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Abstract: Steep stratification and poor light penetration in highly humic lakes typically restrict oxygenated lit-
toral areas to narrow lake margins. However, in some instances, surrounding floating vegetation mats can sus-
tain highly productive periphyton and more diverse invertebrate communities than pelagic areas. Little is known
about how these littoral food webs function or the extent to which the pelagic and littoral food webs are cou-
pled. We added 15N-labeled ammonium nitrate to the floating moss mat surrounding the littoral zone of Mek-
kojärvi, a small highly humic and fishless lake in southern Finland. Our goal was to increase the δ15N values of
periphyton to investigate the diets of littoral invertebrates and possible pelagic–littoral coupling in the lake. We
divided the lake in 2 with a plastic curtain and added European Perch (Perca fluviatilis) to 1 basin while the other
remained fishless. δ15N of periphyton and most littoral invertebrates increased well above the natural abundance
levels. δ15N of pelagic Daphnia generally did not increase, except for a sudden and transitory increase in the basin
where fish were introduced. Only one perch of the 33 recaptured following their introduction showed clearly
increased δ15N. The lowest δ13C values were found in pelagic invertebrates. Most littoral invertebrates had values
closer to those of periphyton, which clearly contributed significantly to the diets of most littoral invertebrate
groups and was an important basal resource in the littoral food web. Chironomids and ephemeropterans had
surprisingly low δ13C values, which may reflect inclusion in their diets of highly 13C-depleted methane-oxidizing
bacteria, which were known to contribute to the diets of Daphnia in the lake. Our results indicate that the pe-
lagic and littoral habitats are not strongly coupled in the absence of fish but that zooplanktivorous fish may in-
crease coupling by driving zooplankton into the littoral zone to seek refuge from predation.
Key words: littoral invertebrates, benthic algae, methane-oxidizing bacteria, stable-isotope analysis, isotope additions

Secondary production in lakes is fueled by autochthonous
C from pelagic and benthic primary production (PP) and
terrestrially derived allochthonous C. The relative impor-
tance of these C sources in food webs varies among lakes.
The allochthonous contribution generally increases in im-
portance with decreasing light penetration into water (Ask
et al. 2009, Karlsson et al. 2009, Solomon et al. 2011), a
condition typical of humic lakes. Allochthonous C can
support higher trophic levels via a microbial link in pe-
lagic (Jones 1992, Pace et al. 2004) and benthic (Premke
et al. 2010, Karlsson et al. 2012) food webs. However, col-
ored allochthonous dissolved organic C (DOC) reduces
light availability for phytoplankton and benthic algae, so
it also constrains whole-lake primary production and ul-
timately secondary production (Karlsson et al. 2009, Jones
et al. 2012). Moreover, allochthonous DOC promotes rapid
warming of upper water layers after ice-off, leading to ear-
lier development of very steep temperature and O2 strati-
fication, especially in the small humic lakes that are abun-

dant across the boreal region (Bowling and Salonen 1990).
This stratification can lead to complete anoxia in the hy-
polimnion for most of the year, thereby effectively restrict-
ing zoobenthic production to oxic littoral areas close to
the water surface. Thus, lakes with high DOC concentra-
tions tend to have restricted oxygenated habitats and low
zoobenthic production (Craig et al. 2015).

In clear-water lakes, profundal zoobenthos is mainly sup-
ported by sedimenting pelagic energy sources (Covich et al.
1999), whereas littoral zoobenthic communities mostly re-
ceive their energy from benthic PP by periphyton (Vander
Zanden and Rasmussen 1999, Devlin et al. 2013). Nutri-
ents increase phytoplankton biomass and result in reduced
benthic PP because of shading (Vadeboncoeur et al. 2003,
2008). Investigators often assume that energy mobilization
shifts from benthic and autotrophic toward pelagic and
heterotrophic as increasing allochthonous C reduces light
availability (Ask et al. 2009, Zwart et al. 2015). This as-
sumption has led to the prevalent notion that littoral pri-
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mary producers are of minor importance in the energy bud-
gets of humic lakes. However, we recently demonstrated
that PP by littoral periphyton dominated whole-lake PP
in small, highly humic Lake Mekkojärvi (Vesterinen et al.
2016), contradicting predictions for the benthic fraction of
whole-lake PP in such lakes according to the model pre-
sented by Vadeboncoeur et al. (2008). In Mekkojärvi, the
floating littoral vegetation mat fringe supports highly pro-
ductive periphyton communities just under the water sur-
face under well-illuminated conditions. Gross PP by pe-
riphyton exceeded community respiration in the littoral zone
and balanced whole-lake metabolism or made it net auto-
trophic (Vesterinen et al. 2016). The relative importance of
allochthonous and autochthonous resources for secondary
production in humic lakes continues to be debated, but the
need to study the importance of such highly productive pe-
riphyton communities in humic lakes is obvious.

