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INTRODUCTION

Stable isotope analyses are used to describe food
web interactions and the energy sources and pathways
that support production (Owens 1987, Fry 2006). For
the results of these analyses to describe average food
web properties, typically over a minimum period of a
season or year, sampling design should account for the
ecology and dynamics of the animals sampled (Vizzini
& Mazzola 2003, Matthews & Mazumder 2005, 2007).
This requirement is rarely addressed explicitly, and
stable isotope data for single samples of animals that
could be responding to transient events are often used
to draw conclusions about their longer-term role in
food webs.

The nitrogen stable isotope composition (δ15N) of
sampled animals responds to differences in δ15N among
diets and variability of δ15N within the same diet (Fry
2006). The former response accounts for the value of
δ15N in food web studies, while the latter response, if

not known or accounted for, can confound analysis and
interpretation (e.g. Cabana & Rasmussen 1996, Vander
Zanden & Rasmussen 1999, O’Reilly et al. 2002).

The changing nutrient sources that support phyto-
plankton production lead to seasonal variations in δ15N
that can be detected in their zooplankton predators 
(Goering et al. 1990, Montoya et al. 1990, Yoshioka et al.
1994, Rolff 2000, Bode et al. 2003, 2007, Bode & Alvarez-
Ossorio 2007). For example, during a Baltic Sea pro-
duction cycle, a depleted nitrogen isotopic signal was
propagated through all size classes of plankton in the
summer, indicating the use of nitrogen fixed by Cyano-
bacteria (Rolff 2000). In general, seasonal variations in
phytoplankton δ15N are driven by the differential use of
ammonium and nitrate that occurs during the production
cycle (Weston et al. 2004). There may also be consider-
able variation in the δ15N of primary producers in dy-
namic environments such as estuaries, due to seasonal
variability in the relative contribution of marine and
terrestrial nitrogen sources (Sato et al. 2006).
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Animals with smaller body sizes have higher meta-
bolic rates and faster turnover times than larger ani-
mals. Small animal isotopic composition will therefore
respond more rapidly to changes in dietary δ15N than
that of larger animals. This has long been recognised
and explains why estimates of trophic level calculated
from δ15N are usually referenced to the ‘base’ δ15N of
animals that integrate some of the seasonal variation in
the δ15N of primary producers (e.g. Cabana & Ras-
mussen 1996, Vander Zanden & Rasmussen 1999).
Filter-feeding bivalves have been used for this purpose
(Goering et al. 1990, Lorrain et al. 2002).

The determination of ‘base’ δ15N, however, is only
part of the process needed to estimate a representative
mean δ15N for other animals, since these animals
should also be sampled with sufficient frequency to
calculate a valid mean δ15N. A more systematic ap-
proach to understanding the necessary sampling fre-
quency would be to examine the relationship between
variance in δ15N and body size and to estimate the
sampling frequencies necessary to account for changes
in the temporal variation in δ15N with body size. Size
rather than species identity is treated as the relevant
variable here, because body size is often a better pre-
dictor of trophic position than species identity in
marine food webs (Jennings et al. 2002a), and body
size determines rates of metabolism and production
(Brown et al. 2004), which influence tissue turnover
time (Fry 2006). The expectation is that any seasonal
δ15N signal propagating through the food web will be
attenuated as it passes to larger animals at higher
trophic levels and with longer turnover times.

Here, we examine relationships between body size
and δ15N variation in a marine food web, based on

repeated sampling of the web during a production
cycle. Our aims were (1) to describe seasonal stable
isotope dynamics for zooplankton, benthic inverte-
brates and fish spanning 6 orders of magnitude in body
mass, (2) to use this information to better understand
the biases introduced by ignoring seasonal dynamics
in food web studies and (3) to identify body sizes and
groups for which δ15N estimates at any point in time
reflect the seasonal mean.

MATERIALS AND METHODS

Sampling was conducted at sites in the ‘Silver Pit’,
central North Sea (all within the area 54° 00’ to 54° 10’ N
and 01° 50’ to 02° 50’ E) at depths of 58 to 75 m. The
same sampling protocol was followed at all sites on
7 cruises in 2005 and 2006 (28 March to 2 April, 21 to
26 May, 12 to 16 July, 29 September to 4 October, 5 to
10 November 2005, 13 to 17 February, 26 April to 5 May
2006). Zooplankton, infaunal invertebrates, epifaunal
invertebrates and fish were sampled. Details of gear,
sampling design, replication, gear efficiency and the
size ranges of animals sampled are given in Table 1. To
the extent possible, the sampling protocols have been
developed to take random samples of species and indi-
viduals that fall within the lower and upper size bounds
defined for each faunal group (Table 1).

