in by an internal wave)

as the sediment was still laminated and there was

virtually no macrofauna present. The site is close to

the halocline and permanently hypoxic water.
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Only 4 of the 12 ‘good’ sites are located south of

the Åland Islands (BY2, LF1, EGB1, GOF2). The

DistLM models were then run separately on

the ‘good’ and the ‘poor’ sites to determine how

community composition and functional diversity

above and below the 3.22 ml l-1 O2 threshold-in-

fluenced fluxes. One-way analysis of similarities

(ANOSIM, PRIMER 6) was also used to determine

the significance of differences in benthic commu-

nity abundance and biomass between oxygen

conditions.

RESULTS

Environmental Variables

Both bottom-water salinity and temperature fol-

lowed the natural decreasing gradient from south

to north (Appendix S1). DO concentrations were

generally low in the deeper parts of the Baltic

Proper (Appendix S1; Figure 2) and there was no

oxygen and no macroscopic life below 80–90 m

depth. In most of the deeper areas, there was toxic

H2S in the bottom water. Oxygen conditions were

good (that is, above the 3.22 ml l-1 threshold de-

fined by Vaquer-Sunyer and Duarte (2008) at the

southernmost site (BY2), in the shallower parts of

the Eastern Gotland Basin (EGB1, LF1) and Gulf of

Finland (GOF2), and in the entire Gulf of Bothnia.

These oxygen conditions were also mirrored in the

bottom-water nutrient concentrations (Appendix

S1), with higher PO4
3- and NH4

+ concentrations at

sites with low or no oxygen.

Benthic Fauna

The reference value for the average number of

species in each sea area (Villnäs and Norkko 2011)

follows the decreasing salinity gradient from south

to north. The current status of the benthic com-

munities in terms of species diversity was markedly

below this reference value at almost all sites except

the Bothnian Sea and Bothnia Bay, with the total

number of species at each site closely following the

bottom-water oxygen conditions (Figure 2). To

further explore the current disturbance status at

each site (‘history of hypoxic stress’), we related the

number of species at each site to the infauna ref-

erence values for these specific sea areas (Villnäs

and Norkko 2011). The resulting relationship

(number of species divided by the infauna refer-

ence value) is independent of the natural diversity

gradient in the Baltic, but was strongly influenced

by the oxygen conditions at the site (linear

regression, r2 = 0.73, P < 0.0001).

The most abundant taxa were Marenzelleria spp.

(most likely both M. neglecta and M. arctia), Macoma

balthica, Monoporeia affinis, and Scoloplos armiger

(Appendix S2). In terms of biomass, Macoma

balthica dominated (biomass data not shown). Se-

ven of the 26 sites had no fauna or very little fauna

(on average less than one individual per van Veen

Figure 2. Bottom-water

salinity, oxygen, and total

number of species at the

sites from south to north

(see Figure 1 for site

locations). The horizontal

dotted line at 3.22 ml l-1

indicates the threshold

between good and poor

oxygen conditions used in

the analyses. To provide a

baseline for assessing the

current status of the

benthic communities, the

infauna reference value

for the average number of

species in the different sea

areas has also been

plotted (Villnäs and

Norkko 2011).

1430 J. Norkko and others



grab), reconfirming the poor state of the benthic

communities of the open Baltic Sea.

There was a clear gradient in community struc-

ture from south to north (Figure 3A, B), and a clear

effect of oxygen conditions on both abundance and

biomass within the sea areas. There were strong

differences in benthic community abundance and

biomass between good and poor oxygen conditions

(that is, above and below the 3.22 ml l-1 threshold

defined by Vaquer-Sunyer and Duarte (2008), AN-

OSIM, Abundance; Global R = 0.504, P < 0.001,

Biomass: Global R = 0.354, P < 0.001). These dif-

ferences in community structure translated into

region-specific differences in the bioturbation

potential (Figure 3C), suggesting differences in the

potential contribution of benthic communities to

ecosystem function.

