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ABSTRACT

Ecosystems are generally linked via fluxes of nutrients
and energy across their boundaries. For example,
freshwater ecosystems in temperate regions may re-
ceive significant inputs of terrestrially derived carbon
via autumnal leaf litter. This terrestrial particulate or-
ganic carbon (POC) is hypothesized to subsidize animal
production in lakes, but direct evidence is still lacking.
We divided two small eutrophic lakes each into two
sections and added isotopically distinct maize litter to
the treatment sections to simulate increased terrestrial
POC inputs via leaf litter in autumn. We quantified the
reliance of aquatic consumers on terrestrial resources
(allochthony) in the year subsequent to POC additions
by applying mixing models of stable isotopes. We also
estimated lake-wide carbon (C) balances to calculate
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the C flow to the production of the major aquatic
consumer groups: benthic macroinvertebrates, crus-
tacean zooplankton, and fish. The sum of secondary
production of crustaceans and benthic macroinverte-
brates supported by terrestrial POC was higher in the
treatment sections of both lakes. In contrast, total sec-
ondary and tertiary production (supported by both
autochthonous and allochthonous C) was higher in the
reference than in the treatment sections of both lakes.
Average aquatic consumer allochthony per lake section
was 27-40%, although terrestrial POC contributed less
than about 10% to total organic C supply to the lakes.
The production of aquatic consumers incorporated less
than 5% of the total organic C supply in both lakes,
indicating a low ecological efficiency. We suggest that
the consumption of terrestrial POC by aquatic con-
sumers facilitates a strong coupling with the terrestrial
environment. However, the high autochthonous pro-
duction and the large pool of autochthonous detritus in
these nutrient-rich lakes make terrestrial POC quanti-
tatively unimportant for the C flows within food webs.

Key words: stable isotopes; terrestrial subsidy;
carbon budget; ecological efficiency; benthic food
web; pelagic food web.
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INTRODUCTION

Adjacent ecosystems are connected by reciprocal
flows of resources such as energy and nutrients. A
subsidy is defined as a donor-controlled resource
that increases productivity of organisms in the
recipient ecosystem (Polis and others 1997). The
effect of subsidies on the recipient ecosystem has
been well studied in streams, islands, and riparian
forests (Marczak and others 2007; Masese and
others 2015). A few recent studies suggest that lake
ecosystems are subsidized by several forms of ter-
restrial organic carbon (C) (Carpenter and others
2005; Cole and others 2006), which are transferred
by gravity, run-off, and wind to lakes (Polis and
others 1997 and references therein). Living prey
organisms originating from terrestrial ecosystems
may subsidize fish in lakes (Mehner and others
2005) and may also support a substantial fraction of
aquatic predator production in streams (Nakano
and Murakami 2001). Terrestrial dissolved organic
carbon (DOC) is another significant subsidy to
lakes, but it is primarily respired by pelagic bacteria,
and hence only a minor part of this allochthonous
C is transferred to higher trophic levels (Kritzberg
and others 2004; Berggren and others 2010; Jones
and others 2012). Detrital particulate organic car-
bon (POC) from terrestrial ecosystems is the third
form of C subsidy; its effect on lake ecosystems has
rarely been studied directly (but see Bartels and
others 2012), although it has been hypothesized to
be an important energy source to lake animals
(Carpenter and others 2005; Cole and others 2006;
Babler and others 2011). Autumnal leaf litter from
surrounding trees dominates the terrestrial POC
source for many lakes of the temperate zone
(Vander Zanden and Gratton 2011), but its effect
on aquatic ecosystems has been studied experi-
mentally only in streams (Abelho 2001). No study
has yet been conducted that directly provides evi-
dence for a stimulation of production in lake ani-
mal populations by terrestrial leaf litter POC and
relates this subsidy to in-lake C supply. It is
important to understand the effects of these
potential subsidies, because land use change, which
is a major driver of global change, can increase the
exports of organic C from terrestrial ecosystems
with potentially far-reaching consequences for C
cycles in lakes (Larsen and others 2011).

The effect strength of subsidies on a recipient
ecosystem depends on several features. According
to a recent review (Marczak and others 2007), the
trophic group of recipient consumers and the ratio

of subsidy resources to trophically equivalent au-
tochthonous resources (those produced within the
system) are significant predictors of the subsidy
effect size. Among the trophic groups, subsidies
affected detritivores more than omnivores, preda-
tors or insectivores (Marczak and others 2007).
Furthermore, the strongest effects are found if the
amount of subsidies exceeds the amount of equiv-
alent autochthonous resources (Marczak and oth-
ers 2007). Accordingly, the quantitative effect of
terrestrial POC subsidies on lake food webs is dif-
ficult to predict. Leaf litter is supplied to the littoral
and profundal habitats, suggesting a strong poten-
tial stimulation of benthic macroinvertebrate pro-
duction (Cole and others 2006). However, leaf litter
becomes part of the large lake-wide detritus pool,
consisting of remains from both terrestrial and
aquatic primary production that have accumulated
over longer periods (Moore and others 2004;
Attermeyer and others 2013). In productive lakes
with high in-lake primary production, the effect
size of leaf subsidies may therefore be low because
detritus is dominated by autochthonous resources.