We investigated the possible consumption of littoral
periphyton in Mekkojärvi by adding 15N-enriched ammo-
nium nitrate (15NH4

15NO3) evenly around the littoral moss
and macrophyte vegetation during summer 2014 to give
the periphyton a distinctive 15N label. We then tracked the
movement of that label into the littoral biofilm and into
invertebrates and fish. We used 15NH4

15NO3 because pre-
vious experiments with dissolved inorganic C (DIC) label-
ing of the lake based on 13C-bicarbonate had shown that
the addition frequency needed for strong labeling of DIC
in CO2-supersaturated water would have been too labori-
ous (Taipale et al. 2008). DIC concentrations, turnover
rates, and atmospheric exchange can be even higher in
the littoral than in the pelagic zone, making 13C-labeling
of periphyton particularly problematic. We also were able
to study the extent to which the pelagic and littoral food
webs in the lake were coupled because the naturally fish-
less lake had been split with a plastic curtain and fish had
been introduced to one of the basins (see Devlin et al.
2015). Coupling of pelagic and littoral habitats can occur
directly via movement of fish between habitats (Schindler
and Scheuerell 2002) and indirectly via horizontal migra-
tions of zooplankton from the pelagic to the littoral zone
where they seek refuge from fish predation (Van de Meut-
ter et al. 2004). We hypothesized that: 1) the highly pro-
ductive periphyton communities in the lake contribute sig-
nificantly to the invertebrate food web in the littoral zone,
2) predatory taxa within the littoral zoobenthic community
could be partly supported by consumption of Daphnia of
pelagic origin, and 3) introduction of fish would promote
coupling of the littoral and pelagic food webs.

METHODS
Study lake

Mekkojärvi is a small (0.35 ha) and highly humic head-
water lake in the Evo forest region in southern Finland
(lat 61°13′N, long 25°3′E; Fig. 1). The mean and maximum

depths are 2 and 4.3 m, respectively. The lake is sheltered
by coniferous forest and receives a high loading of terres-
trial organic matter from its catchment causing high DOC
concentrations (water color ranges from 300–800 mg Pt/L)
and low pH. The high DOC, in turn, causes the lake to
develop very steep temperature and O2 gradients imme-
diately after ice melt in spring. The thermocline lies be-
tween 0.5 and 1.0 m, and anoxia occurs under that layer.
Mekkojärvi becomes totally anoxic during winter under
ice and, therefore, cannot sustain natural fish populations.
Details of the lake’s physical and chemical characteristics
are presented elsewhere (e.g., Devlin et al. 2015, Veste-
rinen et al. 2016). The absence of planktivorous fish nor-
mally leads to the development of dense populations of
the large bodied cladoceran Daphnia longispina in sum-
mer. Mekkojärvi has a depth ratio (DR = z=zmax, where
z = depth) of 0.47, so the lake is steep-sided and lacks
illuminated benthic surfaces because of the highly colored
water and very low light penetration (light-attenuation co-
efficient, Kd, ranges from 4.5 to 7.5; Vesterinen et al. 2016).
The littoral zone is not clearly defined, but most of the
lake’s perimeter is covered by a floating vegetation mat con-
sisting mainly of Sphagnum and Warnstorfia moss species
with some fallen terrestrial sedges (Carex spp.), emergent
macrophytes (Menyanthes trifoliata, Phragmites australis),
and Utricularia sp. associated with the moss. This surround-
ing littoral vegetation does not extend >1 m from the lake
edge and not deeper than∼0.5 m, but provides habitat for
macroinvertebrate populations and supports highly pro-
ductive periphyton assemblages (Vesterinen et al. 2016)
that develop rapidly in spring and achieve their highest bio-
mass in summer. Daphnia longispina is the predominant
invertebrate in the pelagic zone, which is relatively poor in
other invertebrate taxa, but the littoral vegetation mat sup-
ports a more diverse invertebrate community (Table S1).

During our study, Mekkojärvi was divided with a plas-
tic curtain. The absence of overwintering fish populations
in the lake allowed us to introduce adult European Perch
(Perca fluviatilis) to one basin (designated Fish+), while
the other remained fishless (designated Fish−) (Fig. 1), and
hence, to investigate the possible influence of fish on pelagic–
littoral coupling in the 2 fish treatments. Perch of length
ranging from 10 to 15 cm were trapped from nearby Lake
Horkkajärvi and introduced into Mekkojärvi in early July
each year with a biomass mimicking the typical natural bio-
mass of perch in local lakes (1–2 g/m2; Natural Resource
Institute Finland), in proportion to the volume of oxic water
inMekkojärvi.

Sampling procedure, isotope additions,
and stable-isotope analysis (SIA)

We sampled periphyton for SIA during the open wa-
ter seasons in 2011–2013 to estimate temporal variation
in the natural abundance δ15N values. During these years,
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15NH4
15NO3 had been added to the pelagic area once or

twice per summer as part of a previous isotope addition
experiment, but these additions had no detectable effect
on the littoral communities (see below).

In 2014, we sampled periphyton on 29 May and 4 June
to estimate initial δ15N values before making isotope ad-
ditions. Later in 2014, we spread 200 to 250 mg of
15NH4

15NO3 onto the littoral moss and macrophyte vege-
tation surrounding the lake to increase the δ15N signature
of periphyton and to make it more distinct from other
potential basal resources (phytoplankton and allochthonous
organic matter) in the lake. We assumed that the highly
productive periphyton communities would take up all the
added N quickly and, thus, would effectively restrict the
labeling to littoral areas. We calculated an appropriate ad-
dition of 15NH4

15NO3 according to Fry (2006b) based on
measured NH4

+ and NO3
− concentrations in the lake’s

epilimnion. The 15NH4
15NO3 was first diluted into 2 L of

distilled water, which was further diluted into 40 L of lake
water. The diluted label was then spread evenly around the
lake littoral zone with a watering can from a rowboat. The
amount of 15NH4

15NO3 needed for strong labeling was
small compared to the combined natural NH4

+, NO3
−, and

NO2 concentrations in the lake (∼70 mg N/m3 in the
epilimnion; Vesterinen et al. 2016), so we were not con-
cerned that the 15N additions would cause a fertilization
effect. We added 15NH4

15NO3 for the first time on 24 June,
with further additions on 14 and 29 July and 1 Septem-

ber. After the first addition, we analyzed preliminary sam-
ples. We subsequently increased the amount of label from
200 to 250 mg to enhance the labeling. We sampled pe-
riphyton before each addition of 15N and a few days later
to measure the increase in the δ15N value, and then ∼1 wk
later to measure the decrease in the label. We used this
process to assess the temporal variation of the δ15N dur-
ing the experiment.