Over 80% of the fauna was found in the top

3 cm of the sediment, indicating that the fauna

through its bioturbation and bioirrigation has the

potential to affect sediment nutrient dynamics and

nutrient fluxes at the sediment–water interface.

There was also a positive correlation between bio-

turbation potential and the visually assessed bio-

turbation depth (Pearson r = 0.67, P = 0.0002).

Nutrient Fluxes

Overall, the fluxes of oxygen and nutrients across

the sediment–water interface varied markedly be-

tween sea areas and between sites within sea areas

(Table 1) and were clearly influenced by bottom-

water oxygen conditions, with generally higher

efflux of PO4
3- and NH4

+ at sites with low or no

oxygen (Figure 4; Appendix S3). The NH4
+ flux

declined strongly with increasing oxygen concen-

trations and this relationship was general across

all sea areas. The PO4
3- flux similarly decreased

with increasing oxygen conditions, although only

fluxes in the Gulf of Finland were significantly

different from zero (P = 0.0001). NO2
- + NO3

-

and SiO4 fluxes were not significantly related to

oxygen, but significant differences between sea

areas were found (Table 1). The highest influx of

NO2
- + NO3

- and highest efflux of SiO4 were

found in the Gulf of Finland, having fluxes about

three times higher than in other sea areas (Fig-

ure 4). There was also a significant influx of

NO2
- + NO3

- in the Southern Baltic (P = 0.0078),

whereas in the Gotland Basin and Gulf of Finland

NO2
- + NO3

- fluxes were not significantly differ-

ent from zero (P = 0.3847 and P = 0.7045, respec-

tively). Effluxes of SiO4 were significantly different

from zero in all basins (P < 0.0001 for all) with

similar rates in Gotland Basin, Gulf of Bothnia, and

Southern Baltic (Figure 4). The influx (that is,

consumption) of O2 naturally increased with oxy-

gen concentrations in the bottom water, but the

influx was largest in the Gotland Basin, followed by

Figure 3. Multidimensional Scaling (MDS) plot of com-

munity A abundance, B biomass, and C bioturbation

potential at the sampling sites in the different sea areas

(van Veen data). The areas separate along an axis from

south (Southern Baltic Proper) to north (Gulf of Both-

nia), whereas within areas sites are separated along gra-

dients from poor to good oxygen conditions (that is,

above and below the 3.22 ml l-1 threshold defined by

Vaquer-Sunyer and Duarte (2008), except in the Gulf of

Bothnia, where all oxygen conditions are good and the

sites instead describe a north–south gradient.
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the Southern Baltic and lower, albeit similar

(P = 0.4294), O2 fluxes in the Gulf of Bothnia and

Gulf of Finland. For the nutrient fluxes, the vari-

ance between sites (on the log-scale) was 3–4 times

larger than the variance between replicates.

The total % variability in oxygen and nutrient

flux explained by the predictors (depth, oxygen

concentration, salinity, temperature, species-speci-

fic abundances) across all sites (DistLM analysis)

was lower for the model containing individual core

data (i) than site averages (ii) by �15% (Table 2).

The increase obtained was due to smoothing of

both the flux and the faunal data, as both the

physical factors measured at the site scale (oxygen

and temperature) and fauna increased in their

explanatory power (Table 2). Increasing the scale

over which the fauna were measured from the core

to the van Veen grab increased the total variance

and faunal variance explained by 10% (Table 2).

Using biomass instead decreased the total

explanatory power by 4%.

Regardless of which measure of fauna was placed

into the model, faunal measures were always se-

lected as predictors (Table 2), contributing between

35 and 46% of the total explanatory power for

abundance measures, 43% for biomass but only

9% when incorporated into the BPc. Interestingly,

using BPc rather than individual faunal informa-

tion resulted in a further decrease in explanatory

power of 23%. Oxygen was always selected as a

predictor and contributed 49–66% of the total

explanatory power (see Table 2 for actual % ex-

plained). Salinity was also important but less so

than any of the individual faunal data.