We conducted ecosystem-scale experiments in
two productive lakes to test whether terrestrial POC
additions increase aquatic consumer allochthony
and subsidize their production. We divided both
lakes into halves and added isotopically distinct
maize (Zea mays L.) leaves to one section of each
lake. Furthermore, we merged two independent
approaches, stable isotopes, and C budget models,
to quantify the flows of terrestrial C versus auto-
chthonous C fixed by primary production within
the lake to animal consumer production, as has
been suggested recently (Marcarelli and others
2011). This explicitly quantitative approach ex-
tends other studies on these lakes, which have
demonstrated qualitatively that even a minor
incorporation of terrestrial POC (maize) into con-
sumer tissues could be directly traced (Scharnwe-
ber and others 2014a, b). The aim of this
quantitative approach is to evaluate whether the
estimates of terrestrial carbon contributions to
consumer tissue from mixing models correspond to
the allochthonous carbon contributions to the lake-
wide carbon budgets. We hypothesized a fairly
close correspondence between consumer allochth-
ony and terrestrial POC availability in the carbon
budgets for benthic macroinvertebrates, but a
lower allochthony relative to carbon availability in
crustacean zooplankton (Marcarelli and others
2011). Our study is the first to experimentally in-
crease terrestrial POC inputs into lakes at natural
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spatial and temporal scales, hence simulating an
enhanced leaf litter fall to two replicate ecosystems.
We further hypothesized that the enhanced supply
of terrestrial, allochthonous POC (C,y,) in the
treatment sections of both lakes stimulates the
production of benthic macroinvertebrates and
crustacean zooplankton, and indirectly also en-
hances the production of secondary consumers,
such as fish. Finally, we hypothesized that the ef-
fect size of the artificial subsidy would be low be-
cause these productive lakes are characterized by a
relatively high supply of autochthonous, algal-de-
rived organic C (C,uo); consequently, C,y, should
contribute only a minor proportion to total C
budgets of both lakes.

METHODS
General Overview

Our experiments were conducted in two small
temperate shallow lakes of similar size, shape, and
depth in northeastern Germany. Both lakes are
hydrologically isolated and have no surface inlet.
Kleiner Gollinsee (hereafter Gollinsee) is turbid and
dominated by phytoplankton, whereas 22% of the
area of the clearer Schulzensee is covered by sub-
merged macrophytes (Ceratophyllum submersum L.)
in summer. Both lakes are surrounded by alder
trees (Alnus glutinosa (L.) Gaert.) and reed stands
(Phragmites australis (Cav.) Trin. ex Steud.). Float-
ing-leaved macrophytes (Nymphaea alba L. and
Nuphar lutea (L.)) grow in both lakes and cover 3%
of the area of Gollinsee and 12% of Schulzensee.
Both lakes are eutrophic (ambient nutrient con-
centrations 35-40 pg total phosphorus L™'). In
October 2010, we divided both lakes with plastic
curtains sealed in the sediment, fully isolating the
water volume of each section. In November 2010,
we added roughly 2 t of coarsely shredded fresh
maize (Zea mays L.) leaves and stems (without cobs)
into one section of Gollinsee (25 g C m™?) and 3 t
into one section of Schulzensee (28 g C m™?). The
leaves were added into the littoral zone and pre-
vented from floating into the pelagic zone by a rope
installed at the pelagic-littoral boundary. The lake
sections with experimental leaf additions are here
referred to as treatment sections, as opposed to
non-treated reference sections. The quantity of
maize C added (per area) was about 4x higher than
estimated inputs of terrestrial C by alder leaves,
which occurred at the same time as the addition of
maize leaves. More details on the experiments and
the tracing of maize addition in food webs are

published elsewhere (Attermeyer and others 2013;
Scharnweber and others 2014a, 2014b).

Our overall intention was to quantify the effect
of C.y (as terrestrial POC) on the secondary pro-
duction of aquatic animals, compared to the con-
tribution of C,y, to lake-wide organic C balances.
For C balances, we measured the annual auto-
chthonous net primary production (C,y,) of phy-
toplankton, periphyton, submerged and emergent
macrophytes (Brothers and others 2013a), and
compared this to C,y, inputs of dissolved organic
carbon (DOC) and POC (native alder leaves and
experimentally added maize leaves). All estimates
were expressed as annual rates (g Cm 2y ).

We estimated the total secondary production of
crustaceans and benthic macroinvertebrates, as
well as the tertiary production of fish and predatory
odonates. We used stable isotope mixing models to
estimate the sum of proportions of C,y, sources
(maize, alder) in animal tissues (consumer al-
lochthony), and calculated the share of C,,-de-
rived production relative to total consumer
production. Consumer production supported by
Cano Was also divided by the lake-wide inputs of
Cano, Wwhich we refer to as allochthonous ecological
efficiency. Next, we divided total consumer pro-
duction by the total organic C inputs to the lakes
(Cauto fixation, DOC,,;, and POC,,, inputs) to
estimate the total ecological efficiency of each sys-
tem. Both calculations are similar to net ecological
efficiencies (Vander Zanden and others 2006) and
hence reflect only the C ultimately incorporated
into consumer tissues (that is, after respiratory
losses). These ecological efficiencies are related to
partial flow food webs (Marcarelli and others 2011)
because they distinguish between C,;, and C,yu
contributions to the consumer-resource interac-
tion.

Our calculations exclude secondary production
by bacteria, non-crustacean zooplankton (for
example, heterotrophic flagellates, ciliates, rotifers)
and benthic meiofauna because we could not ob-
tain reliable estimates of allochthony for these
groups. Furthermore, we present all results as raw
data, and refrain from using inferential statistics for
differences between the two lakes and between
sections of the lakes. Most of the annual rates we
present are based on temporally or spatially repli-
cated samplings, which are therefore not statisti-
cally independent. However, we argue that
obtaining detailed ecological knowledge about en-
tire lake ecosystems is a valid approach even in the
absence of strict statistical tests (Carpenter 1989).
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Sampling and Estimates of Consumer
Production

