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1. INTRODUCTION

Excess nutrients derived from anthropogenic activities are a problem in many marine near
shore water bodies. Nutrient concentrations increased above background levels may lead to
increased production of pelagic phytoplankton communities and increased sedimentation of highly
labile phytoplankton detritus on the surface of sediments [1]. In very eutrophic environments the
sedimentation of organic matter may exceed the assimilative capacity of sediments causing low
oxygen concentrations or anoxia in bottom waters and a severely reduced diversity of flora and
fauna [1-2].

Organic matter in sediments is degraded by the combined action of aerobic and anaerobic
sediment associated bacteria. In organic poor sediments most organic matter is degraded by aerobic
heterotrophic bacteria depending on oxygen supplied from the overlying water by diffusion or by
irrigation driven active transport performed by bioturbating macrofauna [3]. The macrofaunal
diversity is high and dominated by large individuals capable of stimulating the metabolite exchange
between sediment and water [3-4]. In sediments with an intermediate content of organic matter a
larger proportion of total benthic metabolism is performed by anaerobic heterotrophic bacteria, and
a large proportion of sediment oxygen uptake (SOU) is used for reoxidation of metabolites from the
anaerobic heterotrophic degradation processes [5]. The diversity of macrofauna may be somewhat
compromised and a shift towards more tolerant species occur [6]. In very enriched sediments the
demand for oxygen can no longer be met by transport from the overlying water column and
sediments turn anoxic. The dominating heterotrophic pathway is sulfate reduction, the sediment
surface may be colonized by sulfide oxidizing bacteria (Beggiatoa) [7], and the macrofauna
community shifts towards being dominated by a few species tolerant to low oxygen concentration
[8].

The environmental status of sediments is usually evaluated by assessing the diversity of

benthic macrofaunal assemblages [9-11]. All though this method is well established and verified, it



is very time consuming and requires large amounts of site-specific knowledge if diversity is to be
determined at species level. Since the diversity of macrofauna is dependent upon the environmental
status of sediments, the information about sediment quality in diversity data sets must also be
present in the biogeochemical parameters of sediments. If the key biogeochemical processes
determining environmental status of sediments could be identified and related to the degree of
environmental pressure, new easy-to-measure indicators could be developed and implemented in
management procedures. This study describes the initial procedures of relating environmental
pressure (as exemplified by organic enrichment gradients in the vicinity of marine fish farms) to
biogeochemical processes in sediments, and assess the individual indicators most frequently used as

a measure of sediment quality.



2. FISH FARMING AS A CASE STUDY

The husbandry techniques used to produce marine fin-fish are principally similar world
wide. Fish are reared from small to harvestable size in finite volumes of water defined by net-pens
or net-cages and are fed different kinds of commercially prepared dry food or by-products from
commercial fisheries. Marine fin-fish production is energetically ineffective, meaning that large
amounts of food is used to produce the fish. A modern well run farm may have a food conversion
ratio (FCR) close to 1. More often poor husbandry techniques and low feed efficiency cause the
FCR to be greater than 1, meaning that more than 1 T of food (dry weight) is used to produce 1 T of
fish (wet weight). Thus, fish farms generate large amounts of waste that are released into the
surrounding environment [12].

Fish farm waste consists of inorganic nutrients excreted directly from the fish to the
surrounding environment and solid waste (primarily excess feed and faecal matter) that settle in the
immediate vicinity of the farm (fig. 1) [13-14]. The direct nutrient release is usually of minor
importance when compared to background levels, but the sedimentation of large amounts of highly
labile organic waste within a relatively confined area may significantly alter sediment
biogeochemistry and induce deleterious effects on sediment flora and fauna [9,15]. The amount of
waste produced is off cause a critical parameter for total impact, but equally important are the
hydrological conditions in the area of the farm, with strong water currents favoring dispersion over
a wider area [16]. Many of the fish farms used in this study were placed in shallow and sheltered
environments with low mean water currents (< 4 cm/s), resulting in sediments heavily enriched in
organic matter directly beneath the cages [13-14].

