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Persistent organic pollutants in river food webs:
influence of trophic position and degree of
heterotrophy

Olof Berglund, Per Nystrom, and Per Larsson

Abstract: We investigated how the degree of autotrophy/heterotrophy and organism trophic position influenced the
bioaccumulation of polychlorinated biphenyls (PCBs) in 10 benthic river food webs consisting of terrestrial detritus,
periphyton, invertebrates, and age-0 brown trout (Salmo trutta) in southern Sweden. Concentrations of PCBs increased
with trophic position, estimated from 8'N and 8'3C, on a dry weight basis (ng-g~! dry weight) but not on a lipid
weight basis (ng-g™! lipid). PCB biomagnification factors between the first and second trophic levels (invertebrates/
periphyton and invertebrates/detritus) ranged between 0.3 and 2.3 and between the second and third levels (trout/inver-
tebrates) between 0.3 and 2.0 on a lipid weight basis. The mean proportion of carbon ultimately derived from terres-
trial sources, o, was 0.82 = 0.19 for invertebrates and 0.67 + 0.28 for trout. Contrary to our hypothesis, PCB
concentrations in trout were positively related to o (> = 0.58-0.77, p < 0.05). As o and the periphyton density

(g C'm™?) in the rivers was positively related (+> = 0.88, p < 0.01), we propose that this relationship was due to an in-
creased retention and exposure of PCBs to trout in rivers with low grazing pressure and high periphyton density.

Résumé : Nous avons déterminé dans quelle mesure le degré d’autotrophie/hétérotrophie et la position trophique des
organismes influencent la bioconcentration des biphényls polychlorés (BPC) dans 10 réseaux alimentaires benthiques de
riviere comprenant le détritus terrestre, le périphyton, les invertébrés et les truites brunes (Salmo trutta) d’age O dans le
sud de la Suede. Les concentrations de BPC augmentent en fonction de la position trophique lorsqu’elles sont estimées
a partir de 8'°N et de 8'3C en masse seche (ng-g~! de masse séche), mais pas en masse lipidique (ng-g~' de lipides).
Les facteurs de bioamplification (BMF) entre les premier et second niveaux trophiques (invertébrés/périphyton et
invertébrés/détritus) varient de 0,3 a 2,3 et entre les second et troisieme niveaux (truite/invertébrés) de 0,3 a 2,0 sur la
base de la masse lipidique. La proportion moyenne de carbone dérivée en fin de compte des sources terrestres, o., est
de 0,82 + 0,19 chez les invertébrés et de 0,67 + 0,28 chez les truites. Contrairement a notre hypothese, les concentra-
tions de BPC chez la truite sont en corrélation positive avec o (r* = 0,58-0,77, p < 0,05). Comme o est relié directe-
ment (> = 0,88, p < 0,01) & la densité du périphyton (g C-m2) dans les rivieres, nous croyons que cette relation est
due a une rétention accrue et une exposition plus grande des BPC chez les truites dans les rivieres a faible pression de

broutage et a forte densité de périphyton.

[Traduit par la Rédaction]

Introduction

The contamination of waters with persistent organic pol-
lutants (POPs) has occurred over the last four decades and is
still a major environmental issue in aquatic environments.
Although levels of certain compounds appear to have de-
creased after prohibition in many industrialized countries in
the last two decades, the decrease today seems to have lev-
eled off and high concentrations, especially in aquatic preda-
tors, are still of concern (Bignert et al. 1998; Nyman et al.
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2002). Also, new POPs have replaced old ones and these
new compounds are now found in increasing levels in
aquatic environments (Rayne et al. 2003). Another environ-
mental concern in aquatic environments is the eutrophication
caused by excessive load of nutrients from anthropogenic
activities. The main effect of eutrophication on aquatic eco-
systems is an increase of primary production. In rivers, it
has been demonstrated that the addition of phosphorus shifts
the system from heterotrophy, where detritus of terrestrial
origin is the dominating carbon source, to autotrophy, where
aquatic primary producers are the dominating carbon source
(Peterson et al. 1985). Earlier, we have shown that POPs in
river biota increase with increasing trophic status of the river
(Berglund et al. 1997). We suggested that a shift from ter-
restrial carbon sources to aquatic might be partly responsible
for the increase of POP concentrations, possibly owing to
initial differences in POP concentrations in the primary pro-
ducers. These differences at the first trophic level may per-
sist in higher trophic levels of the aquatic food web owing to
food chain transfer of POPs. POPs are often found in high
concentrations in the top predators of aquatic food chains at
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concentrations above those predicted from equilibrium parti-
tioning between the water and the organism (Fisk et al.
2001). This phenomenon has been attributed to the influence
of food and the process of biomagnification where
piscivorous fish reach higher concentrations than the prey
owing to gastrointestinal (GI) magnification (Connolly and
Pedersen 1988; Gobas et al. 1999). If this mechanism ap-
plies to all trophic transfers between consumers and food in
the food web, it could lead to food chain bioaccumulation,
an increase in concentration with each step in the food
chain. The studies on biomagnification and food chain bio-
accumulation of POPs in aquatic environments have pre-
dominantly been focused on predatory pelagic fish or
mammals in lakes and marine environments. Benthic food
webs including the base and lower trophic levels, and in par-
ticular those in lotic environments, have thus far been
largely neglected, with a few exceptions (Galassi et al. 1994;
Hill and Napolitano 1997; Zaranko et al. 1997).

