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INTRODUCTION

Coastal marine sediments play an important role in
the recycling of nutrients through degradation of organic
matter originating from marine primary production and
run-off from terrestrial sources. The increased use of
fertilizers in agriculture over the last 50 yr has increased
the anthropogenic component of nutrient run-off (Gal-
loway et al. 2004), and has had severe effects on many
coastal areas, such as oxygen depletion and temporary
elimination of fauna (Rosenberg & Nilsson 2005). Such
effects are easily detected without sophisticated analyt-
ical investigations; for example, the smell of hydrogen
sulfide, and the absence of macro- and meiofauna are
immediately evident. However, before reaching such a
state, the sediment ecosystem undergoes a gradual
change (Pearson & Rosenberg 1978), as oxygen demand
increases parallel to the increased input of organic mat-
ter, resulting in increasingly more reduced sediment.
Changes in benthic fluxes of nutrients and metals at the

sediment–water interface are a measurable response to
inputs of organic matter (Aller & Benninger 1981, Enoks-
son & Rudén-Berg 1983, Sundby et al. 1986). Such
changes are determined by a series of measurements
over a certain period of time of the relevant solute in the
overlying water. When carried out as incubations of
intact sediment ecosystems, either in situ or under in
situ-like conditions in a laboratory, benthic flux measure-
ments are complex and variable, and are thus frequently
performed as incubations of sieved sediment, often with
a set number of individuals of different macro- and/or
meiofaunal species in each replicate (Hansen & Black-
burn 1991, Van Duyl et al. 1992, Sloth et al. 1995,
Hylland et al. 1996, Pedersen et al. 1999, Bianchi et al.
2000). Studies on sieved sediments reduce the natural
heterogeneity and complexity of the sediment eco-
system, thereby reducing variability, and thus enable op-
timal replication and presumably less complexity in data
interpretation. The major drawback of such simplified
experimental systems is loss of ecological relevance in
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heavily manipulated sediments. Furthermore, in many
studies examining response of sediments to additions of
organic matter, the additions are often relatively large,
typically in the range of 1 to 4 mol organic carbon (OC)
m–2. This corresponds to 4 to 8 times the estimated
natural spring bloom sedimentation of the Baltic of
0.48 to 0.96 mol OC m–2 (Bianchi et al. 2000), or 2 to
12% of the annual supply of OC defined as eutrophic
conditions (Nixon 1995). Nevertheless, large organic
additions are of interest for studies on eutrophicated
areas, or areas at potential risk of eutrophication, as large
additions give a clear response. Studies on the response
of intact sediment to small additions are few. Enoksson
(1993) added 76 mmol N m–2, which according to the
Redfield ratio corresponds to 0.50 mol C m–2. The pur-
pose of such studies are more descriptive (e.g. to exam-
ine the pathways of recycling of organic matter) rather
than predictive (e.g. determine the sediment response to
organic matter additions of different size and quality).
Recent reviews of eutrophication in the coastal marine
environment (Grall & Chauvaud 2002, Gray et al. 2002)
emphasised the importance of detection and quantifica-
tion of eutrophication effects at its early stages. It would
therefore be advantageous if changes in fluxes at natural
levels of organic matter input were determined under
conditions more comparable to those in situ. Thus, such
an approach should include high variability and com-
plexity. In this study we used a multivariate approach
enabling simultaneous evaluation of several variables
that are not necessarily independent. Multivariate meth-
ods can also reveal hidden relationships between
samples and the relative importance of the variables
analyzed (Morgan 1991, Wold 1995). Such investigations
focusing on the dynamics of sediment responses to small
organic additions reflect the normal behaviour of a
sediment ecosystem. They can be used to improve
existing models (Wulff et al. 2001) of the coastal marine
environment.

The aim of this study was to evaluate if the sediment
response to ecologically relevant additions of organic
matter with varying carbon-nitrogen content could
be detected using multivariate analysis. The carbon-
nitrogen content is here used as a proxy for quality,
even though it is evident that other chemical compo-
nents such as phosphorus content and the structure of
the organic matter also determine quality. The size of
the additions was based on the data of primary produc-
tion and calculation of export out of the photic zone
(Landén & Hall 1998 and references therein). The
highest amount of added carbon corresponds to the
input to the sediment during 3 wk of primary produc-
tion during a typical spring bloom at the studied area.
The composition of the organic additions was different
mixtures of lignin and Ulva lactuca to create variation
in the quality of the organic matter.