We randomly selected 8 subsamples of moss and mac-
rophyte pieces from all around the lake and used a spatula
to scrape the associated periphyton into cryogenic vials.
We took the samples to the nearby laboratory at Lammi
Biological Station (University of Helsinki) where they were
cleaned of any remaining associated plant pieces, frozen,
and later freeze-dried (Christ Alpha 1–4 LD plus; Martin
Christ, Osterode, Germany). We sampled pelagic particu-
late organic matter (POM) 3 times in June–August 2014
after the isotope additions. To measure the δ13C and δ15N
values of particulate organic matter (POM), we filtered
500 mL of lake water through pre-ignited Whatman GF/F
glass-fiber filters (nominal pore size = 0.7 μm), which we
then dried. We scraped the retained material into Sn cap-
sules (see below).

In 2014, we used a hand net (mesh size = 500 μm) to
collect macroinvertebrates and littoral zooplankton from
a rowboat. We rowed around the lake and pulled the hand
net around the shoreline on the moss while we took ran-
dom moss and macrophyte samples. We placed all the

Figure 1. Location and bathymetry (numbers indicate depth contours in m) of Mekkojärvi. The dashed line illustrates the location
of the dividing curtain and the fish symbol identifies the basin to which fish were introduced.
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hand-net hauls from both basins in plastic buckets, took
the samples to the laboratory, and picked out all littoral
macroinvertebrate and zooplankton taxa that were suffi-
ciently abundant for SIA. We sampled pelagic zooplankton
with a standard plankton net (mesh size = 50 μm; Limnos,
Komorów, Poland) either by vertical hauls or, if zooplank-
ton was scarce, by rowing around the pelagic area and
pulling the plankton net behind the boat. We identified all
invertebrates to family or genus level and oven-dried them
at 60°C for 48 h at Lammi Biological Station. We recap-
tured perch introduced to the Fish+ basin with traps dur-
ing August to October and placed them on ice before
measuring and weighing them in the laboratory. We dis-
sected a small piece of dorsal muscle from each fish and
placed it in an Eppendorf tube. We froze and then freeze-
dried the muscle tissue (Christ Alpha 1–4 LD plus).

We ground each dried sample for SIA to a fine powder
with a mortar and pestle and accurately weighed ∼0.6 (in-
vertebrates and fish) or 1.5 mg (periphyton and POM) of
sample into a Sn capsule. Sample C and N isotopic com-
position was analyzed at the University of Jyväskylä with a
FlashEA 1112 elemental analyzer (Thermo Electron Cor-
poration, Waltham, Massachusetts) coupled to a Thermo
Finnigan DELTAplus Advantage mass spectrometer (Thermo
Electron Corporation). Internal laboratory working stan-
dards were pulverized pike muscle tissue for macroinver-
tebrate and fish and pulverized potato leaves for periphyton
and POM samples. To ensure accurate analysis and cor-
rection for possible drift and linearity, replicate standards
were run repeatedly in every analysis (standard deviation
[SD] for both δ13C and δ15N was always <0.2‰).

Statistical analyses
We used 1-way analysis of variance (ANOVA) with

Tukey post hoc tests to test for differences in natural
abundance δ15N of periphyton among years 2011–2013.
For the 2014 data, we used repeated measures of analysis
of variance (rmANOVA) to test for differences in δ15N of
periphyton among sampling occasions (dependent vari-
able/within-subject variable) and between treatment ba-
sins (grouping variable/between-subject factor). We used
Welch’s t-test to test for differences of δ13C and δ15N of
macroinvertebrates when the assumptions of equal sam-
pling sizes and homogeneity of variances were not met.
We also used Welch’s t-test to test for differences in inver-
tebrate and fish δ15N values (dependent variables) between
dates (independent variable) and to test for differences in
pooled invertebrate δ15N values (dependent variables) before
and after the isotope additions (time as an independent var-
iable). We used Durbin–Watson statistics to detect possible
autocorrelation in 2014 δ15N data sets for periphyton and
invertebrates. We conducted all statistical tests with IBM
SPSS Statistics (version 20.0.0.2; IBM, Armonk, New York).

To investigate the relative contributions of periphyton,
allochthonous C, and methane-oxidizing bacteria (MOB)

to littoral invertebrate diets we used the Bayesian mixing
model SIAR (Parnell et al. 2010). We ran the model for
combined nonpredatory taxa (herbivorous or detritivorous
taxa [herbi-detritivores]) because they are the primary con-
sumers of these basal sources. We compared the models
for the invertebrate isotope data from years with (2014)
and without (2013) isotope additions to the littoral zone.
We obtained input isotope values for SIAR mixing model
diet sources (Table S2) as follows. For periphyton, we
used the averages over the whole sampling period in 2013
and the averages from the start of the isotope additions
to the end of the sampling period in 2014. We derived
isotope values for allochthonous organic matter (OM)
from POM values, δ13C of which ranged between −29 and
−27‰ and were consistent with values for allochthonous
DOC and allochthonous organic C users in Mekkojärvi
(Taipale et al. 2007). For MOB, we used isotope values
published by Taipale et al. (2008). For consumers in 2013,
we used the averages over the whole sampling period, and
in 2014, we used the averages from September to Octo-
ber when the δ15N values had reached their maximum or
started to decrease slightly. We used trophic fractionation
factors of 2.52 ± 2.5 for δ15N and 0.47 ± 1.23 for δ13C
according to Vander Zanden and Rasmussen (2001). Be-
fore the SIAR model was run, we evaluated model uncer-
tainty for 2 y with Monte Carlo simulations for mixing
polygons defined by the putative food sources (Smith et al.
2013) to resolve whether consumer values lay within the
95% mixing region. We ran Bayesian SIAR mixing mod-
els and Monte Carlo simulations of mixing polygons in R
(version 3.2.3; R Project for Statistical Computing, Vienna,
Austria).