The ratio of stable isotopes of nitrogen (3'°N) can be used
to estimate trophic position because the 8'°N of a consumer
is typically enriched by 3-4%o relative to its diet (Peterson
and Fry 1987). Therefore, estimates of 8'°N of the different
components in food webs are often used to investigate the
effect of trophic position and biomagnification on POP con-
centrations in food webs. The ratio of carbon isotopes
(63C), however, seems to change little in the transfer be-
tween trophic levels (Peterson and Fry 1987; France and Pe-
ters 1997) and may therefore be used to evaluate the sources
of origin of carbon in an organism when the isotopic signa-
tures of the sources are different. Terrestrial and aquatic pri-
mary producers have been found to differ in §'3C signature
(Peterson and Fry 1987), and therefore, 8'°C signatures of
the components in aquatic food webs may be used to esti-
mate the influence of heterotrophy where carbon is derived
from terrestrial (allochthonous) sources versus autotrophy
where the carbon is derived from aquatic (autochthonous)
sources in the system. There is considerable variation, how-
ever, among ecosystems in the 8"’N and 8'3C of the base of
the food web from which organisms draw their nitrogen and
carbon, and also, there may be more than one base food
source (Nystrom et al. 2003). By constructing mixing mod-
els and combining 8'°N and &'3C signatures of the different
base food sources and consumers, it may be possible to cal-
culate the influence of different food sources and trophic po-
sitions of consumers that are comparable across different
ecosystems (Post 2002).

Here, we wanted to investigate the influence of the degree
of heterotrophy/autotrophy on POP concentrations in the
river food chains by testing the hypothesis that POP levels
are higher in aquatic autotrophs than in terrestrial detritus,
and if so, these differences are preserved in the autotrophic
food chain. The degree of heterotrophy/autotrophy, o, was
determined from the 8'°C ratios in detritus of terrestrial ori-
gin, periphyton, invertebrates, and age-0 brown trout (Salmo
trutta). Further, we wanted to investigate the food chain
bioaccumulation of POPs in rivers to test the hypothesis that
POP concentrations in river organisms increase with increas-
ing trophic position of the organism and if the concentra-
tions in the food chain could be explained by equilibrium
partitioning, steady-state biomagnification, or non-steady-state
bioaccumulation. We investigated polychlorinated biphenyl

Can. J. Fish. Aquat. Sci. Vol. 62, 2005

(PCB) concentrations in the food chains of 10 streams and
rivers in southern Sweden. The compartments of the food
chains in each river were detritus of terrestrial origin, peri-
phyton, invertebrates, and age-0 trout. The trophic position
of the compartments were assigned as traditional discrete
levels (1, 2, and 3), on a continuous scale from 8°N mea-
surements, and from combining 8'*C and 8'°N values in the
compartments and in the different food sources in a mixing
model as described by Post (2002).

Materials and methods

Stream characteristics and sample collection

The sampling was conducted from July to October 1998.
Ten different rivers in southern Sweden (13°E, 56°N) were
selected for the experiment. The rivers were chosen on a
trophic gradient determined by the total phosphorus concen-
trations in the water. The rivers are situated in a defined
geographical area that receives similar amounts of organo-
chlorines via atmospheric deposition with no known point
sources (Berglund et al. 1997; Backe et al. 2000). The river
stretches where the sampling was performed were similar in
length (25 m) and riffle parts of the rivers were always in-
cluded. River characteristics are presented in Table 1.
Periphyton was sampled on ceramic tiles. Twenty 20 cm x
20 cm tiles were placed in each of the 10 rivers. The tiles
were left for colonization for 60 days from July to October.
At the end of the colonization period, the tiles were scraped
with a brush into one precleaned container giving one
pooled sample for each river. The periphyton density was
calculated as milligrams of organic carbon per square metre.
Organic carbon content was determined for terrestrial pri-
mary producers, periphyton, and detritus with an LECO CR-
12 carbon analyzer (Merry and Spounser 1988). One site
was not included in the analysis of periphyton density, as the
tiles were destroyed during the experiment. At this site,
periphyton for stable isotope analysis was sampled by scrap-
ing stones from the river. After periphyton sampling, two or
three individuals of age-0 trout were sampled with electro-
fishing, detritus of terrestrial origin (one pooled sample con-
sisting mainly of leaves at varying stages of decomposition)
was collected from the river, and terrestrial primary produc-
ers (one pooled sample consisting of leaves from alder
(Alnus spp.), European beech (Fagus sylvatica), and sage
(Salix spp.) and Villingebdcken and Saxan grasses and
leaves) were collected immediately adjacent to the river.
Aquatic invertebrates were sampled by thoroughly kick-
sampling the river stretches. All invertebrates from the kick-
sampling were collected to represent potential food for age-0
trout and to give a crude representation of the invertebrate
community in the rivers. The invertebrates were identified to
group and then pooled after freeze-drying for PCB and sta-
ble isotope analysis. The invertebrate samples were in all
rivers but one, Villingebidcken, dominated by the shredder
Gammarus pulex (70-100% of total dry weight) with vary-
ing amounts of snail (grazers) (>10%), leaches (invertebrate
predators) (>15%), and mayflies (grazers) (>5%). The inver-
tebrate sample from Villingebicken was composed of
leaches (~25%), snails (~70%), and mayflies (~5%).
Gammarus pulex and mayflies are important food sources
for trout, while snails and leaches are part of the trout diet
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2 E=E- RN BN I B I but are not considered as important (e.g., Dahl 1998). All
< ogﬁeoom~m0\o©l\\n i 1
- EBE[FSSradrvas samples were frozen and then freeze-dried before analysis.
é Water samples for total phosphorus analysis were taken
3 three different times during the periphyton colonization (be-
s N ginning, middle, and end). Total phosphorus concentrations
= g ‘E were apalyzed with standard methods (digestion With
& @ ? Ol gxoaocamaow < pero.xodlsulphate) at the Department of Ecology, Lund Uni-
% Eé\%‘)@ﬂgggggggg versity.