Sediments beneath fish farms are ideal for assessing biogeochemical indicators of
environmental stress, because gradients of organic enrichment are usually extending from the fish

cages. Fish farms are therefore a unique opportunity to measure changes in sediment



biogeochemistry and flora and fauna diversity as a function of organic matter loading at high

resolution.



3. ASSESSMENT OF INDICATORS

3.1. General overview of the most frequently used indicators

The most frequently used biogeochemical indicators in evaluating the environmental effects
of marine fish farms are summarized in table 1. The indicators may be divided into two categories,
1) indicators that evaluate the pressure exerted upon the environment by the fish farm (pressure
indicators) and 2) indicators that evaluate the change in sediment processes resulting from changes

in pressure (function indicators).

Tabel 1. The most frequently used indicators when estimating the effects of organic enrichment upon sediment
biogeochemistry. Particulate organic carbon (POC), nitrogen (PON) and loss on ignition (LOI) are the most frequently
used pressure indicators, whereas sediment oxygen uptake (SOU) and TCO,-flux are frequently used estimates of total
benthic metabolism. Sulfate reduction rate (SRR) is frequently used as an estimate of total anaerobic metabolism.

INDICATOR TYPE DESCRIPTION
Sedimentation pressure Estimates waste production and dispersal
POC in surface sediments pressure Estimate the total organic carbon content of sediments
PON in surface sediments pressure Estimates the total organic nitrogen content of sediments
LOI in surface sediments pressure Estimates the total organic matter content of sediments
SoU function An estimate of t%tg[?int]l}(ljco r;;lts)liohsm as long as
TCO,flux function An estimate of total benthic metabolism

Estimate of total benthic metabolism in heavily
NH, -flux Sfunction impacted sediments. If TCO,-production < SOU, most
NH," is reoxidized within the sediment

Estimate of total benthic metabolism as PO, is released

3 .
PO flux Junction in proportion to total benthic metabolism

A measure of fish farm pressure when TP is considered
TP pressure/function in isolation. If iron bound P is considered valuable
information about function also becomes available

Estimates the activity of SRR-bacteria. Is often used as

SRR function an estimate of total anaerobic metabolism
) High pools of TS in sediments indicate a high activity of
TS JSunction SRR-bacteria
Porewatertl, S Junction The toxic endpoint of anaerobic decomposition, thought

to be responsible for loss of diversity

3.2. Sedimentation beneath fish farms
The sedimentation of OM, POC and PON is very much increased in the vicinity of fish

farms (fig.1). The increase in sedimentation is, however, often a localized phenomena, and



significant increases from background levels are generally detectable 30-100 m away from farms
[14,17]. In sheltered environments a massive sedimentation of large waste particles (primarily
excess feed) may occur directly beneath the cages determining the ‘farm footprint’, whereas smaller

particles (faecal pellets) may be distributed over a wider area depending upon local water currents

[18].
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Figure 1. The sedimentation of organic matter (OM), particulate organic carbon (POC) and particulate organic
nitrogen (PON) as a function of distance from fish farms (0 indicate the edge of fish cages) (sources [13,14,17,19-

23]).
3.3. LOIL, POC and PON in surface sediments beneath fish farms

The increased sedimentation of POM beneath and around fish farms results in increased
levels of OM, POC and PON in related surface sediments (fig. 2). Significant increases can be
detected up to 500 m from farms, and OM, POC and PON content seems to be more sensitive
measures of fish farm impact than sedimentation. This is reflecting the fact that sedimentation
estimates are subjected to large sources of error, making it difficult to discern small increases in
sedimentation from background values [16].