Comparisons between the results obtained from

the classification into ‘poor’ and ‘good’ oxygen

conditions revealed that the importance of factors

for predicting flux variability between sites differed

between the two conditions (Figure 5; Table 3).

Surprisingly, even in poor oxygen conditions, fau-

nal abundance was an important predictor of

nutrient fluxes (2 species explaining 58% of the

variation) and oxygen by itself did not explain

much (6%). In good oxygen conditions, the effect

of oxygen was not significant; fauna were the most

important predictors (explaining 69% of the vari-

ation), with salinity and temperature being selected

last and explaining a further 17%. Marenzelleria

abundance was selected as a predictor for both poor

and good oxygen conditions, and explained

approximately the same amount of variation in

both. Bylgides was a statistically significant predictor

in poor but not in good conditions. Unsurprisingly,

there were more species that were selected as sta-

tistically significant predictors in good conditions

(Macoma, Mysis, and Pygospio).

DISCUSSION

It is well known that hypoxia decimates benthic

macrofauna communities and equally well known

that rates and pathways of benthic nutrient cycling

change when oxygen concentrations decline.

However, the interaction between these two, that

is, whether the decimated benthic community is

able to affect nutrient cycling under hypoxic con-

ditions is not well known. As highlighted by Snel-

grove and others (2014), it is critical that we

analyze how biodiversity–ecosystem function rela-

tionships change along environmental stress gra-

dients, as empirical evidence is lagging very far

behind theory in this regard. We utilized well-

known gradients in diversity and community

structure in the Baltic Sea to study the links be-

tween fauna and function in terms of benthic

nutrient fluxes under different environmental

conditions and levels of hypoxic stress. Thus, we

encompassed the variability and gradients in bio-

diversity, trophic state in terms of nutrient load-

ings, and the disturbance gradients more or less

Table 1. Spatial Variability in Oxygen and Nutrient Fluxes (lmol m-2 d-1)

Flux No. of obs Fixed effects Random effect

Sea area Oxygen Sea area 9 oxygen Site (sea area)

NH4 121 – <0.0001 – 0.0007

NO2 + NO3 122 0.0002 – – 0.0009

PO4 122 0.0127 0.0305 – 0.0012

SiO4 121 0.0243 – – 0.0010

O2 122 – <0.0001 <0.0001 –

P values of significant effects (P < 0.05) from the mixed model analysis of measured fluxes. Fixed effects were tested by F tests and random effects by Z test. The site-specific
oxygen relationship (Bj(i) 9 oijk) was not significant for any of the flux models and was not shown
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across the entire Baltic Sea, that is, at a much larger

spatial scale than previously studied. Some species

occur in a range of different environments, but

their contribution to ecosystem functioning may

not be equally important under all conditions. As

predicted, the benthic fauna was severely reduced

in abundance and diversity by the more or less

permanent hypoxia in all sea areas south of the

Gulf of Bothnia, and spatial differences in nutrient

fluxes were strongly associated with oxygen con-

ditions as well as differences in faunal composition.

Fauna significantly contributed to the variability in

fluxes, in both good and poor oxygen conditions

(that is, below the oxygen threshold of 3.22 ml l-1).

Thus, contrary to predictions, it is probable that the

fauna still affected nutrient fluxes even when the

oxygen conditions had deteriorated, although the

species important for driving the variation differed,

and the influence of the fauna was lower under

poor oxygen conditions.