RESULTS
Previous pelagic isotope additions in 2013

The previous 15NH4
15NO3 additions to the pelagic zone

in June and August 2013 had clearly increased the bulk
mean δ15N values of POM (Fig. 2A) and pelagic Daphnia
(Fig. 2B) with maximum values ranging between 20 and
30‰. Peak δ15N values for POM and Daphnia were very
similar in both basins, except that in late August the
Daphnia δ15N declined more rapidly in the Fish+ treat-
ment than in the Fish− basin. However, these pelagic 15N
additions had no marked effect on the mean δ15N of pe-
riphyton or littoral invertebrates (Fig. 2C). Moreover, in
2011 and 2012, when only a single pelagic 15N addition
was made, the mean (±SD) δ15N values of littoral inver-
tebrates were respectively 4.4 ± 1.1 and 3.9 ± 1.56‰, in-
dicating no spread of label to the littoral zone.

Response of littoral communities to 15N additions
to the littoral zone

The mean (±SD) natural abundance δ15N values of pe-
riphyton during 2011–2013 were low (mean of all sam-
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Figure 2. The mean δ15N of particulate organic matter (POM)
(A) and pelagic Daphnia (B) for both basins, and mean (±SD)
δ15N values pooled from both basins for littoral invertebrates in
2013 (C). The arrows indicate the dates of 15N additions.

Figure 3. The whole-lake mean (±SD) δ15N values of periph-
yton during 2011–2013 (A) and in 2014 when 15N label was
first added to the littoral zone on 24 June (B), and the mean val-
ues for each treatment basin in 2014 (C). In B and C the arrows
indicate the dates of 15N additions.

ples = 2.2 ± 2.3‰; Fig. 3A). δ15N values of periphyton
differed among dates (1-way ANOVA, F8,31 = 2.88, p <
0.05). From June to July, δ15N increased significantly from
−0.6 ± 0.5 to 4.8 ± 3.9‰ (Tukey’s test, p < 0.05), indicat-
ing either natural variation or some small reflection of the
pelagic isotope additions. The δ15N values of periphyton
in 2014 before the first littoral 15N addition (Fig. 3B) were
consistent with the values from earlier years and varied be-
tween −0.3 ± 1.0 and 0.9 ± 1.9‰. 15N labeling of the pe-
riphyton was effective. Each isotope addition to the littoral
zone generated a rapid increase in periphyton δ15N fol-
lowed by a more gradual decline. The highest periphyton
δ15N value (108.5 ± 87.4‰) was measured on 9 August
after the 3rd addition. The mean periphyton δ15N over the
whole 2014 sampling period was 32.7 ± 47.0‰. The 2 ba-

sin treatments, Fish+ and Fish−, showed very similar pat-
terns, but with some differences in the magnitude of peaks
(Fig. 3C). No autocorrelation was detected in either basin
(Durbin–Watson upper limit [dU] = 1.54; Fish+: d = 1.654,
n = 48; Fish−: d = 1.674, n = 47). Spatial variation in the
complex littoral habitat was rather high, and significant
differences in the labeling of periphyton was detected be-
tween basins. rmANOVA revealed a significant main effect
of time (F11,66 = 8.35, p < 0.01), which was not affected by
basin treatments (F11,66 = 0.83, p = 0.46). The initial δ15N
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values differed significantly from all values after the isotope
additions (Tukey’s test, p < 0.05).

Hand-net sampling for littoral invertebrates and plankton-
net sampling for pelagic zooplankton yielded 20 repeatedly
occurring invertebrate taxa from Mekkojärvi (Table S1).
Some taxa, like Ephemeroptera and Trichoptera, were dif-
ficult to find in spring and early summer but were notably
more abundant later in the year. We did not calculate the
total richness of taxa or the total abundances of individu-
als, but the invertebrate community in the littoral zone ap-
peared to be dominated by predators with high propor-
tions of Anisoptera and Cyclopoida, as reported in previous
studies in Mekkojärvi (Kairesalo et al. 1992, Zúñiga 2011).

The 15N label added to the littoral zone in 2014 was
transferred effectively to littoral consumers. Before the 15N
additions, mean δ15N value of herbi-detritivores was 5.4 ±
2.0‰ in the Fish+ basin and 5.2 ± 2.5‰ in the Fish− basin
(Fig. 4A). For predators, the respective values were 4.6 ±