Crustacean Zooplankton

Crustacean zooplankton were sampled at pelagic
sites of both lakes monthly from March 2011 to
February 2012 by filtering an epilimnetic mixed
water sample (40 L) through a 55-um mesh and
fixing the content with 4% sugar formaldehyde
(Haney and Hall 1973). Separate samples were ta-
ken in littoral and pelagic sites of both lakes.
Samples were counted and identified to the genus
or species level, and length was measured at the
LimSa Gewdsserbiiro (Konstanz, Germany).
Regressions were used to calculate the individual C
content based on organism size (Dumont and oth-
ers 1975), and calculated biomasses (mg C m™>). A
carbon content of 50% dry weight was assumed
(Gaedke 1992 and included references). Crustacean
zooplankton secondary production was calculated
based on daily production to biomass (P:B) ratios.
These P:B ratios were calculated according to the
individual size (w, pg dry weight) by using a linear
regression model:

log(P/B) = o + flog(w)

with o and f being taxon-specific parameters for
temperatures above and below 10°C (Stockwell
and Johannson 1997). Annual production was
calculated by summing daily production rates over
the number of days of the respective month, and
summing up monthly values to the entire year
(March 2011 to February 2012). Annual produc-
tion per lake section was calculated as the arith-
metic average of littoral and pelagic production
because of comparable areas of littoral and pelagic
habitats.

Benthic Macroinvertebrates

Biomass (B, in g DM m™?) of benthic macroinver-
tebrates was estimated from eight samplings from
April to November 2011 (for details see Brothers
and others 2013b). Briefly, samples were collected
along one transect across each lake section, which
included two eulittoral (0-1 m depth), two sublit-
toral (1-2 m depth), and two profundal (>2 m
depth) samples. For each sample, sediment from an
area of 0.6 m? was collected and stored in ethanol.
Species were determined to the lowest possible
taxonomic unit (mostly genus) and wet mass was
measured, which was converted to dry mass using
site-specific conversion factors derived from the
samples. The annual production (P, gDM m 2y })

of macroinvertebrates was estimated separately for

eulittoral, sublittoral and profundal habitats by
using the allometry-based approach of Plante and
Downing (1989):

Log(P) = 0.06 + 0.79 log(B) —0.16 log(Mmax)
+ 0~05Tmean7

where B is the mean annual biomass averaged
across the eight sampling months and M, is the
maximum individual mass (mg DM individual ')
for each habitat on each lake section (estimated
from the April, June, and September samplings
during which individuals were measured). To avoid
single-individual estimates of My,,x, we used the
average length of the largest 10% of individuals.
Tmean 1S the annual water temperature (13.6 and
14.3°C in Gollinsee and Schulzensee, respectively;
measured using a stationary weather station at
each lake). DM was converted to C by multiplica-
tion by 0.45 (Wetzel 2001). Lake-wide production
rates were calculated as weighted averages of pro-
duction rates from the three benthic habitats
according to relative contributions of these habitats
to the surface area of each lake section.

Fish

Abundances of the dominant fish species, roach
(Rutilus rutilus L.), which represents 71 and 72% of
fish abundance in Gollinsee and Schulzensee,
respectively, were derived from a mark-recapture
approach as described in Brothers and others
(2013b). Briefly, fish were caught using an elec-
trofishing device during five consecutive days and
tagged by coded wire tags (Northwest Marine
Technology, Inc., WA, USA) that were inserted into
the snout region of the fish. Recaptured fish were
checked for tags and population abundances were
estimated by using a Schnabel multiple-census
approach, adjusted by Chapman (Ricker 1975).
Growth estimates for roach in 2011 were based on
scale analyses. Roach were caught in September
2011 and the mean distances between the nucleus
and the annuli, from three scales per fish (total of
207 individuals), were determined, which allowed
back-calculating length-at-age (Fraser 1916; Lee
1920). The sum of weight increments of the dif-
ferent cohorts, and therefore tertiary production in
2011, was estimated using lake-specific length-
mass regressions for roach. Tertiary production of
the whole fish community was extrapolated
according to the proportion of roach relative to the
total fish biomass estimated from standardized an-
nual fishing campaigns using four Nordic multi-
mesh gillnets per lake section (set perpendicular to
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the shoreline, from dusk till dawn) and elec-
trofishing (applying 15 dips for 15 seconds at each
randomly chosen location) (for details see Brothers
and others 2013b). These calculations underesti-
mated young-of-the-year (YOY) fish production
because we do not have reliable density estimates
of YOY fish in spring and summer.

Stable Isotope Analyses and Estimation
of Consumer Allochthony

In 2011, a total of 611 samples for stable isotope
analysis of all primary resources (alder, maize,
periphyton, seston, macrophytes, reed) and ani-
mal consumers (crustaceans, macroinvertebrates,
fish) were taken from treatment and reference
sections in both lakes in spring (April), summer
(June), and autumn (September) (Appendix
Table Al; Figure Al). Additional samples from
macrophytes were collected in summer 2010.
Periphyton samples were obtained by scraping the
dividing curtains, reed stems, and artificial biofilm
strips. Seston is usually a heterogeneous mixture
of living and dead phytoplankton and other
microorganisms, but may also contain large pro-
portions of terrestrial particulate organic matter
(Wilkinson and others 2013). Therefore, we cor-
rected the seston ¢'°C values by a two end-
member mixing model (Bade and others 2006;
Taipale and others 2007) to obtain more reliable C
isotope values for phytoplankton (for details see
Scharnweber and others 2014a). This method re-
sulted in seasonal mean phytoplankton §'°C val-
ues below —409%, which, although low, are not
uncommon for lakes with high respiration rates
and considerable fraction of respired C in the
inorganic C pool (Bade and others 2004; Karlsson
and others 2008; Taipale and others 2008). By this
method, we also obtained a 6'°C value for the
detrital POC pool within the seston. We assumed
that the composition of this POC pool reflected the
relative contributions of C,j, (alder, maize) and
Cauto (macrophytes, reed) as estimated from the
lake-wide C budgets (see below).