Zooplankton were sampled with a high speed tow
net deployed in a double oblique tow while steaming
east-west or west-east at a speed of approximately
4 knots (Nash et al. 1998). The volume of water filtered
was recorded with an internal flow meter. When the
sampler was recovered, the end bag was removed and
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Table 1. Sampling methods employed in the study of δ15N seasonal variations. HSTN: high speed towed net, NIOZ: Netherlands 
Institute for Sea Research

Group Gear Mesh Sites Replicates Replicate  Sampling No of Size range Faunal 
per per sample efficiency size (g) groups

cruise site size (%) classes

Zooplankton HSTN 250 µm 8 1 394 m3, b 100 6c 0.0001– All zooplankton
0.003e

Infauna NIOZ corer NA 5 7 0.1 m2 100 10d 0.0039–4 Polychaetes
Crustacea
Asteroidea
Other

Epifauna 2 m beam trawl 2 mm 5 5 650 m2, b 40–51.2a 5d 0.5–16 Crustacea
Echinoderms

Fish <8 g 2 m beam trawl 2 mm 5 2 650 m2, b 32a 5d 0.5–16 All fish
Fish >8 g 4 m beam trawl 20 mm 3 2 14824 m2, b 50 5d 8–256 Dab

Whiting
Other fish

aFrom Reiss et al (2006). Mean sampling efficiencies (for biomass) were: fish 42%, Crustacea 51.2%, Asteroidea 40% and
others 32% based on 2 m beam trawl deployed on muddy sand; bmean of all tows; cbased on sieve mesh sizes; dnumber of
classes on log2 integer scale; erealised mean sizes



Jennings et al.: Temporal variation in nitrogen stable isotope ratios

a second end bag was attached for washing down the
net. The contents of the first bag were used for size
fractionation while the contents of the second were
preserved with 4% formalin in seawater solution
buffered with 3 g l–1 sodium acetate trihydrate. The
sample from the second bag was preserved to prevent
algae that were trapped on the net from influencing
the stable isotope analysis, while allowing us to ascer-
tain the abundance of zooplankton that were not in the
first bag. For size fractionation, the contents of the first
bag were washed into a 2 l jug using seawater. Sam-
ples were then washed in sequence through 6 sieves
with mesh (nylon) sizes of 2000, 1400, 1000, 700, 500
and 250 µm. After sieving, the zooplankton retained in
each sieve were washed onto squares (ca. 20 cm2) of
fine nylon mesh (10 µm), sealed in a plastic bag and
frozen rapidly to –20°C. Freezing to –20°C does not
affect δ15N (Sweeting et al. 2004). In the laboratory,
frozen samples were defrosted and a sample of appro-
ximately 100 zooplankton individuals was removed
from each mesh, counted and weighed (wet mass and
dry mass). This subsample was used to determine the
mean individual body mass of zooplankton in each size
fraction at each site on each cruise. The remaining zoo-
plankton on each mesh were weighed after blotting
(wet body mass, to nearest 0.0001 g), dried to constant
mass at 40°C (dry mass, to nearest 0.0001 g). The sam-
ple was then ground to a fine homogenous powder
with a pestle and mortar (particles passed through a
60 µm sieve) for stable isotope analysis. Zooplankton
were sorted from the preserved (second bag) sample
and dried to constant mass at 40°C. The dry masses of
the first and second bag samples were added to deter-
mine the total dry mass of each size fraction. Zooplank-
ton mass was converted to biomass m–3 seawater by
dividing total mass by the volume of water filtered.

Infauna were sampled with a Netherlands Institute
for Sea Research (NIOZ) corer, which takes a circular
sediment core of 0.1 m2 to a depth of approximately
0.5 m (McIntyre & Eleftheriou 2005). Replicates were
taken at randomly chosen positions within a 500 m
radius of each site. All material retained by the corer
was sieved through 1 mm square mesh and all retained
infauna were spread out in a plastic bag and frozen
immediately to –20°C. In the laboratory, samples were
defrosted and animals sorted into Crustacea, Aster-
oidea, Polychaeta or ‘others’. Animals were weighed
individually (shell free mass for bivalves and spatan-
goids) and allocated to integer size classes on a log2

scale from 0.0039–0.0078 g to 2.0–4.0 g by group
(pooling across replicates at each site). Animals in each
group were then refrozen, freeze-dried to constant
mass and reweighed. The freeze-dried material was
ground to a fine homogenous powder (to pass through
a 60 µm sieve) for stable isotope analysis. Infaunal bio-

mass was calculated by dividing the mass of animals in
each sample by the area sampled.