MATERIALS AND METHODS

Sampling and analytical methods. Using a modified
USNEL-type box-corer (Blanck et al. 1996), 10 sedi-
ment boxes (0.5 × 0.5 × 0.4 m) were collected from 63 m
depth in the Gullmar Fjord (58° 16’55’’ N, 11° 29’ 10’’ E)
at the end of August 1999 (Fig. 1).

On board the RV ‘Arne Tiselius’, bottoms and tempo-
rary lids were fitted to the boxes of sediment before
transportation to Kristineberg Marine Research Station
(KMRS), Fiskebäckskil, Sweden. At KMRS, the boxes
were immediately placed in a therm-constant room at
in situ temperature (6°C) and particles in the overlying
water were allowed to settle for 48 h. During this time
the boxes were open and the overlying water was aer-
ated to create slight stirring of the water. A long-term
circulation system was then mounted and the boxes
were provided with a continuous supply of in situ sea-
water (Fig. 2), and incubated in the dark, as light pen-
etration to 60 m depth at the site is limited. 

The incoming water was mixed with water already
present in the boxcosm through a separate internal
circulation creating a laminar flow over the sediment
surface. The circulation system and the experimental
setup of the boxcosms are described in detail by I. M.
Karle (unpubl.). The procedure for the flux measure-
ments in this boxcosm system was as follows: The
external in- and outflow was shut off for 8 h. During
this time the water remained homogenous through the
internal circulation system. On 5 occasions during each
flux incubation the water was sampled for oxygen (O2),
dissolved inorganic carbon (DIC), ammonium (NH4

+),
nitrate and nitrite (ΣNO2

–+NO3
–), and silicate (ΣSi(OH)4

+Si(OH)3O–). For simplicity, we will hereafter refer to
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Fig. 1. Sampling site in the Gullmar Fjord (58° 16’ 55’’ N, 
11° 29’ 10’’ E)
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the ΣNO2
–+NO3

– as NO3
–, and ΣSi(OH)4+Si(OH)3O– as

SiO2. Oxygen samples were precipitated according to
a modified Winkler technique and stored in the dark
for 12 h at 5°C prior to titration. Triplicate DIC samples
were gently filtered (0.20 µm) and stored for less than
24 h at 5°C prior to analysis on a LICOR LI-6262 (RSD =
<5%, n = 3). Triplicate nutrient samples were filtered
(0.45 µm) and immediately analyzed on a Bran+Luebbe
TRAACS 800 (RSD = 2 to 5%, n = 3). All filters were
Sartorius cellulose acetate syringe filters rinsed with
50 ml Milli-Q water and flushed with air before use.

Experimental design. Benthic fluxes were measured
on 6 occasions over 4 wk (Fig. 3) to cover the natural
temporal and spatial heterogeneity of the sediment
system. By repeated flux measurements only 2 d apart,
potential carry-over effects from the previous flux
measurement could be detected (i.e. pairwise compar-
ison of fluxes from t = –26 and –24 d versus fluxes from

t = –19 and –17 d). The first 6 flux measurements
(t = –26 to –3 d) will henceforth be referred to as
‘before-fluxes’ because they were measured before the
addition of organic matter, and the last 6 fluxes (t = 2 to
40 d) as ‘after-fluxes’.

The additions were made according to a full factorial
design with 2 factors and 1 centre point (Figs. 4 & 5)
using ‘The Unscrambler’ v.7.5 software. The first factor
was total amount of organic matter (OCtot), the second
factor, percentage carbon originating from Ulva lac-
tuca (%U) representing bioavailable OC and nitrogen.

