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A B S T R A C T

The organic enrichment of surficial sediments has a known effect on benthic faunal communities due largely to
oxygen depletion and sulfide toxicity. Total dissolved sulfide (free S−2 = H2S + HS− + S2−) concentrations in
sediments are widely measured as a practical indicator of community effects. However, the standard ion se-
lective electrode (ISE) method for free S−2 analysis can provide biased results owing to the inclusion of non-
toxic mineral sulfides and the oxidation and volatilization of free S−2. A rapid field protocol was developed that
alleviates these problems while also providing data on dissolved oxygen concentrations. Sediments collected
near salmon aquaculture pens over cohesive and permeable substrates were analysed using the standard and new
protocols. The results confirm previous conclusions of artifacts with the standard ISE method, while the dual
indicator approach more accurately describes the stages, spatial extent and magnitude of sediment geochemical
alterations affecting benthic communities.

1. Introduction

Eutrophication is considered a major anthropogenic perturbation to
marine ecosystems worldwide and is one of the largest threats to coastal
ecosystems (Nixon, 1995; Smith et al., 1999; Smith, 2003; Cloern,
2001; GESAMP, 2001; Gray et al., 2002). Organic matter enrichment of
surface sediments, resulting from the presence of excess nutrients in
coastal areas and the release of solid effluents from some human ac-
tivities (e.g. sewage, pulp and paper, and aquaculture), has a known
effect on benthic habitat and microbial and faunal communities (e.g.
Pearson and Rosenberg, 1978). Organic matter deposition stimulates
benthic aerobic metabolism and hypoxic/anoxic conditions are created
in surficial sediments if oxygen consumption exceeds resupply across
the sediment-water interface. Under anoxic conditions, sulfate reducing
bacteria continue to decompose the organic matter and produce hy-
drogen sulfide as an end-product of sulfate respiration. H2S and ioni-
zation products (HS− and S2−) are toxic to most organisms (Grieshaber
and Völkel, 1998; Wang and Chapman, 1999; Gray et al., 2002;
Hargrave et al., 2008). The concentration of these sulfide forms, which
exist in a dissolved state, is a function of pH and are collectively re-
ported as total dissolved sulfides (free S2− = H2S + HS− + S2−).

The diversity, abundance and biomass of benthic species are known
to change in a predictable pattern along an organic enrichment gra-
dient, largely in response to changes in oxygen availability and free S2−

toxicity (Pearson and Rosenberg, 1978). Agreement with the Pearson-
Rosenberg qualitative model of benthic community effects from in-
creasing organic enrichment has been widely reported (Nilsson et al.,
1991; Snelgrove and Butman, 1994; Diaz and Rosenberg, 1995; Nilsson
and Rosenberg, 2000; Gray et al., 2002; Diaz et al., 2004). Hargrave
et al. (2008) developed a unified quantitative model of how benthic
community structure responds to organic enrichment-induced changes
in the biogeochemical properties of surface sediments. This model
showed that organic enrichment effects on benthic macrofauna could
be classified based on simple geochemical measurements (pH, redox
potential and free S2−) such that these measures can support and/or act
as alternatives to the costly, labour-intensive and time-consuming
taxonomic approach for assessing benthic effects (Hargrave et al., 2008;
Giles, 2008).

Several countries, including Canada, New Zealand and USA, include
free S2− monitoring as part of the benthic component of aquaculture
management frameworks (Wilson et al., 2009). The Canadian Aqua-
culture Activities Regulations (GoC, 2015) and related Monitoring Stan-
dard (DFO, 2015) place a particularly heavy reliance on free S2−

monitoring and related organic enrichment standards for environ-
mental impact assessments; as opposed to also employing biological
standards (Wilson et al., 2009). The standard protocol for measuring
free S2− in surficial sediments employs the ion-selective electrode (ISE)
method that is based on the principle that the potential of a silver/
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sulfide ISE is related to sulfide ion activity in the sediment porewater
(DFO, 2015). This method has been widely adopted as it allows mea-
surements to be made in the field using relatively inexpensive, com-
mercially available, and portable instruments. Free S2− measurements
are performed by inserting the Ag+/S2− probe directly into a sediment-
porewater slurry containing an alkaline buffer (sulfide antioxidant
buffer; SAOB) (e.g. Wildish et al., 1999). The addition of SAOB is re-
quired to regulate the ionic strength of the solution, to reduce loss of
free S2− by oxidation and to adjust pH to> 13 (Hseu and Rechnitz,
1968). The alkaline conditions are necessary to ensure that any H2S and
HS− in the sample are in the form of S2−, which is specifically detected
by the ISE. Brown et al. (2011) reported that this accepted protocol “…
can lead to significant bias of free sulfide measurements, with orders of
magnitude higher concentration detected in the buffered sediment-
porewater slurry than in porewater samples isolated and analysed se-
parately.” These authors also noted that the accepted sediment analysis
protocol exhibited low precision compared with measurements con-
ducted in aqueous solutions (SE ± 55% and 12%, respectively). These
errors have been attributed to the dissolution of particulate sulfides
and/or sulfur present in the sediment under the intense alkaline con-
ditions required by the method (Brown et al., 2011). Consequently,
there is a need for a more accurate and precise protocol for measuring
total free sulfides in sediments, but which also remains practical for
application in routine environmental assessments.