Epifauna and small fish (<16 g individual wet body
mass) were sampled with a 2 m beam trawl (Jennings
et al. 1999, Reiss et al 2006). Two 2 m beam trawls of
5 min duration (on seabed) at a speed of 1 knot were
completed at each site and the catches pooled for pro-
cessing. Catches were sorted into epifaunal inverte-
brates (groups ‘echinoderms’ and ‘crustaceans’) and
fish. Individuals in each group were assigned to log2

integer size classes from 0.5–1.0 to 8.1–16 g, and total
mass was recorded. Shells were removed from hermit
crabs before weighing. Eight individuals (or all indi-
viduals if <8) were randomly selected from each size
class and frozen to –20°C. In the laboratory these were
freeze-dried to constant mass and this material was
ground to a fine homogenous powder (to pass through
a 60 µm sieve) for stable isotope analysis. Epifaunal
biomass was calculated by dividing the mass of ani-
mals in each sample, corrected for catchability
(Table 1), by the area sampled by the gear (distance
towed × beam width).

Larger fish (>8 g) were sampled with a 4 m beam
trawl (Kaiser & Spencer 1995). Two 30 min tows were
completed at each site at a speed of 4 knots, starting at
a random location on the trawl lines. Catches from the
2 tows were pooled for processing and the fish sorted
into ‘dab’, ‘whiting’ and ‘other demersal fish’. Individ-
uals in each group were weighed, assigned to log2

integer size classes from 8.1–16 to 128–256 g, and total
mass was recorded. Eight individuals (or all individu-
als if <8) were randomly selected from each size class
and frozen to –20°C. Dorsal white muscle tissue was
dissected from each of these individuals in proportion
to body mass (tissue sample typically 1 to 20% of total
body mass, depending on individual body mass) and
tissue samples were combined within groups and size
classes and frozen to –20°C. In the laboratory, the tis-
sue was freeze-dried to constant mass and ground to a
fine homogenous powder (to pass through a 60 µm
sieve) for stable isotope analysis.

Stable isotope data were collected for animals that
were binned into body mass classes as determined by
a progression of mesh sizes (zooplankton) or a log2

integer scale (all other fauna). These bins were
selected to divide the fauna into a number of classes
that would allow explorations of size and δ15N relation-
ships within faunal groups. However, all body mass
classes were expressed on a log10 scale in the analyses,
converted from log2 as log10M = log2M × log102, where
M is body mass.

The 15N and 13C compositions of samples were deter-
mined by continuous flow isotope ratio mass spectro-
metry (CF-IRMS). Samples and reference materials
(Iso-Analytical working standard powdered bovine
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liver IA-R042) were weighed into tin capsules, sealed,
and loaded into a Europa Scientific Roboprep-CN sam-
ple preparation module connected to a Europa Scien-
tific 20-20 IRMS. Two samples of reference material
were analysed after every 5 tissue samples to calibrate
the system and compensate for drift. The 15N composi-
tion was expressed in conventional delta notation
(δ15N), relative to the level of 15N in atmospheric N2.
Experimental precision was <0.15‰ (standard devia-
tion for replicates of reference material).

To obtain values for δ15N of all infauna, epifauna or
fish, δ15N was calculated as a biomass weighted mean
of the values for component groups.

RESULTS

The δ15N of zooplankton varied over the course of the
production cycle (Fig. 1). For all zooplankton body
mass classes, δ15N was most depleted during the first
cruise (28 March to 2 April 2005). At that time, there

was a strong negative relationship between body mass
and the extent of depletion. The δ15N of all but the
smallest body mass class of infauna was relatively
enriched at this time (Fig. 1), but by the second cruise
(21 to 26 May 2005) δ15N was relatively depleted. Dur-
ing subsequent cruises, infaunal δ15N fluctuated.

Temporal trends in δ15N for other body mass classes
and faunal groups were not as consistent as those for
zooplankton and infauna. A simple analysis that
tracked the day when the most depleted δ15N value
was recorded for each body mass class or faunal group
showed that this day tended to be later, but not consis-
tently later, for larger body mass classes and groups
other than zooplankton (Fig. 2). However, the weak
correspondence between temporal trends belies
strong and consistent relationships between the mag-
nitude of variability over time, body mass and mean
δ15N (Fig. 3). Thus, seasonal variation in δ15N, as indi-
cated by the CV (coefficient of variation) of δ15N
among cruises, decreased progressively with body
mass and increasing δ15N (Fig. 3). For animals ≥16 g,
CV was always <3%, whereas for animals of 0.5 to
16 g, CV did not exceed 11%.