2 Sample preparation and analysis

T - The methods for sample preparation and analysis are de-
E g R scribed in detail elsewhere (Bremle et al. 1995). Briefly,
£ = §.L 9T § % %\l e lﬁ %‘I % ﬁ PCBs in whole trout, invertebrates, periphyton, detritus, and
g ke % s SESLS % S g g terrestrial primary p'roducer.s were extracted in a modified
3 Soxhlet apparatus with a mixture of acetone and n-hexane.
g The lipid content of trout, invertebrates, periphyton, detritus,
ot - and terrestrial primary producers was determined gravi-
g g metrically. Octachloronaphthalene and pentachlorobenzene
<, _ £ R R = I~ were used as internal standard and chromatographic stan-
é ) g SlddLdEI LI LE dard, respectively. Concentrated extracts were cleaned and
&~ b AR N LU R fractionated on acid-base double-layer silicagel columns.
g Samples were analyzed for PCBs by capillary gas chroma-
- o~ tography with an electron capture detector (Varian 3400 cx)
B = 5 s with a split/splitless injector, 25-m DBS5 quartz capillary col-
= SEglmoenoaaa—<< . . :

- SES|eoargrn® <SS umn (inner diameter 0.25. mm). PCB components were iden-
9} tified according to Mullin et al. (1984) and Schulz et al.
— (1989). A total of 65 peaks of PCB congeners were identi-
d o= fied and quantified in the different samples. Domain 19
.§ 02? § g g oz g 2 2 g = ; ; (IUPAC No. 52), D32 (No. 66/95), D38 (No. 90/101), D54
s ~ (No. 132/153/105), D58 (No. 160/138/158), D72 (No. 180),
2 and D84 (No. 194) were used for further statistical analysis,
& = o as they were present in 100% of the samples in high concen-
£ 02“3 E Elhna st e atans trations and represent a wide range in lipophilicity (log
= A A NG octanol-water partitioning coefficient (log Kow) 5.8-7.8)
g @ (Hawker and Connell 1988) and degree of chlorination
= g 2 (tetra- to octa-chlorinated).

g = g~

cf% EEIRYCCRES" SR Quality control

32 The analytical performance was regularly controlled with
& 2 _ pesticide standards and PCB standards (Aroclor 1242 and
2= g < Clophen A60). Extraction efficiency of the internal standard
a5 Rfmoownmunmoownoo

5 Kl = F == F = octachloronaphthalene was 113 + 8%. Samples were not
EQ corrected for recovery. A procedural blank was run in paral-
2 (2 ° lel with every batch of eight samples. All blank concentra-
ZH E tions of the seven PCBs used for statistical analysis were
= =) e <6% of the levels found in the samples and no blank correc-
® g %@mmommooooo tion was made.

< N2 <+ O A ®ANRNDO T

= § Stable isotope measurements

% ‘z o Carbon and nitrogen isotope ratios were analyzed in lipid-
9 5 éw’ E extracted samples of detritus, periphyton, invertebrates, and
=3 5 _ age-0 trout. The stable isotopes were analyzed on a
5 = SEERESEERT =4, continuous-flow IRMS (20-20 stable isotope analyser)
s 2 £ (Europa Scientific Ltd., Crewe, UK) interfaced with an ele-
E = g mental analyzer unit (ANCA-NT system, solid-liquid prepa-
£ = £ B ration module) (Europa Scientific Ltd.) at the Department of
= 2 % = ol 8 Forest Ecology, Swedish University of Agricultural Sci-
B‘ IS = % § ._c.:: £ ences, Umed, Sweden. A detailed description of the isotope
= & P Enfg = oS = % B analysis is given in Ohlsson and Wallmark (1999). Briefly,
= § ) g = %‘ e i§ ==|2 1-5 mg of a finely ground sample was placed in tinfoil con-
& E AEA>CITAIAS S tainers and masses were determined. The samples were then
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combusted completely in an oxidizing column (chromium
oxide, copper oxide, and silver wool) and into which a pulse
of oxygen was added concurrent with sample introduction.
The carbon and nitrogen content of the sample was quantita-
tively converted into CO, and N,, respectively. The CO, and
N, formed were separated using a gas chromatography col-
umn and transferred with helium carrier gas through a ther-
mal conductivity detector and then to the IRMS inlet. The
notation is the relative difference in isotopic ratio between
the samples and known standards (e.g., Peterson and Fry
1987; Ohlsson and Wallmark 1999).

To calculate the degree of heterotrophy, o, we used the
equation from Post (2002):

(1) a=E"3C, - 8°C)/E"C, - 8Cy)

where §'°C_ is the isotopic signature of the consumer, §'°C,,
is the signature of periphyton, and 8'3C, is the signature of
detritus of terrestrial origin. When all carbon in the con-
sumer is derived from terrestrial sources, oo = 1, and when all
carbon is derived from aquatic sources, o = 0.

To calculate a trophic position for a consumer comparable
across all systems, we removed the effect of the between-site
variability in the isotopic signatures at the base of the food
webs and assumed a two-source food web with detritus of
terrestrial origin and periphyton as the bases of the two food
webs. The trophic position was calculated using the equation
from Post (2002):

(2) Trophic position = A + {8"N, — [6'°N,
+ 8PN, (1 — o)]}/A,

where A is the trophic position of the organism used to esti-
mate 8'°Ny,.. (e.g., A = 1 for the primary producers used in
this study) and A, is the enrichment in 8'°N per trophic level
(set to 3.4%o in this study). The o is the proportion of nitro-
gen in the consumer ultimately derived from detritus of ter-
restrial origin and assuming that the movement of nitrogen
and carbon through the food web is similar, identical to o
from eq. 1.

Statistical analysis

All concentration and periphyton biomass data were log;(-
normalized before statistical analysis to obtain a normal dis-
tribution (Z scores, <5% of the data points > 2 or < -2). Bio-
magnification factors (BMF_, cumerfood) for the different
PCBs were calculated by dividing the dry weight (nano-
grams per gram dry weight) or lipid weight (nanograms per
gram lipid) PCB concentration in the consumer with the dry
weight or lipid weight concentration in the putative food.
When testing BMF,,,,in.» W€ used means for each site to
avoid pseudoreplication. Simple regression analyses tested
the relationships between lipid content and PCB concentra-
tions and the relationships between PCB concentrations or
BMFs of the invertebrates or age-0 trout and trophic position
or degree of heterotrophy (o). One-way ANOVAs with
Tukey—Kramer post hoc tests (ot = 0.05) tested differences
between dependent variables (lipid content, PCB concentra-
tions, and BMFs) with the different compartments (terres-
trial primary producers, detritus, periphyton, invertebrates,
and age-0 trout) as the independent variable. ANCOVAs
tested the significance of lipid content as covariate on PCB
concentrations (nanograms per gram dry weight) with food
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web compartments as factors. One-sample ¢ tests with hy-
pothesized difference = O tested differences in log BMFs
from zero. For repeated ¢ tests, we used sequential
Bonferroni tests by the Dunn—Sidék method to calculate crit-
ical o values (Sokal and Rohlf 1995). All tests were per-
formed using the StatView® package (SAS Institute Inc.,
Cary, North Carolina).