After the initial 6 flux measurements (Fig. 3), 5 differ-
ent mixtures of freeze-dried, ground lignin (L) and the
green algae Ulva lactuca (U) were added to the sedi-
ment (time zero, t = 0). The carbon and nitrogen com-
position of the additions (A to E) is summarized in
Table 1. Assuming an average mixing depth of 1 cm
during the first 48 h after addition, the highest addi-
tions of carbon content (C and D) increased the total
carbon content from 3.00 to 3.11% sediment dry wt.
The corresponding increase for the lowest additions (B
and E) was from 3.00 to 3.02% dry wt. The sediment
boxes were designated according to their respective
nutrient addition, and the same designation was used
to identify the before- and after-fluxes. 

Additions were made as a slurry of freeze-dried
organic matter and filtered seawater. Using a Pasteur
pipette with the tapered point removed, the slurry was
added halfway down the water column, evenly spread
throughout the water, and allowed to settle for 6 h.

Water circulation was then resumed
and a further 6 flux measurements
were made over a period of 6 wk,
according to an exponential time
schedule (Fig. 3). At the end of
the experiment, the sediment was
sieved and macrofauna >2 cm deter-
mined at species level.

Data evaluation. Only fluxes dis-
playing a linear change in concen-
tration over time were used. A 2-
level full factorial design with 1
centre point was used with additions

17

Fig. 2. Boxcosm setup. Internal circulation system perpendic-
ular to incoming water ensures that the water mix remains 

homogenous

Fig. 3. Schedule of flux measurements. Fluxes were measured on 6 occasions over
a 26 d time span before addition of organic matter, and on 6 occasions over a 40 d 

time span after additions were made

Table 1. Additions (Boxes A to E) of organic matter to the sedi-
ment, including Ulva lactuca (U) and/or freeze-dried, ground
lignin (L). All C and N values in mmol m–2 except for the C:N 

ratio, which is dimensionless

Box CU+L NU+L CU CL NU NL CU+L:NU+L

A 167 6.16 83.3 83.3 6.10 0.0607 27.0
B 41.6 0.63 8.33 33.3 0.610 0.0243 65.6
C 291 4.44 58.3 233 4.27 0.170 65.6
D 291 17.1 233 58.3 17.1 0.0425 17.0
E 41.6 2.45 33.3 8.3 2.44 0.00607 17.0
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of organic matter as x-variables (Fig. 5) and the flux
data as y-variables. The complete flux data set was
then divided into before- and after-fluxes. The commu-
nity composition of intact sediment communities can-
not be controlled; therefore, each sediment had its own
characteristics, resulting in variability in the data that
was not related to the additions of organic matter. In

order to reduce this variability, the fluxes were normal-
ized to an average ‘before-flux’ of each solute. The
normalized data matrices were then analyzed by Prin-
cipal Component Analysis (PCA) and Partial Least
Square (PLS). To enable equal comparison of the dif-
ferent solute fluxes, the data were weighted with 1 SD.

PCA is a multivariate ordination technique; its
strength is its ability to extract information and find
similarities and differences between samples within
large amounts of data. It can also visualize and reveal
hidden patterns and relationships that might be diffi-
cult to detect in a very complex data matrix. PLS is an
extension of PCA, where the PCA of the Y-matrix that
contains the response variables is fitted through
regression analysis to the X-matrix that contains the
design variables (Fig. 5). The resulting regression
equation (Y = B0 + B1X1+…+BkXk +E ) consist of B-
coefficients that represent the influence of each design
variable on the explained variation of the regression
model. B0 is the intercept of the regression, and E is an
error matrix holding the variance that cannot be
explained by the model. The building of the model is
made in 2 major steps. Firstly, data calibration is per-
formed, where models are built excluding one calibra-
tion point at a time. This is followed by a validation
step, where the response variables are excluded. Both
steps are tested through simulated prediction of
response values that are compared with the measured
values within the data set. Both the calibration and val-
idation are evaluated through correlation analysis of
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A: centre point with 2.0 g m–2 OCtot and 50% U. lactuca

Fig. 5. Experimental design. The 2 factors, amount of total organic carbon (OCtot) and the percentage of Ulva lactuca (%U) were
varied at 2 levels as indicated by the corner circles. One centre point, A, with intermediate levels of both factors was added to
investigate potential non-linearity. The regression between the X and Y matrices using the Partial Least Square (PLS)-algorithm
results in B-coefficients (regression coefficients) for the 2 main factors, OCtot and %U, as well as for the interaction terms 

OCtot × %U. An error matrix E can then be used to predict new flux values from new levels in the X matrix
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predicted and measured response vari-
ables. The significance of each response
variable was checked for both the calibra-
tion and the validation step. However, if
the calibration was not statistically signifi-
cant at a 95% confidence level, the signifi-
cance of the validation was also rejected.
The specific method PLS2 is suitable when
the aim is to simultaneously evaluate
effects of the x-variables on more than one
y-variable.