Although species loss per se may not be the driver

of changes in ecosystem functioning, the loss of

Figure 4. Nutrient and oxygen fluxes versus oxygen concentrations in the bottom water for the different sea areas. Areas-

specific relationships from the mixed models (Table 1) are shown as follows: Gotland Basin = thin solid line, Gulf of

Bothnia = dotted line, Gulf of Finland = even dashed line, Southern Baltic = uneven dashed line. Thick solid linewhen a general

relationship with oxygen was found (NH4 flux only). For nutrient fluxes, the estimated relationships were back-trans-

formed using the results from the mixed models.
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Table 2. Nutrient and Oxygen Fluxes Explained (%) by Environmental Factors and Fauna

Replicate core

abundance

Average core

abundance

Average van Veen

abundance

Average van

Veen biomass

Average van

Veen BPc

O2 0.168 0.251 0.251 0.251 0.251

Salinity 0.078 0.096 0.096 0.096 0.096

Temperature 0.011

Fauna 0.139 0.198 0.298 0.259 0.033

Total 0.396 0.545 0.645 0.605 0.379

Testing the effect of different measures of fauna (species-specific faunal abundance at core or site scale, biomass and bioturbation potential at site scale): Proportion variance in
nutrient and oxygen fluxes (single matrix of NOx, NH4

+, PO4
3-, SiO4, O2) explained by various factors in DistLM models across all sites sampled across the Baltic Sea, with

environmental variables given first and the proportions of all fauna summed.
Columns with no value = factor not significant for that particular model.

Figure 5. Graphical representation by dbRDA of the relationships between important predictors (water column oxygen

and salinity, average van Veen abundances) and Euclidean distances of the average nutrient and oxygen fluxes at the sites.

The closer sites are to each other, the more similar are their fluxes. Arrows indicate the direction of the effect that increases

in the variable has on fluxes and the arrow length indicates relative importance on the 2 axes. Squares are sites with good

oxygen status, and triangles are sites with poor oxygen status (see text for definition).

Table 3. Factors Affecting Nutrient and Oxygen Fluxes Under Good and Poor Oxygen Conditions

P value Proportion explained Cumulative proportion explained

Poor oxygen sites

Oxygen 0.076 0.060 0.06

Marenzelleria 0.006 0.326 0.386

Bylgides 0.001 0.255 0.641

Good oxygen sites

Marenzelleria 0.024 0.321 0.3214

Macoma 0.049 0.194 0.51579

Mysis 0.127 0.099 0.61514

Pygospio 0.199 0.075 0.68974

Salinity 0.03 0.123 0.8131

Results of DistLM models in poor and good oxygen conditions (threshold at 3.22 ml l-1), with proportion of nutrient and oxygen fluxes (NOx, NH4
+, PO4

3-, SiO4, O2) explained
by various factors in order of their entry (by forwards selection) into the model. The model in poor conditions was constrained to select oxygen first. Salinity and temperature
were available as predictors for the poor conditions, but neither variable was significant.
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certain previously abundant functional groups due

to widespread hypoxia could have important

implications for ecosystem functioning (Levin and

others 2001; Norkko and others 2013). Severe hy-

poxia may decimate sensitive native species, which

potentially may be replaced by more tolerant spe-

cies, for example, the invasive polychaete Maren-

zelleria spp. In fact this deep-burrowing species had

an important effect on nutrient flux both above

and below the oxygen threshold. Bioturbation and

bioirrigation by Marenzelleria spp. may significantly

increase phosphorus retention in sediments and

thus over time decrease the nutrient loading from

the sediments (Norkko and others 2012). The

spread of Marenzelleria spp. may also bring about a

change in functioning because this polychaete

buries settling phytodetritus deeper into the sedi-

ment, compared with, for example, shallow-

dwelling Monoporeia affinis, which slows down

decomposition and oxygen consumption (Josefson

and others 2012). Our findings suggest that

Marenzelleria may be significantly affecting sedi-

ment biogeochemistry and benthic fluxes as sug-

gested by previous work (Josefson and others 2012;