Results

Carbon source

The mean proportion of carbon ultimately derived from
terrestrial sources, o, was 0.82 = 0.19 for invertebrates and
0.67 + 0.28 for trout. At several sites (five for invertebrates
and three for trout), the estimated o value was >>1, i.e., the
mixing model could not be used owing to the fact that the
isotope ratios of periphyton and terrestrial detritus were
overlapping or fell outside the limits of the invertebrate or
trout isotope signatures (Nystrom et al. 2003). These sites
were excluded from statistical analyses involving o.

On a dry weight basis, higher Koy PCB concentrations in
trout were positively related to o, and all PCB concentra-
tions were positively related to o on a lipid weight basis (Ta-
ble 2). However, oo was positively correlated with the
periphyton density in the rivers (Fig. 1), which has earlier
been shown to predict the organochlorine uptake in rivers
(Berglund 2003). We removed the effect of periphyton den-
sity by performing simple regression analysis between
periphyton density and PCB concentrations (simple regres-
sions, 2 = 0.40-0.58, df = 8, p =0.02 - 0.07) and performed
new regression analyses on o and the residuals from the for-
mer regressions. When the effect of periphyton density was
removed, no relationships between o and PCB concentra-
tions were found (simple regressions, df = 6, p > 0.05).

PCB concentrations did not differ greatly between the
allochthonous (detritus and riparian vegetation) and
autochthonous (periphyton) carbon sources. Generally, con-
centrations increased from terrestrial riparian vegetation <
detritus < periphyton, but differences were only statistically
significant when expressed on a lipid or organic carbon basis
(ANOVA, df = 2,24, Tukey—Kramer post hoc tests, p < 0.05)
(Table 3). Mean terrestrial primary producer/periphyton con-
centration ratios ranged from 0.4 to 1.6 on a dry weight ba-
sis, from 0.1 to 0.4 on a lipid weight basis, and from 0.1 to
0.4 on an organic carbon basis, and mean detritus/periphyton
ratios ranged from 0.7 to 1.8 on a dry weight basis, from 0.6
to 1.0 on a lipid weight basis, and from 0.3 to 0.6 on an or-
ganic carbon weight basis, with decreasing ratios with in-
creasing Kqgyw of the compounds.

PCB concentrations and trophic position

Dry weight normalized concentrations of the seven PCB
congeners were related to the lipid content of the samples
from all the compartments in the food web (simple regres-
sions, 2 = 0.26-0.68, df = 57, p <0.05) (Fig. 2). The degree
of explanation and regression coefficients showed a bell-
shaped relationship with the log Kqgy of the compounds.
However, within each compartment of the food web, we
found no significant relationships between PCB concentra-
tions and lipid content (the compartment X lipid content in-
teraction terms and the effect of lipid content in ANCOVAs
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Table 2. Regression analysis between mean heterotrophy, o, of
brown trout (Salmo trutta) (calculated from eq. 1) as independent
variable and mean log concentration of the selected seven PCBs
from the seven investigated rivers as dependent variables.

Regression

Dependent variable df coefficient P p

PCB52 (dw) 6 1.00 0.46 0.095
PCB66/95 (dw) 6 1.00 0.40 0.130
PCB90/101 (dw) 6 0.99 0.44 0.110
PCB132/153/105 (dw) 6 0.85 0.56 0.052
PCB160/138/158 (dw) 6 0.96 0.55 0.057
PCB180 (dw) 6 0.91 0.59 0.044
PCB194 (dw) 6 1.00 0.56 0.052
PCB52 (Iw) 6 1.25 0.63 0.033
PCB66/95 (1w) 6 1.25 0.58 0.048
PCB90/101 (Iw) 6 1.24 0.63 0.033
PCB132/153/105 (1w) 6 1.10 0.77 0.010
PCB160/138/158 (Iw) 6 1.21 0.73 0.014
PCB180 (Iw) 6 1.16 0.76 0.010
PCB19%4 (Iw) 6 1.25 0.68 0.022

Note: Three rivers were omitted, as oo were >>1. df, regression coeffi-
cients, 7> values, and p values are presented for each of the regression
analyses with log concentrations of PCBs expressed on a dry weight (dw)
basis and lipid weight (Iw) basis.

were not significant, p > 0.05) (Fig. 2). Lipid content dif-
fered between the three trophic levels: trout (n = 28) had the
highest, 11.0 = 3.1%, followed by invertebrates (n = 10),
6.1 £ 2.9, and detritus (n = 10) and periphyton (n = 10) the
lowest, 2.6 + 1.2% and 0.9 * 0.3%, respectively (ANOVA,
df = 3,54, p < 0.01; Tukey—Kramer post hoc tests, p < 0.05)
(Table 4). Trout length differed between the river sites
(ANOVA, df = 9,18, p < 0.01). PCB concentrations were
not related to individual trout length either on a dry weight
or on a lipid weight basis (simple regressions, df = 27, p >
0.05).

On a dry weight basis, PCB concentrations generally in-
creased with increasing trophic level, but when concentra-
tions were expressed on a lipid weight basis, no increases
were found (Fig. 3). The geometrical means of biomagnifi-
cation factors for trout/invertebrates (BMF,,, i) for the dif-
ferent PCBs ranged from 0.6 to 3.7 on a dry weight basis
and from 0.3 to 2.0 on a lipid weight basis. log BMF,,,,iinv
showed a bell-shaped relationship with the log Kqy of the
PCBs (Figs. 4a and 4b). On a dry weight basis, log
BMF,,ouyiny for higher Koy PCBs were >0 (Fig. 4a), while
on a lipid weight basis, only one PCB was >0 and the two
lower Kqyw PCBs were <0 (Fig. 4). The geometrical means
of biomagnification factors for invertebrates/detritus
(BMF;,y/4err) and invertebrates/periphyton (BMF;,...) for the
different PCBs ranged from 2.7 to 5.9 for BMF,, 4 On a
dry weight basis, from 1.1 to 2.3 for BMF, 4. On a lipid
weight basis, from 2.0 to 7.7 for BMF;,,, on a dry weight
basis, and from 0.3 to 1.2 on a lipid weight basis. We found
no relationships between either log BMF,, 4 or log
BMF,,,per and log Kqy of the PCBs (Figs. 4c¢ and 4d). On a
dry weight basis, all log BMF;; 4. and log BMF;, ... were
>0 except for log BMF;, ., for the two highest Koy PCBs
(Fig. 4¢). On a lipid weight basis, only log BMF,,, ., for the
two highest Koy PCBs were different from 0 (Fig. 4d).