Although the availability of oxygen in marine sediments is an in-
tegral component of the Pearson and Rosenberg (1978) and Hargrave
et al. (2008) organic enrichment zonation models, oxygen concentra-
tion measurements have seldom been included in studies dealing with
the benthic impacts of excess organic enrichment (Kalantzi and
Karakassis, 2006; Giles, 2008). The depth of the redox potential (Eh)
discontinuity provides an indication of the depth of oxygen penetration,
but Eh microelectrode measurements have been discounted as a reliable
indicator of benthic impacts due to poor precision, particularly in areas
with oxic sediments (Wildish et al., 1999; Brooks and Mahnken, 2003;
Giles, 2008). A combination of dissolved oxygen and free S2− mea-
surements in surface sediments, using reliable and practical meth-
odologies, would provide information on benthic oxygen stress and
sulfide toxicity and the consequences to benthic fauna from excess or-
ganic matter sedimentation.

The present study included the development of a combined protocol
for accurately and precisely measuring free S2− and dissolved O2 in
sediment samples immediately after sample collection under field
conditions. The reported free S2− method eliminates interference from
particulate sulfur forms while also preventing additional errors from
the rapid oxidation and volatilization of free S2− in samples during
sample processing and transport. Commercially available dissolved
oxygen microsensors and microelectrodes were tested for compatibility
with the sampling protocol developed for free S2− analysis. All
methods were validated based on measurement accuracy, precision and
limit of detection and were tested under typical environmental mon-
itoring conditions near open-water salmon net-pens located over
permeable (sand) and cohesive (mud) seabeds.

2. Materials and methods

2.1. Methods development criteria

The sample processing and analytical procedures are targeted for
both scientific and regulatory applications. The principal requirements
were that the methods provide accurate and precise results across the
full range of dissolved oxygen (super-saturated to anoxic) and free S2−

concentrations (0 to ~10,000 μM) possible in natural and impacted
substrates. Other developmental considerations, particularly for reg-
ulatory applications, included: ease of use by non-professionals; high
rate of sample processing and analysis; relatively low cost per sample
(e.g. salary, instrumentation, expendables and materials life-cycle); and

applicability for near real-time analysis on the sampling vessel. The
latter requirement is important to determine if resampling is necessary
to confirm any anomalous results. The strategy taken to eliminate free
S2− measurement errors related to contamination by the presence of
particulate species, volatilization and/or reactivity with atmospheric
oxygen, was to isolate the porewater from the sediment and to conduct
all porewater analysis prior to any sample contact with air.

2.2. Porewater collection

The decision to focus on sediment porewater analysis required a
sample collection and extraction protocol that prevents the fluid from
being displaced from the desired sampling depth during sampling,
while also preventing contact with air. Immediate extraction of pore-
water in the field helps to facilitate these requirements. Porewater
collection without contact with air is problematic for many of the ex-
traction methods currently reported, including dialysis, suction filtra-
tion, centrifuging and squeezing (reviewed by Shotbolt, 2010). The
Rhizon sampler approach (Seeberg-Elverfeldt et al., 2005), however,
has been reported to be a cost-effective and technically easy method
that can provide porewater samples without changing redox conditions
in the sample (Shotbolt, 2010). Two types of Rhizon samplers (Rhizo-
sphere Research Products, Wageningen) were tested in field and la-
boratory conditions. The standard Rhizon consisted of a hydrophilic,
porous, polymer tube (5 cm long) with a diameter of 2.5 mm and mean
pore size of 0.15 μm. A stainless steel wire inside the tube provided
support for the flexible tube during insertion into sediment. The porous
tube is attached to a 12 cm length of 2.5 mm diameter PVC/PE tubing
and terminated with a nylon luer-lock connector. The RhizoCera sam-
pler consisted of a 5 cm long ceramic (Al2O3) tube with a diameter of
4 mm and pore size of 0.7 μm. The luer connector is attached directly to
the ceramic tube. Both samplers are porous only to liquids and can be
used repeatedly after back-flushing.

Porewater was extracted from sediment samples collected by coring
(coring details provided below). The Rhizon or RhizoCera samplers
were inserted horizontally into the side of clear polycarbonate core
tubes at the desired depth below the sediment/water interface. The
10.8 cm-diameter polycarbonate core tubes contained holes, drilled at
1 cm intervals along the length of the tube, which were covered with
clear duct tape. The tape is meant to provide a tight seal against the
outside of a fully inserted porewater sampler to prevent fluid leakage
from the core and air exchange with the sediment. The sampler was
connected to a syringe and approximately 1 mL of porewater was
manually extracted from the core under gentle suction. This volume
was sufficient to both fill and flush the inside of the Rhizon and
RhizoCera tubes. The fluid in the syringe was discarded as the analysis
of porewater was conducted only on material retained inside the sam-
pler tube. This was accomplished by removal of 100 μL subsamples
from inside each tube with a micro-syringe for free S2− analysis and by
inserting an oxygen microsensor inside the Rhizon/RhizoCera tube.
This procedure fulfilled the requirement for porewater sampling/ana-
lysis to be conducted without the sample contacting air.

2.3. UV spectrophotometric determination of total free sulfide

The ultraviolet spectrophotometric method for determination of
free S2− concentrations in water (Guenther et al., 2001) was adapted as
a rapid approach for the routine analysis of porewater samples in the
field. This is a direct method in which the bisulfide ion (HS−) is de-
tected directly via its intrinsic optical properties. HS− absorbs in the
ultraviolet with a peak near 230 nm and, when measured at pH near 8,
this method provides accurate and precise measurements of total free
S2− concentrations in natural waters (Guenther et al., 2001). Given
that no chemical manipulations are required with this method, other
than adjusting pH, and the capacity to measure high concentrations
without dilution, it was identified as a practical approach for use under
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