1.3 and 5.5 ± 1.4‰ (Fig. 4B). The δ15N values of littoral
macroinvertebrates began to increase in both basins soon
after the first isotope addition in late June and appreciably
faster in the Fish+ basin. Periphyton was already strongly
15N labeled in July, but a lag was present in the accumula-
tion of the label in the consumers, with highest macroin-
vertebrate δ15N values recorded in September–October.
This lag was particularly marked for predators (Fig. 4B),
which exhibited highest δ15N values (Fish+: 48.9 ± 0.6,
Fish−: 48.6 ± 0.9‰) in late October, whereas the δ15N of
herbi-detritivores (Fig. 4A) had started to decrease by late
autumn but remained higher in the Fish+ than in the Fish−
basin. Mean δ15N of herbi-detritivores over the whole pe-
riod of 15N additions was 20.5 ± 16.0 in the Fish+ and 13.0 ±
8.0‰ in the Fish− basin. For predators, the respective val-
ues were 20.3 ± 17.9 and 14.0 ± 14.2‰. Herbi-detritivore
data showed a positive autocorrelation in the Fish− (Durbin–
Watson lower limit [dL] = 1.61; d = 1.052, n = 94) but not
in the Fish+ basin (d = 1.692, n = 78). Predators showed a
positive autocorrelation in both basins (dL = 1.598; Fish+:
d = 1.479, n = 74; Fish−: d = 1.106, n = 85). The only
significant differences between basins were observed for
herbi-detritivores on 27 October (Welch’s t-test, t1,13.7 =
13.9, p < 0.01) and for predators on 21 May (Welch’s t-test,
t1,18.9 = 8.4, p < 0.05). When the data from the 2 basins
were pooled, the increase in δ15N of predators from the
initial values was significant (Welch’s t-test, t1,112.4 = 58.1,
p < 0.01), as was the increase for herbi-detritivores (Welch’s
t-test, t1,110.8 = 73.3, p < 0.01). However, caution is needed
when interpreting these results because some autocorrela-
tion was found in the invertebrate data sets.

Response of zooplankton and fish to 15N additions
to the littoral zone

Pelagic zooplankton biomass was dominated by D. lon-
gispina. Within 1 mo of the introduction of perch to the
Fish+ treatment basin, Daphnia had declined to such low
abundance that we were unable to obtain enough sample
material for SIA. Daphnia biomass remained high in the
Fish− basin. δ15N value of pelagic Daphnia in both basins
was ∼3.0 before addition of 15N label to the littoral zone
(Fig. 5A), similar to the early summer values from 2013
(Fig. 2B). After 15N addition, the δ15N values ofDaphnia in
the Fish− basin did not increase above 13.7‰ (10 Septem-
ber) and were mostly <10.0‰ (Fig. 5A), suggesting some
small influence of the label. In contrast, a much higher δ15N
value of 23.6‰ was recorded for Daphnia from the Fish+
basin on 17 July, 2 wk after fish were introduced (Fig. 5A).
On the next sampling occasion, 29 July, almost all Daphnia
had been grazed from the Fish+ basin, and the δ15N value
had decreased to 11.8‰. The Daphnia in the last sample
from the Fish+ basin consisted of very small individuals,
most likely from a new pelagic generation with lower δ15N
values. The bulk mean δ15N of littoral Cyclopoida (Fig. 5B)

Figure 4. Mean (±SD) δ15N values of herbi-detritivore (A)
and predator (B) littoral macroinvertebrates for both treatment
basins in 2014. The arrows indicate the dates of 15N additions.
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showed a rather similar pattern in both basins, increasing
through the open-water period and then declining in au-
tumn, but reached higher values in the Fish+ than in the
Fish− basin.

Perch were caught on 3 occasions after their introduc-
tion on 1 July. A slight but statistically significant (Welch’s
t-test, t3,7.5 = 29.6, p < 0.001) increase in the mean δ15N of
perch occurred during their time in the lake, from an initial
value of 6.3 ± 0.5 to 11.5 ± 4.0‰ on 27 October (Fig. 5C).

One perch of the 33 recaptured individuals had a clearly
higher δ15N value of 23.2‰ (27 October).

Foodweb relations and diets of herbi-detritivores
An isotope biplot for δ15N and δ13C values from 2014

indicated considerable separation of foodweb components
(Fig. 6). Mean consumer δ13C values varied widely between
−40.6 (for the rotifer Polyarthra) and −27.5‰ (for Gerri-
dae), and significant differences were observed among taxa
(Welch’s t-test, t15,49.9 = 39.7, p < 0.001). The pelagic zoo-
plankton Daphnia and Polyarthra had more negative δ13C
values than all other groups except ephemeropterans and
chironomids, which had the lowest δ13C values among the
littoral invertebrate taxa (Tukey’s tests, p < 0.05). The po-
tential food sources (periphyton: δ13C = −30.6 ± 4.4‰, pe-
lagic POM: δ13C = −29.1 ± 0.7‰) were far less depleted in
13C than pelagic invertebrates, whereas 13C of most littoral
invertebrates were between those of food sources and pe-
lagic invertebrates. Periphyton δ13C values differed signifi-
cantly from those of all invertebrate groups except Asellus,
Araneae, Cyclopoida, Hydrachnidiae, Anisoptera, and Zy-
goptera (Tukey’s tests, p < 0.05).

Results of the SIAR mixing models are presented in
Fig. 7A–K. According to the mixing polygons used to eval-
uate uncertainty in the SIAR mixing model (Fig. 7E, K), the
isotope data for 2014 were a much better fit to the SIAR
model than the 2013 data. All the consumer values in 2014
lay within the 95% mixing polygon (Fig. 7K), whereas several
values from the 2013 data fell outside the region (Fig. 7E).
Therefore the SIAR mixing model outputs for 2014, when
the 15N additions were made to the littoral, can be consid-
ered more robust than those for 2013. The model for the
2014 data (Fig. 7F–J) was able to distinguish the contribu-
tions of the 3 food sources in consumer diets more clearly
than for the 2013 data (Fig. 7A–D), when allochthonous C
and periphyton overlapped in the diets of all consumers.
The modeled 2014 data showed that the relative impor-
tance of periphyton was high for Asellus (Fig. 7F), Trichop-
tera (Fig. 7G), and Ephemeroptera (Fig. 7J), whereas alloch-
thonous C was of high importance for Corixidae (Fig. 7H),
and both allochthonous C andMOBwere important for Chi-
ronomidae (Fig. 7I).