We used stable isotope mixing models as imple-
mented in the MixSIAR package (Stock and Sem-
mens 2013) in R 3.01 (R Development Core Team
2012) to calculate the proportion of different food
resources in the diets of consumers. Prior to mixing
model analysis, we tested whether preconditions of
the model, that is a valid mixing geometry and
distinct resource isotope values were fulfilled. We
visually inspected stable isotope biplots for resource
isotopic distinctness (Appendix Figure Al). Peri-
phyton and reeds were similar in isotope signa-

tures; thus, we decided to pool these two resources
and allocated them to C,y0.

The allochthony of crustaceans was estimated
using a mixing model with only phytoplankton and
the mix of detrital POC from seston as the two
potential resources. We used phytoplankton, peri-
phyton+reed, macrophytes, alder, and maize as
potential resources in mixing models of benthic
macroinvertebrates. For omnivorous fish (roach,
rudd Scardinius erythrophthalmus L., tench Tinca tinca
L., perch Perca fluviatilis L.), we used benthic
macroinvertebrates and crustaceans, and included
Isopoda (Asellus aquaticus 1..) as a separate resource
due to their distinct isotope signature. For sec-
ondary consumers (omnivorous fish and Odonata),
we estimated the indirect contribution of primary
resources via the consumption of benthic prey and
crustaceans using ratio calculations (Brauns and
others 2011). Mixing modeling was conducted
using fractionation factors of 0.4 + 1.3 for 6'°C and
3.4 + 1.0 for 6'"°N (Post 2002), concentration
dependence (Phillips and Koch 2002), and the
MixSIAR model option without a residual error
term (Parnell and others 2013). Convergence of
each mixing model was verified using the plots and
diagnostic test provided by the software. We cal-
culated a global standard deviation (SD) for each
estimated proportion, as based on the sum of
variances of the estimates for single resources.

Lake-Wide Organic C Budgets

All organic C,j, inputs were calculated for a period
spanning March 2010 until February 2011, incor-
porating experimental maize additions, annual
contributions of leaf fall from surrounding alder
trees, and the net flux of groundwater DOC. Be-
cause of logistic constraints, we could not repeat
these estimates in 2011, but assume that there was
little difference in alder leaf litter fall and t-DOC
input between 2010 and 1011. The supply of or-
ganic C,y, was calculated following methods out-
lined by Brothers and others (2013b). Briefly, the C
input from alder leaves was measured directly
using floating leaf traps installed at multiple loca-
tions around the periphery of each lake. The net
DOC input to each lake was calculated as the dif-
ference between input and output of groundwater
DOC to each lake using measurements made every
two to four weeks from sampling wells constructed
in the immediate vicinity of each lake (Rudnick
and others 2015).

All C,u fixation rates were calculated for a
period spanning April 2011 to March 2012. Fol-
lowing Scharnweber and others (2014a), organic
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Cauto Was considered to be the sum of organic C
production within the lake area, which included
littoral reeds growing at or immediately beyond the
lakeshore, along with phytoplankton and peri-
phyton, and aquatic macrophytes. Gross primary
production (GPP) was calculated separately for the
pelagic and littoral zones for each lake section,
following methods outlined by Brothers and others
(2013a, b).

Briefly, phytoplankton and periphyton GPP were
calculated using photosynthesis-irradiance (PI)
curves. The GPP of C. submersum was calculated
from maximum biomass and C content measure-
ments made in July 2010 and the GPP of Aphan-
othece stagnina from in situ glass bottle experiments
and core exposures. To estimate net primary pro-
duction (NPP) which is truly available to secondary
producers, producer-specific GPP was multiplied by
correction factors (phytoplankton: 0.6, epipelon:
0.23, epiphyton: 0.55, Aphanothece: 0.6, Ceratophyl-
lum: 0.4) (see Brothers and others 2013a). The
annual organic C load of floating-leaved and
emergent macrophytes into the lakes was consid-
ered to be equivalent to the maximum biomass
measured in July 2010.

RESULTS

Annual autochthonous net primary production
was slightly higher in the treatment sections of
Schulzensee (312 ¢ C m™ 2y ') and Gollinsee (348
g C m~2 y') than in the respective reference sec-
tions of both lakes (Schulzensee 263 g C m >y ',
Gollinsee 337 ¢ C m 2 y!). Based on lake-wide C
balances, the input of C,j, from maize and alder
POC plus DOC via groundwater to total in-lake C
supply summed up to 8.8% (treatment) and 2.4%
(reference) in Gollinsee, and 11.3% (treatment)
and 4.3% (reference) in Schulzensee (Figure 1). In
other words, in-lake C fixation by algae and vas-
cular plants accounted for at least about 90% of
total organic C inputs to consumers, even in sec-
tions receiving maize inputs.

Average consumer allochthony as calculated by
mixing models of the eight consumer groups varied
between 1 and 60% across all groups and the four
lake sections (Figure 2). However, standard devia-
tions of allochthony estimates were broad and in-
cluded =zero for «crustaceans and odonates
(Figure 2). The unweighted grand mean of con-
sumer allochthony across all eight groups was
slightly higher in the treatment section of Gollinsee
(40%) than in the reference section of this lake
(35%), in particular caused by a higher allochth-
ony of chironomids and gastropods. In contrast,
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Figure 1. Lake wide organic C supply (g C m 2 y )

including net primary production by phytoplankton,
periphyton (Epiphyton, Epipelon, Aphanothece), Cerato-
phyllum macrophytes and reed (all autochthonous, in
gray) and allochthonous C sources (in white) from alder
leaves and maize leaves (treatment sections only) as well
as net (groundwater inflow minus outflow) t-DOC bal-
ances in Gollinsee and Schulzensee.

average allochthony was identical in both sections
of Schulzensee (27%). On average across all con-
sumer groups, Cgy, incorporation into consumer
tissues was dominated by alder (22-35%), whereas
the average contribution from maize in the treat-
ment sections was low (6% in Gollinsee, 5% in
Schulzensee) (Figure 2). Accordingly, there was a
disproportionately high use of C,;, by consumers,
compared to the low percentage of C,y, of total C
available in all four lake sections (Figure 3A).
However, this imbalance was caused only by the
disproportionally high use of alder by consumers
relative to the alder supply in the C balances; in
contrast the proportion of C from maize in con-
sumers was similar to the relative proportion of
maize in the C balances (Figure 3B).