2025

Fig. 1. Regression analysis on the relationship between degree of
heterotrophy, o, in age-0 brown trout (Salmo trutta) and log
periphyton density in the rivers (y = 1.7x — 0.8, > = 0.88, df =
5, p < 0.01). Each point represents the mean o of two or three
trout from one river. Three sites where o0 >> 1 and one site
where periphyton density could not be measured was excluded
from the analysis.
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The 8"°N ratios in the different compartments of the food
webs varied between sites. At the base of the food webs, the
8N ratios in detritus ranged from 0.3%o to 11%o, and
periphyton 8N from 6.4%o to 16%o. Also, trout 8N varied
between sites, ranging from 7.5%o to 19%o., although the
within-site range was never more than 1.5%¢ (Table 4). The
within-site difference in 8'°N between trout and invertebrates
was 2.6%o, which was significantly different from 0%o. but
not from 3.4%o (paired ¢ tests, df = 9, with hypothesized dif-
ferences = 0 and 3.4, respectively, and p < 0.01 and p > 0.1,
respectively). Estimation of trophic position (eq. 2) gave a
mean trophic position of 2.3 + 0.8 for invertebrates and
3.1 £ 0.9 for trout. On a dry weight basis, PCB concentra-
tions were positively related to the trophic position of all
samples from all compartments (simple regressions, > =
0.11-0.48, df = 57, p < 0.05) with regression coefficients
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Table 3. Differences in PCB concentrations expressed on a dry weight, lipid weight, and organic carbon weight basis between terres-
trial primary producers (TPP), detritus of terrestrial origin (D), and periphyton (P).

Dry weight Lipid weight Organic carbon weight

PCB No. TPP D P TPP D P TPP D P
52 — — — <P — >TPP <P <P >D >TPP
66/95 — — — <P — >TPP <P <P >D >TPP
90/101 — — — <P — >TPP <P <P >D >TPP
132/153/105 — — — <P — >TPP <P <P >D >TPP
160/138/158 — — — <P — >TPP <P <P >D >TPP
180 — — — <P <P >D >TPP <P <P >D >TPP
194 <P <P >D >TPP <P <P >D >TPP <P <P >D >TPP

Note: “>” or “<” denotes a significant difference between the different carbon sources and “—" denotes no significant difference (ANOVA, df = 2,24,

Tukey—Kramer post hoc tests, p < 0.05).

Table 4. Means + 1 SD and maximum-minimum (in parentheses) from the 10 investigated rivers of lipid content (% of dry weight),
organic carbon content (% of dry weight), 8N (%), 8'*C (%), degree of heterotrophy (o), trophic position, and PCB concentrations
(ng-g dry weight™) in the four investigated compartments: detritus of terrestrial origin (n = 10), periphyton (n = 10), invertebrates (n =

10), and age-0 brown trout (Salmo trutta) (n = 28).

Detritus Periphyton

Invertebrates Trout

2.61.2 (0.3-4.0)
35+6.0 (28-45)

Lipids

Organic carbon 13+6.0 (6-22)

8N 6.3+3.5 (0.3-11.1) 10.2+2.9 (6.4-15.9)
3¢ -28.7£1.0 (=30.0 to —27.0)  —27.3%5.5 (-33.9 to -17.2)
o 1 0

Trophic position 1 1

PCB52 0.9 (0.6-1.6) 0.7 (0.2-1.9)
PCB66/95 1.3 (0.6-2.6) 0.9 (0.2-3.8)
PCB90/101 1.3 (0.6-2.8) 0.9 (0.3-3.5)
PCB132/153/105 2.0 (1.2-3.5) 1.6 (0.5-7.1)
PCB160/138/158 2.4 (1.4-4.1) 1.8 (0.6-8.4)
PCB180 0.9 (0.6-1.6) 1.2 (0.3-6.3)
PCB194 0.1 (0.04-0.2) 0.2 (0.07-1.3)

0.9+0.3 (0.4-1.3)

6.1+2.9 (4.1-13.2) 11.0+3.1 (6.4-17.3)
10.8+£3.0 (4.5-14.9) 13.2+2.6 (7.5-19.0)
—28.5+1.3 (-31.5 to -27.0) —28.1+1.9 (-32.3 to -25.7)
0.82+0.19 (0.63-1.03) 0.67+0.28 (0.23-1.11)
2.3+0.8 (1.3-3.6) 3.1+0.9 (2.0-5.0)

4.7 (2.4-8.7) 2.9 (1.0-24.3)
4.7 (1.3-20.5) 5.2 (1.3-45.2)
5.3 (1.4-23.4) 7.6 (2.3-55.4)
7.4 (2.1-26.3) 19.7 (6.6-70.6)
8.1 (2.4-33.4) 20.0 (5.8-87.4)
2.5 (0.7-12.0) 9.4 (2.8-34.1)
0.5 (0.2-1.7) 1.3 (0.2-4.4)

and degree of explanation showing a bell-shaped relation-
ship with the log Koy of the compound. On a lipid weight
basis, no such relationships were found. When invertebrates
and trout were analyzed separately, no relationship was
found between trophic position and PCB concentrations on
either a dry weight basis or a lipid weight basis (simple re-
gressions, df = 9 and df = 27, respectively, p > 0.05).