The PLS2 was performed on the after-
fluxes at different time scales using all
response variables ranging from single
flux measurements (t = 2, t = 4,…, t = 40 d),
to the maximum of 6 flux measurements
(t = 2 to 40 d) at the one time. The effect of the addi-
tions in terms of which solute(s) that were effected, the
duration of the response, and the effect of organic mat-
ter composition could thereby be captured. Series of
one response variable at the time for the 6 flux mea-
surements were also made (e.g. nitrate, t = 2 to 40 d).
Response variables that were significantly affected by
the additions were selected for a new PLS2 analysis.
The same procedure was also conducted with the
before-fluxes data in order to exclude that the results
in the after-fluxes data were due to chance. This proce-
dure resulted in 14 PLS analyses, which gave a total of
104 and 112 modelled response variables for before-
and after-fluxes, respectively. The difference in total
number of modelled response variables was due to
unequal numbers of missing data in respective data
set. The percent successfully modelled response vari-
ables were compared between the before- and after-
fluxes data sets.

The relationship to the addition pattern in Fig. 4
was graphically illustrated in a score plot of the PLS2
result. As the score plot from the PLS2 analysis is
based on the regression of the PCAs of the additions
and of the measured fluxes, the centre point is fixed
at the origin of the coordinates. Therefore, as a final
check, a PCA was run on the significant variables
given in the PLS2.

RESULTS

Box specificity of macrofauna composition

Macrofauna >2 cm in the sediments boxes is summa-
rized in Table 2. The most remarkable findings were
the presence of hagfish in Boxes C2 and E1 and the
large amounts of dead Thyasira sp. shells found at 5 to
10 cm sediment depth in Box B2.

Box D1, with 11 individuals of Ophiura sarsi in com-

bination with the complete absence of any Echino-
cardium sp., also stood out compared to the other
boxes. Other macrofaunal key species not quantita-
tively determined were the brittlestars Amphiura sp.,
the polychaetes Heteromastus filiformis, Maldane
sarsi, Melinna cristata and Rhodine loveni, and the
bivalve Abra nitida.

Flux incubations

Fluxes of nutrients, oxygen, and DIC were generally
linear (Fig. 6). On average, the oxygen concentration
decreased between 230 and 210 µmol dm–3 during a
flux incubation. This moderate decrease in oxygen
concentration and the linear changes of the nutrient
fluxes during the incubations indicate that the incuba-
tions themselves had not affected the results in a statis-
tically significant manner.
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Table 2. Macrofauna (ind.) >2 cm diameter from the boxes at the end of the
experiment. L: large ind.; S: small ind.; X: high density of shells at 5 to 10 cm 

depth of dead Thyasira sp.

Species Boxes
A1 A2 B1 B2 C1 C2 D1 D2 E1 E2

Aphrodita aculeata – – 1 1 – – 1 – – –
Brissopsis lyrifera 3 1 5 1 3 1 – 4 2 1
Echinocardium sp. 2 1 3 1 2 2 – – 5 1
Myxine glutinosa – – – – – 1L – – 1S –
Nephtys sp. 2 1 1 – 2 – 1 1 1 1
Ophiura sarsi 1 1 – 1 – – 11 – – –
Pseudamussium – – – 1 – – – – – –
septemradiatum

Thyasira sp. X
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Fig. 6. Increase of ammonium (filled symbols) and nitrate
(open symbols) for Box E1 (circles) and Box C2 (triangles)
from one sampling occasion (t = –2 d). Solid and dashed lines
show linear fit (r2 ≥ 0.97) to respective series. Error bars indi-
cate ±SD from triplicate nutrient analysis. Note different 

scales on the y-axes
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Flux development over time

The complexity of the sediment system was reflected
in the variability of the fluxes during the experiment,
both before and after addition of organic matter. An
example of flux development over time during the
experiment is shown in Fig. 7.

