


consistent with � 4% trophic fractionation with respect to
phytodetritus (Wu et al. 1997).

A d15N value and trophic fractionation factor for the
biofilm (consisting of bacterial and faunal biomass) was not
available, and therefore the following procedure was
followed. For the d15N biofilm value, we determined the
range of d15N values that is consistent with the other data
in the model and, as such, obtained a lower limit of 5.0%
and upper limit of 6.8%. The mean of this consistent range
(5.9%) was subsequently used as d15N of the biofilm on
dead coral branches. The trophic fractionation factor of the
biofilm was estimated based on the potential food sources
for the biofilm: senescing CWC tissue (8.7%), suspended
phytodetritus (4%), and detritus (d15N of 4.5%). The
fractionation factor of the biofilm should be a mix of
bacterial and faunal trophic fractionation. Faunal trophic
fractionation is � 3.4%; information on fractionation
during bacterial decay is limited, but it is lower than faunal
fractionation and lies around 1% 6 0.4% (Altabet 1996).
We tested the range of mixed fractionation factors (between
1% and 3.4%) that was valid with the other data in the
model. The resulting range of 1–1.7% was small, and we
used the mean of 1.35% in the model. This low
fractionation factor resembles closely the bacterial end
member and indicates that bacteria are the biologically
most active pool of nitrogen in the biofilm.

Conversion efficiencies—Finally, lower and upper
bounds were placed on the assimilation efficiency and net
growth efficiency. Respiration rates (R), either measured or
determined from allometric scaling (see Biomass), were
used to constrain the production rate (P) of a compartment
using the net growth efficiency (NGE), which is the ratio
NGE 5 P/(P � R). The NGE is found to be independent of
organism size, and the observed lower (30%) and upper
(60%) boundaries for herbivores and carnivores (Calow
1977; Banse 1979; Hendriks 1999) were used for the faunal
compartments. The growth efficiency of bacteria was
constrained to 6–30%. This range encompasses growth
efficiencies observed for growth on phytoplankton, phyto-
detritus, and feces (del Giorgio and Cole 1998). The
assimilation efficiency (AE), i.e., the ratio of assimilation (A
5 P � R) to consumption (C), is independent of body size
and lies between 40% and 80% for cold-blooded aquatic
detritivores, herbivores, and carnivores (Banse 1979;
Hendriks 1999). This range was used for all faunal
compartments.

Sensitivity analysis—We acknowledge uncertainty in the
aforementioned assumptions of a fixed trophic fraction-
ation of 3.4% for every faunal compartment, the trophic
fractionation of the biofilm, and the assumed isotope
values for the biofilm and phytodetritus. To test the
robustness of these assumptions we re-initialized the model
200 times with random parameter values and solved each
successfully resampled model with the Monte-Carlo meth-
od as described previously for 250 times. The parameter
values for trophic fractionation for each faunal compart-
ment were sampled from a normal distribution with mean
and standard deviation of 3.4% 6 0.98% (Post 2002); for

trophic fractionation of the biofilm, they were sampled
from a uniform distribution [1, 3.4]; and for the d15N
biofilm, they were sampled from a uniform distribution [4 �
fractionation biofilm, 8.7 � fractionation biofilm]. The
mean and standard deviation for each flow in the set of
50,000 food-web structures (200 3 250) from the sensitivity
analysis were compared with the results from the default
model. The default solution has the values of the various
parameters as in Table 1. The sensitivity analysis was based
on random values for each parameter drawn from the
ranges as discussed previously.

Results

Biomass and respiration-rate measurements—The total
biomass in the CWC community was 26,980 mmol C m22

(Table 1). The majority of organic carbon in the coral
community was present in the biofilm on dead coral
branches (23,826 mmol C m22). The remaining living
biomass (3153 mmol C m22) was dominated by CWC
(39%), sponges (19%), infauna (12%), Eunice norvegica
(10%), suspension feeders (5%), hydrozoans (4%), and
Asperarca nodulosa(3%). The other faunal compartments
together constituted less than 2% of the living biomass. The
fish compartments could be sampled only qualitatively for
d15N analysis, and hence no fish biomass data were
available.

Respiration by the sediment community was 33.2 mmol
C m22 d21, and respiration by the biofilm was 13.7 mmol
C m22 d21 (Table 1). Faunal respiration, based on the
onboard incubations, was highest for sponges (2.3 mmol C
m22 d21) and CWC (1.83 mmol C m22 d21). Other
compartments respired less than 0.35 mmol C m22 d21,
i.e., less than 1% of the summed measured respiration rates.