Relatively few studies have measured both sedimentation and organic enrichment of surface
sediments. The two measures of fish farm pressure are expected to be linearly correlated, and the

few available data confirms this expectation to some degree (fig. 3). Various factors may cause
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Figure 2. The organic matter content (OM) (estimated as LOI), particulate organic carbon content (POC) and particulate
organic nitrogen content (PON) in surface sediments beneath and around fish farms (sources [10-11,13-14,17,19-23,27-
41]).

disruptions of the linear correlation, especially factors like resuspension of sediment particles
[17,24], aggregations of wild fish in the vicinity of fish farms feeding on sinking waste particles
[25] and amelioration of sediments by wild fish populations [26].

Measurements of organic enrichment are extremely important measures of fish farm impact,
since organic matter input is ultimately the driver of sediment quality. They estimate the direct

enrichment resulting from farming practices and integrate factors such as dispersion by water
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Figure 3. Relationships between sedimentation and organic enrichment of surface sediments (sources [13,17,20,22-23])



currents. Furthermore, estimates of organic enrichment are relatively stable through time meaning

that they are sampling extensive.

3.4. Benthic metabolism beneath fish farms

Organic matter in sediments is degraded by both aerobic and anaerobic bacteria [3,42].
Aerobic decomposition occur where O; is available, which is primarily in the upper parts of
sediments and aerobic zones extending alongside macrofauna burrows, where O, diffuses from the
water phase into the sediments. Adjacent to the aerobic zones we find the suboxic zones where
respiration occur though Fe-, Mn- and NOs -respiration, and in the deeper parts of sediments we
find the anoxic zones where the dominating heterotrophic pathways are sulfate reduction and
fermentation [3].

Usually the degradation of organic matter is slower in the absence of O,, because anaerobic
bacteria lack the capacity to break certain bonds in naturally occurring organic matter [43]. This is,
however, not the case in fish farm sediments where labile organic matter is supplied in surplus.
Thus, in heavily enriched fish farm sediments, the limiting factor for respiration becomes the supply
of suitable electron acceptors.

A frequently used measure of total benthic metabolism is sediment oxygen uptake (SOU),
which measures the net flux of O, across the sediment water interphase, and integrates both the O,
used for direct aerobic respiration and the O, used for reoxidation of reduced metabolites produced
by the anaerobic respiration processes (primarily sulphide produced by sulfate reducing bacteria).
At low to medium degrees of organic enrichment SOU is a valid measure of total benthic
metabolism, but in extreme cases (as found beneath fish farms) this measure becomes inadequate.
SOU is limited to some maximum value defined by local hydrological conditions (water currents,
temperature and oxygen saturation in bottom waters) [16], whereas anerobic metabolism is not

limited by the same factors. When the sediment demand for oxygen can no longer be met by
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Figure 4. The SOU in sediments beneath fish farms. SOU is stimulated many fold in the vicinity of fish farms, and
significant increases in benthic metabolism above background values can be detected up to 500 m from farms (sources
[6,8,13,17,19,21,35,37,40,44] ).

diffusion, the anaerobic metabolism is still active and SOU is no longer a valid estimate for benthic
metabolism.

SOU is the most frequently measured parameter of benthic metabolism in fish farm
sediments (fig. 4), and clearly shows that fish farms significantly alter the biogeochemistry of
adjacent sediments. Some studies only detects minor increases in SOU in near farm sediments,
which is a reflection of different hydrological conditions or better husbandry techniques
determining total waste output and dispersion.

TCO,-production is another estimate of benthic metabolism that is valid over the entire
gradient of organic enrichment found in sediments adjacent to fish farms. CO; is the end product of
heterotrophic metabolism, and the net exchange of TCO, (COs> + HCO5™ + H,CO3) across the
sediment-water interphase is therefore a valid measure of net organic matter being degraded in
sediments. Unfortunately, TCO,-production is rarely measured, and only five studies have, applied

this parameter in fish farm sediments [14,21-22,35,37] (fig. 5). The results follow the trends of

SOU, and the highest values are measured directly beneath the farm.
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Figure 5. The Y CO,-production in sediments beneath fish farms. Y CO,-production is stimulated many fold in the
vicinity of fish farms, and significant increases in benthic metabolism above background values can be detected up to
50 m from farms (sources [14,21-22,35,37] ).