Discussion

Carbon source and PCB concentrations

We hypothesized that differences in carbon source be-
tween the systems would influence POP concentrations. The
differences in PCB concentrations between terrestrial and
aquatic primary producers in our study were low. In general,
dry weight concentrations were similar; concentrations in
periphyton were higher than in terrestrial primary producers
on an organic carbon and lipid weight basis and also higher
than in detritus of terrestrial origin on a lipid weight basis.
However, the differences were small; ratios of terrestrial pri-
mary producers/periphyton concentrations were between 0.1
and 0.4. Therefore, any influence from the differences in
carbon source on the PCB concentrations in the food chains
is probably not from initial differences in concentrations be-
tween the terrestrial and aquatic primary producers.

A shift in carbon source or shift from heterotrophy to
autotrophy is expected with an increase in nutrients and (or)
an increase of stream order or watershed area or change in
predation regime (Peterson et al. 1985; Finlay 2001;
Nystrom et al. 2003). With increased stream order or nutri-
ent concentrations, autotrophy increases and o decreases. In
the rivers of this study, the proportion of carbon ultimately
derived from terrestrial sources, o, varied between 63% to
103% for invertebrates and between 23% to 111% for trout,
indicating a higher utilization of autotrophic carbon sources
by trout than by the invertebrates in our samples. The rela-
tive importance of terrestrial (allochthonous) versus aquatic
(autochthonous) carbon sources to river food webs is highly
variable between systems. The River Continuum Concept
(Vannote et al. 1980) states that there is a longitudinal
change from heterotrophic headwater streams to autotrophic
midorder streams/rivers to heterotrophic large rivers, but the
primary energy source supporting overall metazoan produc-
tion in mid- to higher trophic levels of most rivers (fourth
order and greater) may be autochthonous primary production
entering food webs via algal-grazer pathways (Thorp and
Delong 2002). In the rivers of this study, which fall into the
category of headwater streams and midorder streams/rivers,
the autochthonous production did not seem to be the primary
energy source, as our mixed model (eq. 2) gave that carbon

© 2005 NRC Canada



Berglund et al.

2027

Fig. 3. Plots showing log concentrations of the seven PCBs in the four investigated compartments: detritus of terrestrial origin (D) (n =
10), periphyton (P) (n = 10), invertebrates (I) (n = 10), and age-0 brown trout (Salmo trutta) (T) (n = 28). Concentrations are ex-
pressed on a dry weight basis (open circles) and on a lipid weight basis (solid circles). Each point represents the mean and bars

show +1 SD. The letters above the boxes, D, P, I, and T, denote compartments with significantly different concentrations (ANOVAs,

Tukey—Kramer post hoc tests, p < 0.05).
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of terrestrial origin made up on average 82% of the inverte-
brate carbon and 67% of the trout carbon. A reliance of ter-
restrial carbon in the invertebrate communities of this study
is expected, as they were largely composed of the shredder
G. pulex, a species that feeds mainly on leaf litter (Sutcliffe
et al. 1981). However, in the largest river in the study, Hoje 4,
the trout carbon was primarily derived from autochthonous
sources, and terrestrial carbon contributed with as little as
23% (but with 77% in the invertebrates). Thus, the relative
influence of terrestrial and algal carbon sources in the
streams and rivers in this study seems to follow the River
Continuum Concept. The estimations of o resulted in unreal-
istic values (o0 >> 1) for invertebrate samples from five of
the rivers and for trout from three of the rivers. These unre-

alistic values were produced when 8'*C values of the detritus
of terrestrial origin and periphyton were either lower (in all
cases but two) or higher than of the consumers. The variabil-
ity of 8'3C in periphyton is known to be very high, and in
many cases, it may be impossible for stable isotope analysis
to discriminate between allochthonous and autochthonous
carbon dependency in stream ecosystems (Nystrom et al.
2003).

Contrary to our hypothesis, PCB concentrations in trout
were positively related to o or increasing degree of hetero-
trophy. This may be due to an increased retention of PCB in
the rivers caused by a higher density of periphyton (Fig. 5).
With increasing autotrophy or reliance of periphyton as car-
bon source of the food webs, the density of periphyton de-

© 2005 NRC Canada



2028

Can. J. Fish. Aquat. Sci. Vol. 62, 2005

Fig. 4. (a and b) Relationships between the log octanol-water partitioning coefficients (Kgy) of the seven PCBs and log biomagnifi-
cation factors (BMFs) between age-0 brown trout (Salmo trutta) and invertebrates expressed on a dry weight basis (Fig. 4a) and lipid
weight basis (Fig. 4b). (¢ and d) Relationships between the Ky of the seven PCBs and log BMFs between invertebrates and
periphyton (open circles) and between invertebrates and detritus (solid circles) expressed on a dry weight basis (Fig. 4c¢) and on a lipid
weight basis (Fig. 4d). Each point in all figures represents the mean BMF of the 10 rivers investigated (n = 10 for BMF,,,,y/invs
BMF,,y/per» and BMFj;/40). Bars show £1 SD. *Significant difference of log BMFs from 0 (one-sample 7 test with hypothesized differ-

ence = 0, o = 0.05).
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creases owing to increased grazing (Nystrom and McIntosh
2003). Periphyton density in rivers is influenced by nutri-
ents, light, stream velocity, and grazing (Rosemond et al.
2000). The relative importance of these factors may vary,
but nutrient limitation is of less importance in rivers of this
nutrient concentration range (Chételat et al. 1999). In the
rivers in this study, we found no influence of nutrients, light,
or stream velocity on periphyton biomass (Berglund 2003);
however, we could not directly estimate the influence of
grazing pressure in this study, as our sampling of inverte-
brates was not quantitative. POP concentrations in river biota
have been shown to increase with increasing periphyton
density (Berglund 2003). An increased periphyton density in
the river will increase retention of POPs and increase the
probability of uptake in biota, as predicted by the spiraling
theory (Newbold et al. 1983; Stewart et al. 1993). The spi-
raling of compounds in rivers with unidirectional flow of
water combines cycling with retention and accumulation in
the ecosystem (Essington and Carpenter 2000). The reten-
tion increases with increasing periphyton density, which
constitutes a large immobile surface area with which the
POPs can associate, decreasing their downward transport
and increasing the probability of uptake in biota. In lakes, an
increase in primary producer biomass has been suggested to
lower POP concentrations by biomass dilution (Taylor et al.
1991), but no such effect was found in these rivers
(Berglund 2003). When the effect of periphyton density was

50 55 60 65 70 75 80

log KOW

removed, the correlation between oo and PCB in this study
disappeared. Thus, the carbon source or degree of
heterotrophy/autotrophy may influence PCB concentrations
in river food webs, but contrary to our hypothesis, the con-
centrations did not increase with increasing autotrophy ow-
ing to higher concentrations in aquatic primary producers
than in terrestrial primary producers. Instead, concentrations
decreased with increasing autotrophy, possibly as an indirect
effect of increased grazing of periphyton that reduces
periphyton biomass and thus reduces retention and uptake of
PCBs in the river food web (Fig. 5).