DISCUSSION
Our results demonstrate that periphyton can be a sig-

nificant basal resource even in highly humic lakes. Similar
results have recently been reported from dystrophic lakes
in Sweden (Lau et al. 2014) and humic bog pools in Estonia
(van Duinen et al. 2013). The restricted light penetration
into humic lakes commonly constrains pelagic and benthic
primary production and ultimately secondary production
(Karlsson et al. 2009, Jones et al. 2012), but littoral vegeta-
tion can provide substrata for substantial periphyton growth

Figure 5. The mean δ15N values of pelagic Daphnia (A) and
littoral Cyclopoida (B) for both basins in 2014, and the mean
(±SD) δ15N values of perch recaptured following their introduc-
tion to the Fish+ basin (C). The white arrows indicate the dates
of 15N additions, and the black arrow indicates the date of fish
introduction.
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that can sustain rich invertebrate communities. Littoral
habitats remain underrepresented in limnological studies
(Vadeboncoeur et al. 2002), but their importance to lake
food webs and dynamics is increasingly being recognized.
Our study demonstrates the important role of a littoral
moss bed for invertebrate production in a highly humic
lake and, together with our recent study (Vesterinen et al.
2016), shows that aquatic vegetation structure is a crucial
variable that should be taken into account when estimating
the importance of the littoral zone in humic lakes. Aquatic
moss stands in small Finnish lakes have expanded in recent
decades (Rintanen 1996), so their importance to aquatic
invertebrate production presumably is increasing as well.
Our results also indicate that in fishless lakes where lit-
toral and pelagic zones have a similar structure to that in
Mekkojärvi, these 2 habitats are not strongly coupled via
zooplankton. However, our data suggest that the presence
of fish can change the role of zooplankton by increasing
predation pressure and affecting their behavior and spatial
distribution.

Our study demonstrates the utility of the simple ap-
proach of adding 15NH4

15NO3 onto littoral moss vegeta-
tion to increase the δ15N signature of periphyton assem-
blages in a dystrophic lake. δ15N of periphyton increased
to well above the natural abundance after every addition.
Our assumption of rapid uptake of 15NH4

15NO3 by periph-
yton with no marked spread of the label into the pelagic

zone for uptake by phytoplankton was supported because
the δ15N values of pelagic POM and Daphnia did not in-
crease substantially. We suggest that the exceptional δ15N
of Daphnia in the Fish+ basin on 17 July can be explained
by the presence of the introduced perch, which forced
Daphnia in that basin into the littoral zone to seek refuge
from predation, where they were locally exposed to the
15N label and possibly used 15N-enriched littoral food
sources. Fish presumably also forced cyclopoids to spend
more time in the littoral zone, thereby accounting for the
different isotope values of Cyclopoida between basins in
August. A pattern of slowly increasing δ15N of Daphnia
toward the autumn also was seen in the Fish− basin, which
may indicate some coupling between the pelagic and litto-
ral zones or could be explained by the apparently natural
increase in δ15N values of different organisms in Mekko-
järvi from spring to autumn seen in previous years. The
differences in the δ15N of zooplankton in time and be-
tween the treatment basins were not tested statistically
because the isotope values were derived from bulk samples
consisting of hundreds to thousands of individuals. Con-
sidering the large sample size with numerous individuals,
the observed differences can be considered meaningful.
We did not see an increase in δ15N of POM, so Daphnia
apparently did not become labeled via pelagic phytoplank-
ton, although we might have missed a possible rapid in-
crease in POM because it was not sampled as frequently as

Figure 6. Biplot of the mean (±SD) δ15N and δ13C of different invertebrate taxa, perch and basal resources in Mekkojärvi in 2014.
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periphyton. These results indicate that the pelagic and litto-
ral food webs in this naturally fishless lake are not strongly
coupled via zooplankton. Our data from 2013 support this
conclusion because the 15NH4

15NO3 additions made that
year into the pelagic clearly increased the δ15N values of
Daphnia, whereas no increase was seen in the values for
littoral invertebrates or periphyton.

The first isotope addition in late June 2014 appeared
to label periphyton slightly more efficiently in the Fish+
than the Fish− basin, but the difference was not statistically
significant. However, the difference may explain the appar-
ently faster, but not statistically significant, increase in δ15N
values of invertebrates in the Fish+ basin during the sam-
pling period. The δ15N values of herbi-detritivores started
to decrease in September, following the senescence of pe-

riphyton in late autumn, whereas the values of predators
continued to increase until November. Slower turnover and
growth rate of large-bodied predators compared to herbi-
detritivores, together with slow turnover of the foodweb
transfers from nutrient through primary producer to herbi-
detritivore and then on to predator, leads to a lag in accu-
mulation of the label in predators (O’Reilly et al. 2002, Fry
2006b) and may explain these differences.