Total secondary and tertiary production (sup-
ported by both C,j, and C,y,) Was generally higher
in the reference than in the treatment sections of
both lakes (Figure 4). The overall taxonomic com-
position of zooplankton biomass was similar in the
treatment and reference sections of both lakes
(Figure A2a), but there were substantially higher
biomasses of gastropods and odonates in the ref-
erence than in the treatment sections of both lakes
(Figure A2b). Total secondary production (exclud-
ing bacteria, non-crustacean zooplankton and
benthic meiofauna) was dominated by the pro-
duction of crustacean zooplankton in treatment
and reference sections of both lakes (3.5-12.8 g C
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Figure 2. Annual average percentages (samples from
spring, summer and autumn) of allochthony of consumers
(mean contribution of allochthonous C from alder (gray)
and maize (black) to animal tissue & SD), as estimated from
mixing models of stable isotopes of carbon and nitrogen, in
treatment sections (A, C) and reference sections (B, D) of

m~® vy '), whereas production by benthic

macroinvertebrates was substantially lower (0.97-
1.94 g C m™? y ') (Figure 4A, B). Tertiary pro-
duction rates ranged between 0.24 and 0.49 g
C m % y ! (Figure 4C) and were dominated by
production of odonates (range 0.19 to 0.46 g C m ™2
vy~ '), whereas production of fish (>1 year old)
was a magnitude lower (range 0.023 to 0.047 g C
m~ >y !'). Secondary production as based on Cgy,
was higher in the treatment than in the reference
sections of both lakes for crustaceans (Figure 4A)
and higher in the treatment than in the reference

Gollinsee and Schulzensee, respectively. The grand mean
allochthony across the eight consumer groups per lake
section is indicated by the dotted line. Crust crustacean
zooplankton;  Chiron  Chironomidae; Ephem  Ephe-
meroptera; Trichopt Trichoptera; Isop Isopoda; Gastrop Gas-
tropoda; Odon Odonata; Fish omnivorous fish.

sections of Gollinsee for macroinvertebrates
(Figure 4B). In contrast, allochthonous secondary
production of benthic macroinvertebrates in
Schulzensee (Figure 4B) and tertiary production of
odonates and fish in both lakes (Figure 4C) were
similar or higher in the reference than in the
treatment sections. However, the macroinverte-
brate group with highest biomass and production
(except gastropods) was chironomids in both lakes
(Figure A2b), and C,j,-based secondary production
of chironomids was higher in the treatment than in
the reference sections of Gollinsee (treatment: 0.18
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Figure 3. Percentage of allochthonous C of total C supply
plotted against consumer allochthony (%), as averaged
(£SD) from the eight main consumer groups from crus-
taceans, benthic macroinvertebrates and fish in treatment
and reference sections of Gollinsee and Schulzensee (A).

Gollinsee

0 T T
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Allochthonous C sources include alder leaves and maize
leaves (treatment sections only). The same as (A), but al-
lochthony split into the two major POC sources, alder and
maize leaves (B). The 1:1 line shows consumer allochth-
ony in proportion to allochthonous C supply.
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Figure 4. Annual
secondary production
(gCm2y™)of
crustaceans (A), benthic
macroinvertebrates (B)
and tertiary production of
fish and odonates (C) in
treatment and reference
sections of Gollinsee and
Schulzensee, split
according to contributions
from allochthonous and
autochthonous C sources,
as estimated by mixing
models of stable isotopes
of C and nitrogen. Note
the different scalings

of y-axes.
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Figure 5. Ecological efficiencies (percentage of C incorpo-
ration into secondary production on lake-wide C supply) in
treatment and reference sections of Gollinsee and Schul-
zensee. A Allochthonous ecological efficiency, the per-
centage of allochthonous C sources (alder, maize) within
secondary production of crustaceans and benthic macroin-
vertebrates relative to the total allochthonous C supply from
alder and maize leaves and net (groundwater inflow minus

2 y~!, reference: 0.10 g C m 2 y ') and

gCm "y
Schulzensee (treatment: 0.10 ¢ C m™ > y~ !, refer-
ence: 0.09 ¢ C m™2 y ). In total, the sum of al-
lochthonous secondary production of crustaceans
and benthic macroinvertebrates was almost twice
as high in the treatment as in the reference sections
of Gollinsee (treatment: 0.71 ¢ C m > y~ ', refer-
ence: 0.37 g C m > y ') and Schulzensee (treat-
ment: 1.74 g C m 2 y_l, reference: 0.97 g C m 2 y_l),
primarily driven by the higher C,j,-based production
of crustaceans in the treatment sections.
Allochthonous  ecological  efficiency  (al-
lochthonous production of crustaceans plus ben-
thic macroinvertebrates divided by C,, inputs) was
2.1% (treatment) and 4.4% (reference) in Gollin-
see, and 4.4% (treatment) and 8.2% (reference) in
Schulzensee (Figure 5A). Total ecological efficien-
cies (total production of crustaceans plus benthic
macroinvertebrates divided by Cgj, plus Cauo) in

T T
Treatment Reference
Schulzensee

outflow) DOC influx, and B total ecological efficiency, the
percentage of allochthonous-based (alder, maize) and au-
tochthonous-based (phytoplankton, periphyton, macro-
phytes) secondary production of crustaceans and benthic
macroinvertebrates relative to the total C supply from au-
tochthonous C fixation and allochthonous C input. The
percentages add to 100% when considering the C not
incorporated into the production rates.