The ammonium flux shifted from efflux to influx
in all boxes on one or more occasions during the last
3 flux measurements (t = 16 to 40 d). The before-
fluxes data indicated a sampling bias for nitrate and
oxygen fluxes (Z-test, p = 0.05), resulting in in-
creased nitrate-effluxes and decreased oxygen-
influxes for samples taken only 2 d apart. This bias
affected the fluxes in an opposite direction to the
additions; however, the effect of this bias on the
magnitude of the responses was small (5 to 10%) and
could therefore be ignored. Fig. 8 details the average
fluxes of 2 boxes from each treatment, ranging from
2 d before until 8 d after addition. Since the major
effect of the addition on the benthic fluxes was
apparent within the first 8 d after addition, Fig. 8
only shows the fluxes from these time points. Due to
analytical problems, silicate flux data for the 8 d is
missing.
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Effects of additions of organic matter—evaluation
using PLS2

Flux analysis

Variation in fluxes between some replicate boxes
(e.g. C1 and C2, data not shown) became larger after
addition because of the box specificity due to fauna
composition. The PLS2 analysis of the individual 10
replicate boxes was therefore not able to distinguish a
pattern related to the addition, so instead the average
of the 2 boxes from each respective treatment was used.

The PLS2 analyses of the before-fluxes data set
resulted in 5 significant modelled response variables
out of a possible 104, which equals 4.8% (Fig. 9a). In
comparison, the analysis of the after-fluxes data pro-
duced 34 significant modelled response variables out
of a possible 112 (30%), all with higher significant val-
idation than the 5 resulting from the before-fluxes
data. The PLS2 score-plot of the complete after-fluxes
data set showed likeness to the PCA for the experi-
mental addition pattern, as confirmed by the signifi-
cant models in the PLS2 analysis (Fig. 9b–d). Two prin-
cipal components were sufficient to explain 68% of the
total variation of the Y-variables, where the first princi-
pal component explained 48% and the second 20%
(Fig. 9b). The clearly most significant regression in a
PLS2 was the analysis of time series t = 2 to 8 d for all
solutes (Fig. 9c–e). In the PLS2 analysis of fluxes of all
solutes t = 2 to 8 d, there were 6 specific fluxes showing
a significant regression between predicted versus
measured flux, including ammonium, nitrate, silicate

and oxygen 2 d after addition, and nitrate fluxes up to
8 d after addition. The fluxes of ammonium, silicate
and oxygen 4 to 8 d after addition, together with all the
DIC fluxes could not be used for significant simulated
prediction of fluxes in the model. Using the fluxes that
showed a significant regression between a predicted
versus measured flux in the PLS2, a PCA using these
fluxes, confirmed the pattern resemblance of the addi-
tions (Fig. 9e).

B-coefficients

The B-coefficients show which response variables
were affected by the different parameters in the addi-
tions; OCtot, and the quality of organic matter (ex-
pressed as %U), and the interaction between the 2 fac-
tors (OCtot × %U) (Fig. 10). These B-coefficients are also
used when predicting effects of additions other than
those made in the experiment. As all variables con-
tribute to the specific model of the fluxes for all solutes
(t = 2 to 8 d) all B-coefficients from the model are eval-
uated below, even though only 6 of them were able to
predict measured fluxes with 95% significance.

Ammonium fluxes. All ammonium fluxes during the
first 8 d after addition were effluxes. Initially %U had
the highest influence on the ammonium flux (t = 2 d,
B = –0.85), resulting in a decreased efflux. %U de-
clined to less than half 8 d after the addition (t = 8 d, B =
–0.36). OCtot gave, on the other hand, an increased
efflux, most pronounced 4 d after addition, where the
relative importance of the total amount (B = |0.69|) was
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larger compared to the quality (%U , B = |0.56|). The
interaction between quality and quantity (OCtot × %U)
increased the ammonium fluxes to a larger extent than
the total organic matter at 2 and 8 d, but was always
less important than the quality.