Trophic position and stable isotopes

The between-site variation of 8N and §'3C was high in
all compartments including the bases, detritus and periphy-
ton, of the food webs, an observation made in several stream
studies (France 1995). The range in 8N was around 10%o in
each compartment, which would represent more than two
trophic levels assuming an enrichment of 3%¢4%o between
trophic levels. The within-site variation in age-0 trout was
low, however; the mean range was 0.7%o and never exceeded
1.7%o. The compartment signatures of §'3C also varied be-
tween sites. The variation was greatest within the aquatic
primary producer compartment of the food chain as ob-
served in several other studies (e.g., France 1995; Finlay
2001). Periphyton 8'*C ranged from —34%o to —17%o, but, in-
terestingly, that of terrestrial primary producers also varied
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Fig. 5. Conceptual figure of the relationships between the ben-
thic functional groups, degree of heterotrophy, o, and POP con-
centrations in brown trout (Salmo trutta). Broken arrows indicate
relationships not explicitly tested in this study. The higher POP
concentrations in trout with higher oo may be indirectly caused
by an increase of the heterotrophy/autotrophy ratio in the system.
A decrease of the grazer/shredder ratio and decreased grazing
pressure may lead to higher periphyton density, higher retention
of POPs, and higher POP concentrations in trout as demonstrated
by Berglund (2003).
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considerably, between —32%0 and —26%o (results not shown).
Apparently, spatial variation in isotopic signatures can be
substantial even within a fairly restricted geographical area
like in this study (5000 km?). To apply a stable isotope tech-
nique to multiple-system food webs like the rivers in this
study, one requires obtaining an isotopic baseline at the base
of the food webs in each system. In this study, we used the
equations developed by Post (2002) to calculate trophic po-
sitions in a two-source food web where we used periphyton
and detritus of terrestrial origin as the bases of the two food
webs. To integrate temporal variation in isotopic signatures,
Post (2002) recommended using primary consumers, and
preferably long-lived, to quantify isotopic baselines. We
chose to use primary producers and detritus, as there were
no two distinct groups of primary consumers representing
the autotrophic and heterotrophic food webs at all sites and
also our chosen food webs had a low number of theoretical
trophic levels with age-0 trout as our top predator. However,
as the differences in age were small between the organisms
in our compartments, temporal variation should not differ
considerably between compartments in our food webs.

The mean estimated trophic position of all sites was 2.3
for invertebrates and 3.1 for age-0 trout, which indicates that
the isotopic baseline quantification from eq. 2 was valid.
The discrete trophic-level classification would predict inver-
tebrates as primary consumers (level 2) and age-0 trout as
secondary consumers (level 3). It is also reasonable for in-
vertebrates to have a trophic position slightly higher than 2
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and age-0 trout higher than 3, as a few invertebrates
(leaches) in our samples are considered predatory (i.e., sec-
ondary consumers). However, the between-site variation of
the estimated trophic position was high. The trophic position
of invertebrates ranged from 1.3 to 3.6 and of age-0 trout
from 2.0 to 5.0. It seems unlikely that age-0 trout would oc-
cupy trophic level 5 of the food web. Hence, the model
seemed to estimate mean trophic positions using all sites sat-
isfactory, but the sample sizes of the base of the food chain
were probably too small (n = 1) to give reliable absolute es-
timates at each individual site.

PCB concentrations and food chain bioaccumulation
The support for food chain bioaccumulation of PCBs in
these benthic, low trophic levels in rivers was not conclu-
sive. On a dry weight basis, the PCBs with log Ky values
between 6.5 and 7.5 increased in concentration with the
trophic position of the organisms in our river food webs.
Mean concentrations of the seven selected PCBs were simi-
lar in detritus and periphyton and increased in invertebrates
and the concentrations of PCB132/153/105, PCB160/138/158,
and PCB180 were highest in age-0 trout. The concentrations
of the seven selected PCBs in the samples were also posi-
tively related to the trophic position of the samples estimated
using the data from the stable isotope analyses. Here, also,
the slope and strength of the relationship were highest for
PCB132/153/105, PCB160/138/158, and PCB180. However,
this pattern was only observed when PCB concentrations
were expressed on a dry weight basis. When concentrations
were expressed on a lipid weight basis, no increase of PCB
concentrations with trophic position was found. Lipid con-
tent explained 26%—68% of the variation in PCB concentra-
tions (nanograms per gram dry weight) in all samples. We
did not find relationships between lipid content and PCB
concentrations within each compartment of the food webs.
However, several biotic and abiotic factors differing between
the river sites may affect the PCB concentrations in both wa-
ter and organisms and therefore confound the lipid—PCB re-
lationships (Berglund 2003), even though the input of PCBs
to the river watersheds should be similar, as atmospheric de-
position is similar over the region (Backe et al. 2000). Lipid
content is one of the most important factors in explaining
uptake of lipophilic POPs like PCBs in aquatic organisms,
and lipid weight based concentrations are used when com-
paring accumulation in different organisms or systems, as
the relative difference among lipid weight based concentra-
tions is a good approximation of the relative differences in
fugacity (Kucklick and Baker 1998; Mackay and Fraser
2000). The lipid content increased in the river food chains,
from primary producers to primary consumers, and the high-
est lipid content was found in the predators, which has been
proposed to be one of the factors explaining increasing lev-
els of POPs in aquatic food chains (LeBlanc 1995). There-
fore, we chose to use lipid weight based PCB concentrations
in our food chains to examine food chain bioaccumulation
and GI magnification. Consequently, PCB concentrations ex-
pressed on a dry weight basis increased with trophic level
both when expressed with discrete levels and when calcu-
lated on a continuous scale from 8N and 8"3C, but when
expressed as nanograms per gram lipid, no relationship was
found between PCB concentration and trophic level. Thus,
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the increasing lipid content in the food chain could explain
the apparent increase of concentration with increasing or-
ganism trophic position.