Mean δ15N of zooplankton (among cruises) was sig-
nificantly related to body mass (Fig. 4). Assuming
3.4‰ fractionation in δ15N per trophic level, the slope
of this relationship (1.67) implies a predator-prey mass
ratio (PPMR) in this community of 109:1 (where
PPMR = 103.4/slope). However, when these slopes were
calculated from data for individual cruises, they varied
considerably from 0.93 on 12 to 16 July 2005 to 2.75 on
28 March to 2 April 2005, reflecting seasonal variabil-
ity in δ15N at size (Fig. 1), and illustrating the biases
that can be introduced by not accounting for seasonal
dynamics in food web studies. The PPMR calculations
assume that samples are representative of all zoo-
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plankton in the size classes considered. This is likely
given the double oblique hauls conducted, since these
tows sampled approximately equal volumes of water at
all depths. Recorded wet mass to dry mass ratios were
quite consistent for zooplankton, ranging from 6.2 to
7.6 across all body mass classes within cruises and
were not related to the day of sampling.

For the whole infaunal community, the slope of the
relationship between δ15N and body mass was not sig-
nificantly different from zero (<0.05). However, com-
ponent groups showed different relationships, with
Polychaeta increasing in δ15N with body mass, while
Asteroidea and Crustacea did not show consistent
trends. The δ15N of polychaetes was higher at size than
that of other infaunal groups (Fig. 4). For epifauna, the
δ15N of the whole invertebrate community was not
related to body mass, while there was a strong rela-
tionship for fish. For the community of larger fish
sampled with the 4 m beam trawl, the relationship
between δ15N and body mass was significant (<0.05).
The variable relationships between body mass and
δ15N in these groups, which span relatively small size
ranges, belie a stronger relationship when all body
mass classes are considered (Fig. 5). Larger animals
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at higher trophic levels also had higher N:C ratios
(Fig. 6).

Mean surface temperatures (recorded during zoo-
plankton sampling) ranged from 6.1°C from 28 March
to 2 April 2005 to 15.5°C from 29 September to 4 Octo-
ber 2005, and bottom temperature from 5.7 to 15.4°C
on the same dates. Overall mean temperatures, based
on the cruise data, were 10.6°C (surface) and 9.4°C
(bottom).

DISCUSSION

Zooplankton δ15N was relatively depleted in all size
classes at the start of the study period, but absolute
depletion was less in larger size classes. This may be
attributed to maximum depletion occurring later in the
year in larger zooplankton and/or to lower potential
depletion in larger zooplankton owing to their slower
turnover times and mixed diets (phytoplankton and
smaller zooplankton). The δ15N of infauna was rela-
tively high when the zooplankton signature was de-
pleted, suggesting that the pelagic δ15N signal had not
yet influenced the benthic community. However, when
the food web was sampled approximately 50 d later,
the zooplankton signal was relatively enriched while
the infaunal signal was relatively depleted. This im-
plies that pelagic production had reached the seabed
and had been consumed by infauna. Further evidence
for the availability of food of pelagic origin to the
infauna was provided by high concentrations of sedi-
ment chlorophyll and phaeopigment on the second
sampling date (M. Schratzberger unpubl. data).

These time- and size-related trends in δ15N did not
propagate to other parts of the food web at a consistent
rate. This is not surprising given the relatively small
magnitude of the signal reaching the infauna and the
fact that different parts of the food web assimilate
energy in different ways and process it at different
speeds. For example, the relationships between body
size and mean δ15N imply that Asteroidea and Crus-
tacea feed at similar trophic levels regardless of body
size, and that all size classes share and/or compete for
the energy available at these trophic levels. For Poly-
chaeta, conversely, δ15N was relatively high and in-
creased with size, implying a predation-based food
chain consistent with knowledge of dietary habits (e.g.
Beukema 1987). These different energy pathways
mean that δ15N variations do not remain in phase
throughout the food web, and while the data show
lagged responses of larger size classes to the depleted
zooplankton signal, the timing of these responses was
very variable. Theorists have predicted that the exis-
tence and coupling of these ‘slow’ and ‘fast’ energy
pathways increase the stability of food webs (Rooney
et al. 2006).