Nitrate fluxes. The nitrate fluxes during the first 8 d
after addition were also effluxes. Two days after addi-
tion, quality and quantity had an equal influence on the
flux (%U and OCtot, B ~ |0.65|), while the magnitude of
the interaction was approximately half the size (OCtot ×
%U, B = |0.34|). The quality of organic matter affected
the nitrate fluxes through decreased effluxes at 2 and
8 d in the same manner as for the ammonium fluxes.
However, 4 d after addition the quality of organic mat-
ter gave rise to increased efflux of nitrate, which was
larger than the effect of total amount of organic matter
and the interaction put together (%U, B = |0.79|; OCtot,
B = |0.48|; OCtot × % U, B = |0.28|). Contrary to the influ-
ence on ammonium fluxes, OCtot decreased nitrate
effluxes at all time points. The influence of quantity was
most pronounced after 8 d (OCtot, B = –0.88), when
quality had become less important and of the same
order as the interaction factor (%U, B = –0.23).

Silicate fluxes. All silicate fluxes during the first 4 d
after addition were effluxes. Two days after addition,
the influence of quality of organic matter created a
decreased efflux of approximately the same magni-
tude as total organic matter caused an increased efflux
(U%, B0 = |0.63|; OCtot B = |0.59|). The influence of the
interaction between quality and quantity (OCtot × %U)
increased from 0.20 to 0.29 between 2 and 4 d after
addition, and on Day 4 it had almost the same influ-
ence as OCtot (B = 0.30). As the influence of organic
matter (OCtot) gave less enhanced effluxes over time,
the quality caused decreased effluxes over time (B =
–0.63 to –0.78 over 4 d).

Oxygen fluxes. All oxygen fluxes during the first 8 d
after addition were influxes. The oxygen fluxes con-

stantly decreased due to %U, and increased due to
OCtot and OCtot × %U, whereas the influence of quality
initially dominated (%U, B = |0.77|). This pattern was
the same throughout the 8 d, although the relative
importance of the factors varied. Four days after the
addition, the influence of total amount of organic mat-
ter remained the same at B = |0.51|, whereas the rela-
tive influence of quality and the interaction were less
than that of total amount of carbon. On Day 8 after the
addition, the relative influence of the factors was the
same as initially, but with lower B-coefficients for all
factors.

DIC fluxes. All DIC fluxes during the first 8 d after
addition were effluxes. Both the quality and quantity
of organic matter resulted in an increased DIC efflux
(%U, B = 0.66; OCtot, B = 0.2), whereas the interaction
resulted in a decreased efflux (B = –0.3). OCtot got
stronger over the 9 d, as the %U and OCtot × %U was
reduced.

DISCUSSION

Although the additions of organic matter to intact, nat-
urally heterogeneous sediment boxes were small but
ecologically relevant, our experiment provided informa-
tion on the relative importance of quantity and quality of
the additions. Two days after addition, %U had a greater
influence on the benthic fluxes than OCtot. Later the
pattern changes, and 8 d after addition OCtot was more
important for the response of the benthic fluxes. The ad-
dition of organic matter varied between 0.5 and 3.5 g
m–2, and the quality varied between 0.2 and 0.8 g m–2,
which leads to the interpretation below.