Food-web model output—The CWC food web is complex,
and flow values returned by the model differed by orders of
magnitude (Figs. 2, 3). The largest flow values are
associated with carbon cycling by benthic bacteria and
the biofilm (seedefinition in Introduction), which showed
flows magnitudes in the order of tens of mmol C m22 d21

(Fig. 2A). Hence, the dominant carbon flows in the food
web are mediated by microbes. Carbon flows relating to
feeding and respiration by sponges, Bivalvia, suspension
feeders, fish, and CWCs are also large, with values in the
order of 1–5 mmol C m22 d21 (Fig. 2B). Flows that show
up in Fig. 2B relate mostly to suspension feeders with a
high biomass. The highest complexity in the food web is
seen in the part of the food web that has flow values of
,0.5 mmol C m22 d21 (Fig. 2C), which includes carbon
flows that are associated with feeding and respiration of
suspension feeders with lower biomass (e.g., hydrozoa,
bivalves Lima marioni and Asperarca nodulosa). Some
predation flows mediated by urchins also show up in this
plot. Most of the predatory feeding links are, however, of
even lower magnitude and show up only in Fig. 2D, where
flows ,0.05 mmol C m22 d21 are pictured. In addition,
carbon flows associated with the suspension-feeding
crinoids and Lima marioni and the predatory compart-
ments crabs and starfish show up here.
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compartments that may serve as food source, including the
suspended food sources and the d15N trophic fractionation.
Since it was impossible to assign specific d15N isotopic
shifts for the individual flows, we adopted the commonly
assumed isotope shift of 3.4% for all flows and included
this parameter in the sensitivity analysis. Additional
assumptions had to be made regarding the isotope values
for the suspended food sources and trophic fractionation of
the biofilm, but they could be resolved with other data
constraints in the model and literature reports (seeprevious
discussion). Moreover, the sensitivity analysis shows that
the results of the default model are robust and insensitive
against these assumptions (Figs. 4, 5).

Finally, the food-web model was solved under the
assumption of steady state because data on biomass
changes in time were not available. The CWC community
resides at a depth of � 800 m in prevailing water
temperatures between 7uC and 9uC (Duineveld et al.
2007). Against the large magnitudes of the flows, biomass
increases are expected to be small, given the low

temperature, and equating them to zero might not be too
far from reality. Moreover, Vézina and Pahlow (2003)
tested the commonly used assumption of steady state in
numerical twin experiments under steady-state and non–
steady-state conditions and concluded that the steady-state
assumption had little influence on the accuracy of the
reconstruction of ecosystem flows. Therefore, the steady-
state assumption is unlikely to introduce large error in the
food-web reconstruction.

Carbon cycling and food-web structure—To our knowl-
edge, there is one earlier report on respiration of cold-water
corals, though these were kept alive in aquaria, and it is
therefore interesting to compare observations. Dodds et al.
(2007) measured respiration under different temperature
regimes and expressed their data on a per gram wet weight
basis (including the carbonate skeleton). If we express our
data in similar units, we arrive at a respiration rate of
0.069 mmol O2 g21 h21. This respiration rate is within, but
at the lower end of, the values reported by Dodds et al.

Fig. 4. Results from the uncertainty analysis of the food-web model plotted as relative
difference (average flow value sensitivity analysis : average flow value default – 1) vs. absolute
difference (average flow value sensitivity analysis – average flow value default). Positive
differences are marked ‘‘� ’’ and negative differences are marked as ‘‘2.’’ The ten flows with
largest relative differences, which are all positive differences, are indicated with lowercase letters.
Letters a–c are offset with line segments to avoid overprinting.
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(2007). They used small pieces of coral branches (centime-
ters), which are likely to have a higher living biomass : ske-
leton ratio than the larger and thicker coral pieces (tenth of
centimeters) used in this study. Hence, the biomass-specific
respiration rates may be more similar than the previous
calculation suggests.

There are several studies on possible food sources of
CWCs. Laboratory observations include ingestion of living
copepods and dead animal food particles (Mortensen
2001). Kiriakoulakis et al. (2005) found a comparatively
high proportion of monounsaturated fatty acids (MUFAs)
in the living tissue of CWCs, suggesting that zooplankton

Fig. 5. Diet compositions of faunal compartments in the cold-water coral community in the default (def) solution and sensitivity
(sen) analysis. Seelegend of Fig. 2 for abbreviations.
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