A slight increase in δ15N of perch was observed during
their time in the lake. The low efficiency with which perch
were recaptured with traps meant rather long intervals dur-
ing the sampling period, and most of the sampled perch
were recaptured in late September. The isotope values of
these fishes reflect their diet during the growing season be-
cause the turnover of muscle tissue is slow (Perga and Ger-

Figure 7. Probability histograms for the source contributions for littoral Asellus (A, F), Trichoptera (B, G), Corixidae (C, H),
Chironomidae (D, I), and Ephemeroptera (J) diets using the Bayesian mixing model SIAR with 3 possible food sources: periphyton,
allochthonous organic matter (OM; value = that of particulate OM) and methane-oxidizing bacteria (MOB; values from Taipale et al.
2008) in 2013 without isotope additions (A–D) and 2014 with 15NH4

15NO3 added to the littoral zone (F–J). Monte Carlo simulations
of mixing polygons (Smith et al. 2013) for the 2013 data are presented in panel E and for the 2014 data in panel K.
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deaux 2005). Only one of the 33 individuals recaptured and
analyzed showed markedly higher δ15N, indicating that this
individual had relied more than others on 15N-labeled litto-
ral food sources. This exceptional individual resulted in a
higher mean δ15N value for perch and relatively high varia-
tion in late September. As mobile consumers, fish are in-
tegrators of pelagic and littoral habitats (Schindler and
Scheuerell 2002), so we were surprised that only 1 perch
was markedly 15N-labeled. Our results indicate only weak
coupling of the 2 habitats via perch. Large daphnids in the
pelagic zone were evidently favored prey for perch, but we
expected a shift in perch diet from pelagic zooplankton to
littoral invertebrates once the large cladocerans had been
grazed from the basin. However, the time the perch spent
in the lake may have been insufficient to cause any marked
increase in the δ15N of the perch muscle tissue because of
slow accumulation of the label in these mature and slow-
growing individuals with long tissue turnover times. More-
over, the dense moss mat presumably offers invertebrates
efficient shelter from predation, so the ability of the perch
to capture 15N-labeled invertebrates in the littoral probably
was restricted.

The isotope biplot revealed that pelagic Daphnia and
Polyarthra had the most negative δ13C values, whereas
POM, Gerridae, and Araneae had the least negative values.
POM in Mekkojärvi is overwhelmingly of allochthonous
origin. Gerrids living and feeding on the surface film pri-
marily exploit terrestrial prey (Spence and Andersen 1994),
which also is important in the diet of spiders in the genus
Dolomedes (Zimmermann and Spence 1989), and is likely
to account for the less negative δ13C of these taxa. Most of
the littoral invertebrate taxa were positioned between the
highly 13C-depleted pelagic zooplankton and the rather
13C-enriched Gerridae in the isotope biplot. Hence, most
invertebrate taxa were rather 13C-depleted, which is com-
mon in lakes with high DOC and respired inorganic C
(Premke et al. 2010). However, chironomids had the lowest
δ13C values among the littoral invertebrates. This low δ13C
could reflect inclusion of highly 13C-depleted MOB in their
diet, and many chironomid larvae are well-documented
users of MOB (e.g., Jones et al. 2008, Premke et al. 2010).
Taipale et al. (2008) derived a highly negative estimate of
δ13C for MOB inMekkojärvi (−69.8 ± 10.0‰) and reported
that pelagic Daphnia in Mekkojärvi feed extensively on
MOB. The rotifer Polyarthra, which also showed very low
δ13C values in our study, also may have been consuming
MOB. In steeply stratified Mekkojärvi, where total anoxia
extends near to the surface, an oxic–anoxic interface can be
found in the littoral vegetation. This interface would provide
a habitat where MOB are expected to be abundant (Jones
and Grey 2011), so invertebrates associated with the moss
mat probably have access to MOB in Mekkojärvi. The
strongly depleted δ13C values of these taxa, particularly chi-
ronomids and ephemeropterans, probably are the result of
a contribution from MOB to their diets. Based on fatty acid
analysis, methane-derived C contributes to invertebrate

diets in humic bog pools in Estonia (van Duinen et al.
2013). van Duinen et al. (2013) also found clearly lower δ13C
values in periphyton than in invertebrates (except zooplank-
ton), suggesting that MOB associated with periphyton may
oxidize CH4 to

13C-depleted CO2, which is then assimilated
by the algae. The strongly 13C-depleted periphyton was then
consumed by invertebrates. In contrast, our data, in which
many invertebrate taxa were more 13C-depleted than pe-
riphyton, support the idea of a direct pathway from MOB
to littoral invertebrates.

The SIAR mixing model provided estimates for the rel-
ative proportions of 3 food sources in the diets of herbi-
detritivores. The model for the 2014 data, in which the
periphyton had been labeled by the 15N additions to give it
a more distinctive isotope signature, was statistically more
appropriate than the model for the 2013 data and more
reasonable, highlighting the particular importance of pe-
riphyton in the diets of Asellus, Trichoptera, and Ephem-
eroptera, all of which are well-known grazers of periphyton.
The model also indicated a higher proportion of allochtho-
nous OM in the diet of Corixidae, which tend to feed on
plant material from the water surface, and higher contri-
butions of both allochthonous OM andMOB in the diets of
chironomids. However, these results should be treated as
only indicative because the turnover rate of 15N in periphy-
ton was rather fast and the accumulation of the 15N label
into consumer tissues was slower, which creates uncertain-
ties in distinguishing δ15N values of allochthonous OM and
periphyton. To mitigate this problem by reducing temporal
variation, we used the invertebrate isotope data from au-
tumn for modeling, when the δ15N values had reached or
were close to maximum. We recognize that this approach
has limitations because it is based on the assumption that
static mean values represent what is actually a dynamic sit-
uation of changing isotope values. In principle, a more ele-
gant way to handle such temporally dynamic isotope data
might be to fit autoregressive models (e.g., Carpenter et al.
2005), but our data lacked the sampling frequency of all
the end members for such analyses to be appropriate. In
view of the longer lag time for accumulation of the 15N
label into predator tissue, we did not run the mixing model
for predators.