An addition of a small quantity with high quality
organic matter (Addition E), resulting in a low C:N
ratio, was the only treatment that initially gave a
decreased efflux of ammonium. In contrast, for Addi-
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tion D, which had a 7-fold larger carbon addition but
the same C:N ratio as Addition E, the ammonium efflux
was increased. Likewise, Addition B, which had the
same amount of organic matter as Addition E, but a
higher C:N ratio, also resulted in an increased efflux.
This suggests that as long as the quantity and quality
of the addition matches the potential activity of the
microbial community present at the time, the organic
matter will be sequestered without losses to the water
column. Therefore, the enhanced ammonium efflux
resulting from Additions A to D can to a large extent be
explained by the sudden introduction of either too
much organic matter containing both ammonium and
nitrate from potential intracellular storage in Ulva lac-
tuca (Rosenberg & Ramus 1982, Lundberg et al. 1989),
or organic matter with a too high C:N ratio to readily
be incorporated in the microbial biomass. These results
are in line with previous results from simplified small-
scale experiments with additions of organic matter to
sieved sediment from the same site (Dahllöf & Karle
2005). The results from the latter study suggested that
an addition of organic matter with a low C:N ratio will
have a larger impact on sustaining eutrophication via
increased ammonium effluxes, than organic matter
with high C:N ratio when the same amount of carbon is
added. These results paralleled the response predicted
by our model for Additions C and D (3.5 mg m–2; C:N
ratio 66 and 17, respectively), which predicted excess
ammonium fluxes of 13 and 30 µmol m–2 d–1, respec-
tively. Again, this indicates that the potential activity of
the microbial community to sequester organic matter is
important, probably because the microbial assimilation
is slower compared to the extracellular hydrolytic
activity (Arnosti 2004, Weston et al. 2006 and refer-
ences therein). Therefore, in the case of Additions E
and B, which contained a smaller amount of organic
matter (0.5 mg m–2) than the other treatments, the
additions decreased the ammonium efflux, suggesting
that the assimilation capacity of the microbial commu-
nity was sufficient to handle this amount of organic
matter. As the decrease in ammonium flux was larger
for Addition E than B (–57 and –14 µmol m–2 d–1,
respectively) it seems likely that the microbial assimi-
lation capacity was even larger than the addition
given. Interpolating the model for ammonium fluxes
at this initial stage (t = 2 d), shows that assimilation
capacity would be reached at 2.5 mg m–2 added
organic matter irrespective of the quality. This predic-
tion, however, is only valid for the 2 types of quality
used in this study (lignin and Ulva lactuca). As pointed
out by both Arnosti & Holmer (2003) and Bühring et al.
(2006), organic matter additions of different quantities
but with same quality, as well as equal quantities of
different qualities, give different responses from the
microbial community: not only the C:N ratios are of

importance to the response, but also other nutrient
components such as phosphorus, as well as the struc-
ture of the organic matter and the composition of the
microbial communities.

The multivariate analysis reveals that both the qual-
ity and quantity of the additions produced decreased
nitrate effluxes 2 d after addition, suggesting enhanced
removal of N by anaerobic processes such as denitrifi-
cation and anammox before response of the nitrifying
microorganisms. The increased availability of ammo-
nium would trigger growth of the autotrophic nitrifying
microbial community only slowly, whereas the denitri-
fying organisms were probably already stimulated by
nitrate present in the organic matter, contributing to
the net decrease of nitrate effluxes for all treatments.
Further support for this scenario was found 4 d after
addition, where the quality (%U) gave an increased
nitrate efflux, which indicates that the ammonium
content of the material induced nitrification after a
lag time. Carbon content did not induce nitrification
activity. Strauss & Lamberti (2000) explained reduced
nitrification due to carbon additions (to freshwater
sediment) as enhanced competition between the dis-
similative use of ammonium as electron donor by
nitrifiers and assimilation of ammonium for growth by
heterotrophic bacteria. The heterotrophs thereby out-
competed the nitrifiers when the system changed from
carbon to nitrogen limitation from the heterotrophs’
perspective, which fits well with our data. However, in
the case of additions of both high quality and large
quantity, there is still a delay in the nitrifiers’ response
to addition. This delay can be explained by the slow
growth of nitrifying bacteria (Madigan et al. 1997), a
result of their dissimilative use of ammonium or nitrite
as electron donor. Oxidation of ammonium and nitrite
are not very efficient energy sources as they have
relatively high reduction potentials. This suggests that
despite increased ammonium concentration, nitrifica-
tion will not be enhanced until there is significantly
increased growth of the nitrifying community. The
effect of the addition could be seen during all 40 d of
the experiment, but it was only within the first 8 d that
significant predictions could be made. The analysis of
individual time points (2, 4 and 8 d after addition)
showed a too high resolution to describe the response,
indicating that the response has to be measured at
more than one time point, in order to achieve a suitable
grain and extent of the temporal scale (Petersen et al.
2003). The time series analysis (40 d span) of single
solute fluxes (e.g all nitrate fluxes after addition) could
not be used for predictive purposes, which most likely
is due to the coupled reaction, where the different
solutes are linked to one another, a relationship which
then is not reflected if only one solute is analyzed on
its own.
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The variables that were significantly validated can
be used for predictions of flux responses to other com-
binations of quality and quantity than those used in the
design. However, the variables that were significant
also for prediction were limited to the first sampling
after addition for all solute fluxes except DIC, but for
nitrate the effect continued at least for another 6 d. The
insignificant effect for the silicate fluxes 4 to 8 d after
addition is probably due to background activities con-
trolling the fluxes, as the major process affecting sili-
cate fluxes at this type of environment in the Gullmar
Fjord is bioirrigation (Rutgers van der Loeff et al.
1984). Hence, after the initial stimulation of faunal
activity, the silicate flux cannot be expected to be sig-
nificantly related to the addition, but rather to the fau-
nal composition of each individual box. Likewise,
background aerobic respiration, producing DIC, will
probably overshadow the effect of the additions at any
other time than immediately after addition. The back-
ground fluxes of oxygen or DIC are in absolute num-
bers approximately 2 orders of magnitude larger than
nitrogen fluxes, which is why the nitrogen fluxes will
potentially be more affected than the oxygen or DIC
fluxes. For ammonium, the case of later insignificant
ammonium fluxes can be explained by the rapid
turnover of ammonium, either as incorporation into
biomass or as electron donor for nitrifying bacteria.
However, even though the predictable response of the
additions was limited to a short timescale after addi-
tion, it is still remarkable that the effects of such small
additions to intact sediment could be detected and
related to their quality and quantity.