Gollinsee and Schulzensee, respectively, were 1.2
and 1.5% (treatment) or 3.0 and 5.4% (reference)
(Figure 5B).

DiscussioN

Our results demonstrate that the experimental
addition of terrestrial POC did not subsidize total
secondary and tertiary production of crustaceans,
benthic macroinvertebrates and fish in the treat-
ment sections of either eutrophic lake. In contrast
to our expectations, total consumer production was
actually higher in the reference than in the treat-
ment sections of both lakes. However, allochthony
of crustaceans and some benthic macroinvertebrate
groups increased in response to addition of maize
C, and hence secondary production as based on
C.no Was about twice as high in the treatment as in
the reference sections of both lakes. The higher
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Cano-based secondary production suggests that the
consumers in part replaced C,,, by the added C,j,
from maize. Furthermore, allochthony of almost all
consumers was substantially higher than would be
expected given the minor share of C,y, input rel-
ative to the total C inputs, which were dominated
by C.uio fixation in both lakes. These two results
demonstrate the disproportional importance of
terrestrial leaf litter as C source in particular for
benthic animal consumers. However, the ecological
efficiencies of animal consumers were very low,
suggesting that crustaceans and benthic macroin-
vertebrates were not limited by C supply. There-
fore, the absolute quantity of terrestrial POC
entering a lake in the form of leaves seems to be of
minor importance, due to the high autochthonous
production and because the large pool of auto-
chthonous detritus buffers the effects of al-
lochthonous C inputs.

Experimental Test of the Subsidy
Concept

In a meta-analysis of the ecological effects of re-
source subsidies from 115 datasets, no single study
on lakes was included (Marczak and others 2007).
Furthermore, we are not aware of any other more
recent study that estimated animal production rates
in lakes in response to experimental terrestrial POC
additions. In both of our study lakes, the addition of
maize POC increased the fraction of secondary
production as based on C,y, primarily in crus-
taceans and some benthic macroinvertebrate
groups, organisms that directly or indirectly use the
detrital POC, or at least the microbes growing on
terrestrial POC. This relatively higher production
attributable to C,;, in treatment sections was
caused by the additional contribution of maize to
consumer tissues, as calculated by mixing models.
The combination of lower overall production rates
in the treatment sections, but a higher production
rate based on C,, suggest that crustaceans and
benthic macroinvertebrates partly replaced C,, by
maize C as source of tissue production in response
to the treatment. A similar replacement of auto-
chthonous by allochthonous resources in the diet
of zooplankton consumers at higher terrestrial
subsidies, but accompanied by lowered zooplank-
ton production, was recently shown across several
lakes that differed in their DOC concentration
(Kelly and others 2014). In contrast, weights of
planktivorous juvenile fish have been found to be
enhanced by organic matter export from forested
catchments, suggesting that growth of these fish
was directly subsidized by C,j, via bacterial and

zooplankton production (Tanentzap and others
2014). These latter two studies focused on al-
lochthonous inputs of dissolved C,j, (DOC), which
may stimulate bacterial production, but may limit
phytoplankton production by decreasing water
transparency at high concentrations (Kelly and
others 2014; Tanentzap and others 2014). In con-
trast, we observed that total ecosystem production
was not subsidized by particulate C,j;, from maize,
in either of our study lakes, because the total sec-
ondary production of benthic macroinvertebrates
and crustaceans and the tertiary production by fish
were higher in reference sections than in treatment
sections of both lakes.

Our estimates of secondary production were
based on allometric equations that used animal
biomass, size, and lake temperature as input vari-
ables. Animal size and lake temperature were very
similar in the lake sections. Accordingly, the dif-
ferences in production rates between treatment
and reference sections were primarily caused by
differences in animal biomasses, but we preferred
to calculate secondary production over biomasses
due to the clear link of production to energy flow
and C budgets (Dolbeth and others 2012; Kelly and
others 2014). The differences in crustacean and
macroinvertebrate biomasses between treatment
and reference sections of both lakes could have
been caused by differences in habitat quality, spa-
tial aggregation, or predation mortality of organ-
isms between both lake sections. For example,
average annual odonate and gastropod biomasses
were substantially higher in the reference than in
the  treatment sections of  Schulzensee,
attributable to the occurrence of single large indi-
viduals of these groups in one or two of the
monthly samples. Crustacean biomasses were
overall very low, presumably because of strong
predation by young fish, which occurred at high
densities after winter fish kills in both lakes (Hilt
and others 2015). However, we were unable to
quantify potential differences in young fish densi-
ties between the lake sections, which may have
caused the higher crustacean biomasses and pro-
duction rates in the reference sections. Therefore,
the apparently higher estimates of secondary pro-
duction in the reference sections should be inter-
preted with caution, but our results suggest that it
is likely that production in the treatment sections
did not increase and hence maize addition did not
subsidize overall secondary production of con-
sumers.