Norkko and others 2012) and that Marenzelleria

may have a positive effect on ecosystem function

with regard to oxygen-dependent biota. Although

invasions often may have detrimental effects on the

ecosystems (for example, Vitousek and others

1997), Marenzelleria in the present area seems to be

an example of the opposite effect, acting as a

‘‘rescuer’’ in areas where native fauna has been

eliminated due to deteriorating environmental

conditions, such as low oxygen. Thus, in a low-

diversity system such as the Baltic Sea, dominance

by one or a few functionally important species may

be more important than diversity (Chapin and

others 1997; Norkko and others 2013). Also other

studies suggest that dominance effects may be

important. Allgeier and others (2015) compared

the role of fish communities for biochemical pro-

cesses in six coastal ecosystem types (incl. coral

reefs) across the Northern Antilles, and found that

although species richness is important, conserving

the mean maximum fish biomass may be equally

important for maintaining ecosystem functioning.

Despite the general concern regarding biodiver-

sity loss and concurrent loss of ecosystem func-

tionality, a central empirically unresolved question

is how much of the change is (a) due to species loss,

(b) a direct effect of environmental change, and (c)

caused by the interaction between these two

(Hillebrand and Matthiessen 2009). This also ap-

plies to the role of soft-sediment communities

when environmental conditions deteriorate; evi-

dence from real-world studies is still lacking. In this

study, we adopted an observational approach and

used existing gradients in diversity (salinity driven)

and disturbance (eutrophication-induced hypoxia)

at the scale of the entire Baltic Sea to investigate

the context dependency of these BEF relationships

and found that the potential role of benthic fauna

changed with increasing hypoxia. Similarly, Hid-

dink and others (2009) studied BEF relationships in

the northern Irish sea and found that the rela-

tionship between species richness and some (but

not all) measures of ecosystem functioning (in-

cluding nitrogen fluxes, depth of the RPD layer,

macrofaunal biomass) was moderated by wave-in-

duced shear stress, that is, a natural gradient of

disturbance. In the Arabian Sea, oxygen minimum

zone macrofauna affected organic matter process-

ing also at very low oxygen concentrations

(<0.16 ml l-1), but with differences among sites

and with shifts in the species important at certain

oxygen thresholds (Woulds and others 2007). Also

the type of sediment affects BEF relationships.

Braeckman and others (2014) studied sedimentary

biogeochemical cycling at ten coastal stations in the

Southern North Sea and found that functional

biodiversity was more important in fine sandy

sediments, compared to permeable and muddy

sediments. This is logical given the higher diversity

in these fine sandy sediments. Contrary to our

findings, they found that the bioturbation potential

was more useful than abundance or biomass for

explaining fluxes (Braeckman and others 2014).

The role of biodiversity in the maintenance of

ecosystem functioning may thus be context

dependent across disturbance regimes, but the

nature of this dependency differs between types of

ecosystems and over time. There is an urgent need

for empirical studies of these BEF relationships

under a range of environmental conditions out in

the real world. It is clear that benthic oxygen and

nutrient fluxes will differ not only between sites

but also between seasons, driven by temperature,

macrofaunal diversity, and food availability. In

addition, mineralization rates, diversity, and food

supply will respond to, for example, climate change

on different time scales, and temporal sampling of

different types of sites is necessary to detect change,

as shown for the Canadian Arctic Shelf (Link and

others 2013).

Soft-sediments play an important role in global

biogeochemical cycles, for example, through func-

tioning as either sinks or sources of carbon and

other nutrients (burial vs. regeneration) (Wollast

1991). Many of the processes at the sediment–

water interface are highly redox dependent and
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affected by sediment characteristics, including or-