Notwithstanding the uneven propagation of δ15N
signals through the food web, temporal variation in
δ15N within and among groups decreased consistently
with body size. Two processes could account for δ15N
variation in consumers: changes in the trophic level of
diet and changes in δ15N that are independent of the
trophic level of the diet. Since the smallest zooplankton
classes are principally phytoplankton consumers, and
phytoplankton would be assigned a fixed trophic level
of 1 in food web analysis, all variation in herbivorous
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zooplankton δ15N is expected to be independent of
variation in true trophic level.

Temporal variation in δ15N was significantly greater
in smaller animals and declined continuously with
body size. All animals ≥16 g wet mass effectively inte-
grated the δ15N seasonal variation of their prey; thus, a
single annual sampling of animals ≥16 g is adequate to
determine mean δ15N in food web interaction and
source studies at this North Sea site, where mean sea
surface and bottom temperatures during the study
period were 10.6 and 9.4°C, respectively. Temporal
variation in δ15N will, in part, reflect variability in
turnover time, which is linked to metabolism and
dependent on body size and temperature (Brown et al.
2004). Thus the size threshold for annual sampling, or
the requirement for repeated sampling through the
year, is expected to increase with increasing tempera-
ture for a given pattern of variation in the δ15N of pri-
mary producers.

The observed reductions in δ15N variation with size
are consistent with predicted reductions in turnover
time with size. Denman et al (1989), for example, used
a size-based model to estimate time scales for transfer
of energy from primary producers to small zoo-
plankton, larger zooplankton and juvenile and adult
fish. Predicted times were 25 d for copepods (mass
0.0025 g), 90 d for euphausid-sized zooplankton (0.4 g),
270 d for juvenile fish (30 g) and 650 d for adult fish
(100 g).

The importance of understanding and accounting for
δ15N variation in food web analysis was illustrated by
the PPMR calculations. When the slopes were calcu-
lated using mean δ15N for all cruises, the slope of 1.67
implied a PPMR of 109:1, almost identical to the value
estimated for larger animals (including pelagic fish) in
a previous study of the central North Sea food web
(Jennings et al. 2002b). However, if PPMR had been
estimated using data from individual cruises, the
slopes would have varied from 0.93 to 2.75 and pro-
vided unrealistic estimates of mean PPMR (4528 and
17, respectively).

Δδ15N, the mean fractionation of δ15N per trophic
level, is often assumed to be around 3.4‰ (Minagawa
& Wada 1984, McCutchan et al 2003) and this value is
consistent with the mean value for fish white muscle
(3.15‰, Sweeting et al 2007), even though there is
variation around the mean for fish that is attributable
to species and environmental effects (Barnes et al.
2007, Sweeting et al. 2007). Such variation would not
alter our conclusions about the effects of body size on
δ15N variance, unless Δδ15N systematically decreased
with body size, an effect that has not been observed.

Larger body size and higher trophic level were
associated with higher N:C ratios. This implies that the
tissues of smaller animals contained more lipids, since

lipids contain no N. Storage of lipids is well known and
documented in small animals such as zooplankton (Lee
et al 2006). Variations in lipid content influence the
results of δ13C analysis because lipids are δ13C de-
pleted relative to proteins (Focken & Becker 1998), and
a number of techniques is available to correct for these
effects when using δ13C data in food web studies
(Sweeting et al. 2006, Ingram et al. 2007).

The substantial seasonal fluctuations in δ15N show
that the δ15N of single samples of small animals should
not be used to draw conclusions about the trophic role
of those animals in the food web. If trophic levels are to
be estimated for small animals, or if their δ15N is to be
used as base δ15N, then repeated intra-annual sampling
will be needed. Given the variability we have observed,
as well as the variability reported elsewhere, routine
measurements of the mean δ15N of zooplankton would
be logistically and analytically challenging. To calcu-
late base δ15N, the alternative is to use animals such as
bivalve molluscs (e.g. Goering et al. 1990, Cabana &
Rasmussen 1996, Lorrain et al. 2002) or large fish (e.g.
Layman et al. 2005) for which a trophic level can be as-
signed and which integrate the short-term and spatial
δ15N variability of their diets. However, even if base
δ15N can be defined, the relative trophic levels of the
animals in relation to base δ15N will only be estimated
precisely when the sampling scheme accounts for tem-
poral variability in δ15N. A sampling scheme that ac-
counted for temporal variability would have been nec-
essary for animals of 0.5 to 16 g in the present study,
where the CV of 3 to 11% equated to a standard de-
viation of 0.3 to 1.1‰ (if mean δ15N were 10‰). While
0.3‰ approaches the precision of the δ15N analysis,
1.1‰ is equivalent to around 1⁄3 of a trophic level.
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