The allochthony of crustaceans was substantially
lower than that of all other consumer groups, and
the standard deviations of their allochthony esti-
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mates from mixing models included zero for all lake
sections. We quantified the C,j, and C,y contri-
butions to crustacean production from mixing
models of the stable isotopes, which were based on
seston samples from the open water column and
included only phytoplankton and a POC mix as
potential sources. We assumed that the composi-
tion of a seston sample reflects the quantitative
contributions of C,j, and C,,o to the lake-wide C
balances. Furthermore, we assumed that the crus-
taceans did not select strongly for particular C
sources but ingest phytoplankton and detritus
according to their relative proportions in the seston
(Berggren and others 2014). Our estimates of
crustacean allochthony as based on the mixing
model closely matched the proportions of Cgy,
relative to total C available in the four lake sections
because allochthony was higher in the treatment
than in the reference sections, and overall higher in
Schulzensee than in Gollinsee. The close corre-
spondence between allochthonous contributions to
lake-wide C budgets and consumer allochthony
confirms that our assumptions on unselective
feeding of crustaceans were reliable. Accordingly,
because crustacean allochthony was higher in the
treatment sections of both lakes, C,j, replaced C,uo
in the diet of crustaceans after maize addition.
However, quantification of allochthony in crus-
taceans was further complicated by the fact that the
phytoplankton 6'°C values were also indirectly
estimated from seston by a two end-member mix-
ing model (Bade and others 2006; Taipale and
others 2007). Therefore, it may be questioned
whether our results unequivocally demonstrate an
enhanced allochthony of crustaceans in response to
maize addition. Numerous recent studies demon-
strate that zooplankton can strongly rely upon
terrestrial C sources (for example, Berggren and
others 2014; Wilkinson and others 2014). There is a
lively debate surrounding the question of how
much autochthonous (algal) C, which is typically
of high nutritional quality compared to terrestrial
POC, is needed to support the growth and repro-
duction of crustaceans (for example, Brett and
others 2009; Cole and others 2011; Francis and
others 2011). Our results quantified the C,,, and
Cauto contributions to crustacean production only
indirectly, but given the dominance of C,, in the
C balances of these eutrophic lakes, phytoplankton
was likely the primary C source for crustaceans in
both lakes and in both treatment and reference
sections.

The low allochthony of crustaceans and the
questionable evidence for a response of crustacean

allochthony to maize addition in the treatment
sections corroborate our earlier analyses from this
experiment that the pelagic habitats of both lakes
did not receive much C,j, from the maize leaves
(Scharnweber and others 2014a). In contrast to the
application of mixing models of stable isotopes as
used here, we initially compared only the §'°C of
producers and consumers in treatment and refer-
ence sections of both lakes, and found an
enhancement of §'°C in benthic consumers from
spring and summer samples, presumably caused by
the ingestion of maize with its high 6'>C (-13.5 %)
(Scharnweber and others 2014a). The response to
maize addition of benthic consumers was less
clearly seen based on the results of mixing models
in this study, although allochthony and C,j,-based
production were higher for some groups in the
treatment than reference sections. A potentially
weaker enhancement of allochthony documented
here in comparison with the statistically significant
enhancement of §'>C in several consumer groups
(Scharnweber and others 2014a) is attributable to
the fact that we included organisms sampled over
the entire year in this study, in contrast to the focus
on the short-term response of consumer allochth-
ony in spring and summer as applied earlier
(Scharnweber and others 2014a). This is an
important difference because the enhanced §'°C
signal was strongest in spring and summer, but
declined in autumn in many consumers (Scharn-
weber and others 2014a). However, the differences
between both approaches also indicate the general
problems of mixing models based on two isotopes
to disentangle contributions from C,j, and C,y to
consumer tissues if several sources are included. In
these cases, the posterior probability distributions
of contributions from the sources can be flat and
sometimes include zero (Scharnweber and others
2014b). The high uncertainty of the results from
mixing models with respect to allochthony is also
reflected by the high standard deviations of al-
lochthony estimates in our data. Therefore, a sta-
tistically valid conclusion of enhanced allochthony
in response to higher load of C,, from the terres-
trial environment is possible only if there are major
shifts in carbon and nitrogen isotope values of the
consumers. A strong isotopic response is most likely
if the terrestrial source has a 6'°C signal strongly
distinct from that of aquatic primary producers and
if the quantity of terrestrial C,y, is large compared
to in-lake C fixation by algae. The amount of C,j,
added by maize leaves, although several times
higher than the alder leaf litter fall, was still small
relative to the autochthonous C fixation.
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Ecological Efficiencies and C Balances

According to our C balances, C,y, inputs repre-
sented a very low proportion of total organic C
inputs in both lakes. Leaf litter from alder and DOC
contributed about 2-4% of the overall C supply in
the reference sections and even the addition of
maize leaves to the treatment sections increased
allochthony to only about 9-11% of total C inputs.
These balances indicate that the C supply in these
shallow, eutrophic lakes was dominated by C fix-
ation from autochthonous primary production,
primarily by algae (Brothers and others 2013a).
This contrasts with balances from naturally
unproductive lakes in which terrestrial DOC and
POC can dominate in-lake C supply (Wilkinson and
others 2013). The low relative supply of C,, in our
eutrophic lakes supports the conclusion that
increasing nutrient loading decouples lake C cycles
from their terrestrial surroundings due to enhanced
autochthonous primary production (Carpenter and
others 2005). A stronger response of animal pro-
duction rates to C,y, additions seems possible in
lakes with very low autochthonous productivity,
because in these cases the amount of subsidies
exceeds the amount of equivalent autochthonous
resources (Marczak and others 2007). However,
our results also demonstrate that individual con-
sumer allochthony can still be high even in eu-
trophic lakes, and seems to be independent of
quantitative C supply (see below).

The estimated total ecological efficiencies (~1.2—
5.4%) indicated that the animal consumers we
considered incorporated only a small proportion of
total C inputs. Furthermore, allochthonous eco-
logical efficiencies were likewise low (2.1-8.2%).
Even when acknowledging that C incorporation
into animal tissues is lower than the actual C
consumption due to losses via egestion and respi-
ration, the overall C supply substantially exceeded
the C ingested by the consumers considered here.
Similarly low efficiencies (~3%) for the incorpo-
ration of C,, have been found in unproductive
Scandinavian lakes (Karlsson and others 2012).
Interestingly, the allochthonous efficiency was
higher in Schulzensee (than in Gollinsee), that is,
that a greater fraction of terrestrial POC was pro-
cessed in the lake where submerged macrophytes
create a distinct littoral zone which may trap POC.
Similar conclusions have been drawn based on the
comparison of '°C consumer data between both
lakes (Scharnweber and others 2014a).