Both TCO,-production and SOU should be related to organic matter content, since organic

matter is the driver of bacterial decomposition processes. A few studies have simultaneously

measured organic content and total sediment metabolism (fig. 6) but there is no significant

correlation between POC content and SOU or TCO,-production. There is, however, a tendency of

increasing benthic activity as organic matter content increases. Furthermore, it is evident that
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Figure 6. The relationships between degree of organic enrichment and SOU and degree of organic enrichment and
TCO,-production (left) and correlation of TCO,-production vs. SOU (right) (sources [6,19,14,21-22,37,40] ).
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sediment TCO;-production is able to reach much higher values than SOU at similar levels of
enrichment. Since TCO;-production and SOU are essentially expressing the same thing, namely
benthic metabolism, the two parameters are expected to be linearly correlated (auto correlated).
This tendency is verified by the present data (fig. 6).

Both SOU and TCO,-production are excellent measures of fish farm impact since they
respond to changes in organic matter loading, they are relatively easy to measure and have a high
degree of reliability. Ideally both parameters should be measured simultaneously together with

some measure of organic enrichment, as both indicators become hard to interpret if used singly.

3.6. S - cycling in fish farm sediments

Sulfate reduction is usually the dominating anaerobic degradation process, whereas Fe- and

Mn-reduction may be of significant importance in Fe- and Mn-rich sediments [5]. The process is

performed by sulfate reducing bacteria that use SO, as the terminal electron acceptor for the

oxidation of organic matter, while sulfide is concomitantly released to the surrounding sediment [3].

The highly toxic sulfide is found primarily as HS’, and is usually confined to the anoxic part of
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Figure 7. Sulfate reduction rates (SRR) in sediments adjacent to fish farms (Sources [21,23,35,37] ).
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sediments because sulfide is rapidly oxidized back to SO,* by sulfide oxidizing bacteria in the oxic
sediment layers or immobilized as FeS or FeS; [3]. In organically enriched sediments the capacity
for reoxidizing and immobilizing HS  may be severely impaired, and sulfide may accumulate to
high concentrations in the upper sediment layers or escape to the overlying water column [31]. High
HS -concentrations are responsible for the formation of bacterial mats on the surface of sediments
(Beggiatoa sp.) [3,31] and have been partly responsible for fish kills in fish farms [45-46].

Several authors suggest that HS” may be the controlling factor for sediment associated flora
and fauna, and has been able to relate changes in fauna diversity or dieback of flora to increases in
pore water sulfide concentrations [[8,16,27]. The number of investigations of S-dynamics in fish
farm sediments are, however, very limited, but the results clearly show that SRR may be very
stimulated in fish farm sediments (fig. 7). The exact consequences of this increase is difficult to
interpret since parameters like organic enrichment, pore water concentrations of sulfide and solid S

content of sediments were not measured in the same studies.
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4. CONCLUSIONS

Two types of indicators, pressure indicators and function indicators, are used to asses the
impact of marine fish farms on the biogeochemistry of adjacent sediments. Whereas pressure
indicators estimate the pressure (organic enrichment) exerted by the farm upon the environment,
they tell very little about the environmental quality. Function indicators, on the other hand, describe
changes in some specific biogeochemical pathway or total benthic metabolism resulting from
changes in pressure. The most frequently used pressure indicators are surface content of OM, POC
and PON, and they correlate well with estimates of sedimentation. The most frequently used
function indicators are measurements of total benthic metabolism (SOU and TCO;-production), that
respond well to increases in pressure. SRR is another function indicator that measures the impact

upon a specific biogeochemical pathway.
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