ganic content and mineral content (for example, Fe

oxides) (Jilbert and others 2011). In some areas,

nutrients have accumulated in the sediments be-

cause of decades of excessive nutrient loading from

land and organic enrichment, and under hypoxic

conditions more phosphate and ammonia is re-

leased from the sediments (Mortimer 1941; Ingall

and others 1993; Slomp and others 2002; Jäntti and

Hietanen 2012). This is obvious, for example, in the

Gulf of Finland. Fe oxide contents of the sediments

vary, which may give different locations a higher or

lower capability to either bind phosphate or to re-

lease it rapidly under hypoxia (Jilbert and others

2011). The mineral distribution is, however, not

well mapped for the Baltic Sea. The nutrient cy-

cling is thus affected by organic matter deposition,

increasing hypoxia as well as the degree of

macrofaunal activity, potentially through complex

feedback mechanisms. For example, the high bio-

turbation potential of a healthy community will

increase oxygen penetration and thus the capacity

of sediments to bind more phosphate, which would

reduce the flux of phosphate out of the sediment

(Norkko and others 2012). Similarly, fauna can

stimulate coupled nitrification–denitrification and

thus removal of nitrogen from the system

(Tuominen and others 1998).

The fact remains that real-world examples of

how seafloor biodiversity affects ecosystem func-

tioning, and its context dependency, are scarce.

Although it may be difficult to assign causality in

field studies, relevant field measurements involving

natural communities are imperative (Villnäs and

others 2012, 2013). We found that the variance in

oxygen and nutrient fluxes explained increased

with the scale over which the fauna were mea-

sured, from the core (0.006 m2) to the van Veen

grab (0.1 m2), despite the smaller sieve size used for

the cores (0.5 vs. 1.0 mm). The larger area

encompassed contains a better representation of

the whole benthic community, in particular less

numerous animals with larger body size, and likely

also of the ‘biogeochemical memory’ of the sedi-

ment (Quintana and others 2013), thus represent-

ing also the history of hypoxic stress and

consequent changes in, for example, redox condi-

tions in the sediment. Hiddink and others (2009)

also call for research including more realistic con-

ditions and varying levels of disturbance to advance

our understanding of biodiversity–ecosystem

functioning relationships. Although many of the

mechanisms operating at different spatial and

temporal scales need to be untangled, for further

analyses of survey and monitoring data in the

Baltic, we propose to use the relationship between

total number of species found at each site and the

infauna reference value for each sea area (Villnäs

and Norkko 2011) to make a prediction about the

strength of the effect of fauna on nutrient fluxes.

Although the reference value is based on the

average regional diversity, the measure does give

an indication of the condition of the community: A

low value, which is likely under hypoxic condi-

tions, would imply a weaker faunal influence, al-

though a high value would imply a stronger faunal

influence on nutrient dynamics.

The exact feedback mechanisms between

hypoxia, benthic macrofauna, and the internal

nutrient loading from the sediments are still not

known and abrupt changes in benthic communities

are often observed. Predicting the thresholds or

tipping points will thus be an important focus for

future studies (Thrush and others 2009). The major

management implication of our findings is that

benthic macrofauna has the potential to influence

nutrient cycling even in hypoxic sediments, but

that nutrient loading from land needs to be reduced

to such a low level that oxygen conditions improve

and benthic fauna subsequently can recover and

increase its positive role. As shown in a modeling

study by Timmermann and others (2012), benthic

biomass production can increase significantly if

oxygen levels are increased not only to 2 mg l-1,

but rather to 4 mg l-1 (equalling 1.4 and 2.8 ml l-1,

respectively, since 1 mg l-1 = 0.7 ml l-1). This

implies that the currently used oxygen target is too

low. Under slightly better oxygen conditions the

positive feedback on nutrient dynamics from the

benthic communities would help overcome hys-

teresis and speed recovery of the ecosystem from

hypoxic disturbance.

Through positive feedback, natural communities

can help maintain a healthy ecosystem, by con-

tributing to ecosystem functioning even as envi-

ronmental conditions deteriorate.

Exploring the contribution of biodiversity, with

an emphasis on species identities, functional traits,

and dominance patterns, across gradients of dis-

turbance and in different types of heterogeneous

habitats is thus of central importance for under-

standing the context dependency of these rela-

tionships and for management purposes that are by

definition broad scale.
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