Estimates from C mass balance and ecosystem C
budgets demonstrate that a substantial portion of
Calo is permanently buried in the sediments (82%

in Gollinsee, 34% in Schulzensee), and a consid-
erable fraction of C is respired (Brothers and others
2013b). The high ecosystem respiration rates are
dominated by respiration of benthic bacteria
(Brothers and others 2013b), thus bacterial meta-
bolism presumably contributes greatly to the pro-
cessing of C,j, and C,yuo (Cole and others 2006;
Jones and others 2012). However, the allochthony
of the microbial food web is only incompletely
understood in our lakes. It is known that pelagic
bacterial activities were stimulated as a result of the
leaching process from the maize leaves (Attermeyer
and others 2013). Thus, an indirect stimulation of
animal production appears likely as bacterial pro-
duction can be enhanced by C,j, (Kritzberg and
others 2004; Berggren and others 2010; Attermeyer
and others 2013) and this higher production is at
least partly transferred to production of animal
consumers. However, less than 30% of the leaf C
(Petersen and Cummins 1974; Benfield 1996) is
leached and thus accessible to the pelagic food web,
leaving the majority of the leaf POC to subsidize
benthic food webs. Furthermore, this indirect
transfer of the leached POC to the pelagic food
webs is dampened by the energy losses during
metabolism within the microbial food web (Kritz-
berg and others 2005; Karlsson 2007). In a well-
studied plankton food web, high ecological effi-
ciencies of around 30% were found only when
accounting for all trophic groups including bacteria,
heterotrophic flagellates, ciliates, rotifers, and
crustaceans (Gaedke and Straile 1994; Boit and
Gaedke 2014). This was not feasible in this study
due to the lack of information on stable isotopes of
the small organisms. However, substantial energy
losses within the pelagic food web of our lakes are
likely because the biomass of crustacean zoo-
plankton was low, but ciliate biomass was ex-
tremely high due to shifts in fish community
composition after severe winter kills (Hilt and
others 2015). Accordingly, parts of crustacean
zooplankton may be considered secondary con-
sumers because they ingested ciliates instead of
phytoplankton, and hence their production rates
can be considered tertiary production.

The two major terrestrial POC sources in our
experiment, leaves from alder and maize, differed
with respect to the correspondence between con-
tributions to C balances versus consumer al-
lochthony. Whereas the allochthony of consumers
originating from maize was similar to the contri-
bution of maize POC to the lake C balances (~5-—
8% for both), alder POC caused a much higher
allochthony in all animal consumers (22-35%)
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than reflected by the low contribution of alder to C
balances (~2%). The disproportionate incorpora-
tion of C,y, from alder into the tissue of mostly
littoral macroinvertebrates may be caused by the
high local supply of leaf litter in the littoral habitats
of both lakes (Marcarelli and others 2011; Atter-
meyer and others 2013), an effect that may be even
more pronounced if submerged macrophytes trap
POC as in Schulzensee (Scharnweber and others
2014a). After the autumnal litter fall, alder leaves
are processed by shredders and microbial commu-
nities until the subsequent summer (Scharnweber
and others 2014a). Furthermore, we estimated
relatively low C:N ratios in alder leaves (about
16:1) which are probably of similar quality for
consumers as littoral C,y, sources, for example
Ceratophyllum (about 14:1) or periphyton (about
9:1). In turn, mixing models indicated that maize
leaves (with a C:N ratio of 41:1) contributed only
3-13% to the diet of crustaceans, benthic
macroinvertebrates and indirectly to fish in both
lakes, despite their high local availability. Accord-
ingly, there was no quantitative correspondence be-
tween C sources of consumers and the contributions
of these sources to C balances. We thus conclude that
the quantity of resources is less important than their
differing nutritional quality and the food web path-
ways by which they are channeled to consumers
(Marcarelli and others 2011).

CONCLUSIONS

Terrestrial C sources are generally considered a
resource subsidy to lakes, but dissolved and par-
ticulate fractions subsidize different consumers. We
have shown here that the experimental addition of
terrestrial POC may have increased the allochtho-
nous reliance of secondary production. Whereas
this result may be debatable for pelagic crustaceans
due to methodological reasons, there was clearer
evidence for a higher C,, reliance of some littoral
macroinvertebrates in response to maize addition.
This process has been called a “benthic shortcut”
(Attermeyer and others 2013) because it transfers
terrestrial POC directly to benthic animals (rather
than through microbes), and ultimately to higher
trophic levels. The effect of this allochthonous C
input on consumer productivity was weak pre-
sumably because both lakes are characterized by a
dominance of autochthonous productivity. In
contrast, about 10% of C from maize leaves was
leached immediately after introduction and stimu-
lated pelagic bacterial production (Attermeyer and
others 2013), confirming the subsidy effect of ter-
restrial DOC on bacteria (Kritzberg and others

2004; Berggren and others 2010). However, a sig-
nificant transfer of DOC leachate into higher pela-
gic consumer levels was not observed, as evidenced
by the low allochthony of crustaceans. The con-
trasting consequences of DOC and POC subsidies
on aquatic food-webs underlie the ‘butfering” effect
of the large detrital POC pools in lakes which
accumulate organic C derived from discontinuous
supply and provide a constantly available resource
to both benthic and pelagic consumers (Moore and
others 2004). By calculating partial flow food webs
and ecological efficiencies, we also demonstrated
that the relative inputs of different C,j, and C,yo
sources do not predict the quantitative proportions
of C incorporation into animal consumer tissues in
these lakes. A low allochthony of animal con-
sumers, predicted from the dominant supply of
Cauto in productive lakes, was not confirmed. These
results suggest that the C flows in productive lakes
can become quantitatively decoupled from their
terrestrial surroundings, but the supply of relatively
high-quality C,j, sources may nevertheless facili-
tate a strong qualitative land-water coupling.
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