The skewness of the picture of the addition pattern
reconstructed in the PCA (Fig. 9e) is most likely due to
faunal effects that were too big to be handled by our
box specificity approach. The differences in faunal
composition of the 10 boxes will also naturally be
reflected in their response to the additions of organic
matter. Depending on what functional groups are
represented, e.g. compare Box D1, lacking the bull-
dozing heart urchins, with Box B1 with a total of 8
heart urchins, differences in the benthic fluxes can be
expected. For example, the response of the hagfish in
Box C2 to the organic matter addition might over-
shadow the other effects of the additions, resulting in a
more different flux pattern in Box C1 compared to Box
C2 after addition. This brings up the issue of the repre-
sentative size of the incubations. If one box is inhabited
by, on average, larger organisms than another, it might
be a problem that the ecological relevance is lesser
for the first box. In classic experimental design, it is
well known that it is difficult to work with intact sedi-
ment communities, and that there is always a trade-off
between: (1) the degree of control of the experiment;
(2) the ecological relevance; and (3) having enough

replication to ensure generality of the results (Schindler
1998, Petersen et al. 2003, Srivastava et al. 2004). Pre-
vious studies (Dahllöf et al. 1999, 2001) have suggested
that 3 to 4 boxes were enough to cover the spatial vari-
ation of the sampled site in the Gullmar Fjord (Fig. 1).
As multivariate replication works differently than
replication in classic experimental design by a more
efficient use of replication in the entire design, we
found it reasonable to use only duplicate boxes in this
experiment. In the future one might consider increas-
ing the number of replicates, at least in some points of
the design.

CONCLUSIONS

Two to 8 d after addition was the most suitable scale
for studying the effect of ecologically relevant addi-
tions of organic matter in the studied coastal sediment.
The multivariate regression model of the response
showed significant predictions of simulated measured
fluxes of ammonium, oxygen, and silicate 2 d after
addition, and for nitrate 2 to 4 d after addition. In order
to use the obtained model for predictive analysis, its
validity needs to be further tested; but the results sug-
gest that the use of benthic fluxes as response vari-
ables to organic matter enrichment in multivariate
designed and evaluated experiments could be a useful
tool for characterization of areas of potential risk of
eutrophication. In case of further development of the
model, potential variables to include could be physical
and chemical parameters for different locality charac-
teristics of the benthic community, as well as more
levels of organic matter addition in order to increase
the generality of the model.
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