Since older unlabeled autochthonous detrital periphy-
ton can significantly support invertebrate production (Sol-
omon et al. 2008), the SIAR mixing model is likely to have
overestimated the proportion of allochthonous OM in the
diets of certain taxa. Also, some taxa like Trichoptera and
Ephemeroptera were hard to find in the spring and ap-
peared later in the summer, when most of the periphyton
was already labeled. Individuals of Asellus, in turn, were
seen early in the spring, over a month before the isotope
additions, so unlabeled periphyton must have contributed
to their diets.

An advantage of using 15NH4
15NO3 was the ability to

label the whole biofilm of periphyton and associated bac-
teria, both of which are a potential food source for pelagic
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Daphnia. However, this approach did not allow separa-
tion of heterotrophic and autotrophic components of the
biofilm in the diets of littoral invertebrates. Use of alloch-
thonous DOM by bacteria and grazing of bacteria by pro-
tozoa (Tulonen et al. 1992), which are abundant in the
littoral zone in Mekkojärvi (Kairesalo et al. 1992), is a pos-
sible pathway for allochthonous energy to reach littoral
invertebrates. However, considering the generally higher
nutritional quality of algae than allochthonous OM (Brett
et al. 2009, Taipale et al. 2014), the very high primary pro-
duction by periphyton in Mekkojärvi (Vesterinen et al.
2016), and the temporally dynamic isotope data that com-
plicate the mixing models (Fry 2006a), the supposition that
the highly accessible and higher-quality periphyton could
be an even more important basal food resource for most
littoral invertebrates than estimated by the SIAR model is
reasonable.

Previous studies revealed that a significant proportion
of the littoral macroinvertebrate community in Mekkojärvi
consisted of large predatory taxa, such as odonates and
notonectids (Kairesalo et al. 1992, Zúñiga 2011), similar to
other fishless lakes (e.g., Blois-Heulin et al. 1990, Johansson
et al. 2006, Schilling et al. 2009). However, these previous
studies in Mekkojärvi were semiquantitative, creating un-
certainty for estimating abundance relationships of macro-
invertebrates. Zúñiga (2011) used hand-net sampling and
activity traps, which were considered most appropriate for
sampling the very complex littoral moss mat. The difficulty
in quantitatively sampling the loose and relatively thick
moss mat together with the patchy distribution of certain
invertebrates can lead to serious underrepresentation of
some taxa in data sets. Furthermore, some species are very
mobile and difficult to capture with a hand net. We did not
quantify the abundances of macroinvertebrates, but the
relatively large proportion of predators was clearly evident
in our samples. Alternative explanations for the dominance
by predatory invertebrates in these lakes have been put for-
ward. Kairesalo et al. (1992) suggested that the abundant
predatory taxa and generallymore diverse invertebrate com-
munity in the littoral than in the pelagic zone in Mekkojärvi
probably are supported mainly by littoral primary produc-
ers. Aarniosalo (2007) used SIA to study whether predatory
macroinvertebrates, Odonata and Notonecta, in the littoral
zone of Mekkojärvi might be supported partly by pelagic
Daphnia. She found no evidence that Daphnia contributed
to the diets of Odonata, but proposed that notonectids
might have fed on Daphnia. Our results indicate that the
pelagic and littoral food webs are not strongly coupled via
zooplankton, so the energy requirement for most of the
predatory macroinvertebrates probably is derived mainly
from primary production in the littoral zone and, to some
extent, from terrestrial sources via a microbial pathway and
fromMOB.We did not obtain enough notonectids for data
analysis, but as highly mobile predators, they presumably
move between littoral and pelagic and potentially could
feed on Daphnia. Considering the difficulty of quantitative

estimation of the true macroinvertebrate abundances in
Mekkojärvi and similar lakes, we think it reasonable to sug-
gest that the smaller prey taxa exploited by predators have
been underrepresented in previous studies, which could
partly explain the apparent predator dominance.

Decomposition of terrestrial C is the primary source of
CO2 in Finnish lakes during winter before ice melt (Kor-
telainen et al. 2006). Vesterinen et al. (2016) reported very
high littoral primary production and biomass development
by the periphyton in Mekkojärvi throughout the summer
of 2012. Our current data indicate that, although periphy-
ton contributes significantly to the diet of littoral inverte-
brates, only a small fraction of the high periphyton pro-
duction reported by Vesterinen et al. (2016) is used by the
consumers and the remaining periphyton biomass is ulti-
mately decomposed by heterotrophs during autumn and
winter. Lack of reliable estimates for the secondary produc-
tion in Mekkojärvi prevents quantitative estimates of the
absolute fate of periphyton production. Moreover, burial
rates are difficult to quantify at short time scales. This prob-
lem has been identified as a current shortcoming in analyz-
ing the C load and its various fates in lakes (Hanson et al.
2015). These issues will have to be resolved in the future.

The astonishingly high primary productivity reported
by Vesterinen et al. (2016) provides an abundant autoch-
thonous basal resource for consumers in Mekkojärvi, and
our data clearly demonstrate high use of periphyton by lit-
toral macroinvertebrates. Our finding further demonstrates
the need for a holistic whole-lake ecosystem approach to
investigating humic lakes. The SIA indicates that fish pro-
moted coupling of pelagic and littoral pathways and that in
the absence of fish these habitats remained relatively dis-
tinct. The behaviorally induced shift in resource use by zoo-
plankton further demonstrates the role of fish as ecosystem
integrators. Continued focus on littoral dynamics of the tro-
phic structure, biogeochemistry, and metabolism of humic
lakes is needed to develop a complete understanding of the
ecology of these globally abundant systems.
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