To investigate steady-state biomagnification caused by GI
magnification, we calculated biomagnification factors for
each trophic transfer by dividing the concentration in the
consumer with the concentration in the putative food. In this
study, biomagnification factors for the seven selected PCBs
between invertebrates and detritus (BMF,, 4,) Or peri-
phyton (BMF;,/.,) were between 0.3 and 2 on a lipid
weight basis, and biomagnification factors in the second
trophic transfer between trout and invertebrates (BMF ;. ,yiny)
ranged from 0.3 to 2.0 on a lipid weight basis. Only PCB180
had biomagnification factors higher than 1, and PCB52 and
PCB66/95 had biomagnification factors lower than 1. These
biomagnification factors are low compared with other stud-
ies on piscivorous fish (3-5; Russell et al. 1995) or plankt-
ivorous fish (1-3; Hoekstra et al. 2003). However, the results
are similar to those found in planktonic food chains in lakes
(Berglund et al. 2000) where there was no biomagnification
in the first trophic transfer between zooplankton and phyto-
plankton and only an increase (biomagnification factors =
1.5-3.0) in concentrations of the PCBs with log Kqw > 6.5
in the second trophic transfer between zooplankton and
planktivorous young-of-the-year roach (Rutilus rutilus).
Thus, PCBs were magnified on a dry weight basis but not on
a lipid weight basis in the first trophic transfer between
periphyton and detritus, and invertebrates and the biomagni-
fication factors were independent of the Ky values of the
PCBs. Hence, the accumulation in invertebrates corresponds
to an equilibrium partitioning of PCBs either with food or
with water. The biomagnification factors in the second
trophic transfer were related to the Kgyw of the compounds.
Biomagnification factors were lower than 1 for PCBs with
log Kow < 6.5 and higher than or not different from 1 for
PCBs with log Koy > 6.5. Therefore, equilibrium partition-
ing with food cannot explain the accumulation in age-0
trout. According to the GI magnification model (Gobas et al.
1999), chemicals with a log Kqow < 5 will not magnify from
food to consumer owing to a high rate of chemical elimina-
tion, and Sijm et al. (1992) showed that the elimination rates
decreased with increasing size or decreasing growth rate of
the consumer. The biomagnification factors <1 indicate that
age-0 trout are not in equilibrium or steady state with their
environment, which may be caused by high growth dilution
owing to high growth rates, and the biomagnification factors
>1 also indicate nonequilibrium, which may be caused by GI
magnification. A GI magnification at non-steady-state condi-
tions may thus explain the shape of the BMF,,,yin—Kow re-
lationship. The fact that lipid content did not explain PCB
concentrations of organisms within each compartment of the
food chain could suggest that equilibrium or steady state is
not reached between the organisms and the environment or
the food in the rivers of this study. It seems that to observe
food chain accumulation as a result of GI magnification, or-
ganisms with lower growth rates (i.e., closer to steady state)
should be studied.

We used PCB concentrations on a lipid weight basis when
testing biomagnification and calculating biomagnification
factors in all compartments of the food chain. Although it is
often assumed that in plants and algae, POP accumulation is
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a passive process governed by the compounds’ affinity for
the lipids of plant and algae, controversy remains with re-
gard to the importance of the lipid fraction as the accumula-
tion site of POPs in the biota, especially for plants and algae
(Skoglund and Swackhamer 1999). Rather than the lipid
fraction, the organic carbon fraction is often used to normal-
ize POPs in plants and algae (Skoglund and Swackhamer
1999). If other nonlipid organic materials play an important
role in the accumulation of POPs in primary producers,
normalization to lipids may lead to overestimations of the
primary producer concentrations entered in the biomagnifi-
cation factor calculations. In our study, the lipid content and
organic carbon content in periphyton and detritus were re-
lated (foc = 0.1 + Yyips ? = 0.75). Thus, the organic carbon
fraction (f,c) was one order of magnitude higher than the
lipid fraction (fj;,) in detritus and periphyton. However, like
lipids, the organic carbon fraction could not predict PCB
concentrations within each of the two compartments in this
study. Lipid content has been shown to accurately predict
PCB accumulation in both fish and invertebrates (Kucklick
and Baker 1998; Berglund et al. 2000). Therefore, we used
dry matter and lipid rather than carbon-normalized PCB
concentrations for all compartments when testing food chain
bioaccumulation and biomagnification factors in our food
chains.

In conclusion, several ecological and chemical factors in-
fluence the accumulation of POPs in aquatic organisms. The
degree of heterotrophy/autotrophy in rivers may influence
accumulation of POPs through indirect effects from the
dominating functional groups of the benthic community.
Contrary to what we predicted in this study, a high degree of
autotrophy decreased PCB concentrations in age-0 trout. The
high grazing pressure in the algae/grazer-dominated auto-
trophic systems may suppress periphyton densities, thereby
reducing the retention and exposure of lipophilic contami-
nants to the river biota.

Concentrations of POPs in aquatic food webs, and in par-
ticular at the lower trophic levels with organisms of similar
size and age, are not determined only by the trophic position
of the organisms. In this study, lipid content was the best
predictor of PCB concentrations in the food chain
periphyton/detritus — invertebrates — age-0 trout, and lipid
weight based concentrations did not increase with trophic
position. However, lipid content could not predict PCB con-
centrations within each trophic level, and on a dry weight
basis, PCB concentrations increased with trophic position.
We did find indications of GI magnification of PCBs in age-
0 trout but not in invertebrates. Possibly, the age-0 trout in
this study were not in steady state with their environment
owing to high growth rates, probably higher than for fish
used in other GI magnification and food chain bioaccumu-
lation studies.
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