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Abstract

Terrestrial dissolved organic carbon (DOC) provides an external carbon source to lake
ecosystems. However, there is ongoing debate about whether external DOC that enters a lake can
pass up the food web to support top consumers. We show, from experimental manipulation of a
whole lake, that externally loaded DOC can contribute appreciably to fish biomass. Monthly
additions of cane sugar with a distinct carbon stable isotope value during two years rapidly
enriched the **C content of zooplankton and macroinvertebrates, with a more gradual 3C
enrichment of fish. After sugar addition stopped the *3C content of consumers reverted towards
original values. A simple isotope mixing model indicated that by the end of the sugar addition
almost 20% of fish carbon in the lake was derived from the added sugar. Our results provide the
first direct experimental demonstration at relevant ecological spatial and temporal scales that

externally loaded DOC to lakes can indeed transfer to top consumers.

Key words: lakes, fish, macroinvertebrates, zooplankton, food webs, allochthony, cane sugar,

stable isotopes
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Introduction

Since Elton (1927), ecologists have viewed ecosystems as fuelled by solar energy mobilised via
photosynthetic fixation of inorganic carbon within the ecosystem (autochthonous production).
However, freshwater systems also receive chemical energy in the form of detrital organic matter
from terrestrial plants within the surrounding catchment area (allochthonous production).
Recognition of the large allochthonous loading of organic matter into lakes and its domination of
lake carbon pools has stimulated a profound reappraisal of lake ecosystem processes (see Cole
2013). However, the extent to which allochthonous organic matter can enter lake food webs and
make an appreciable contribution to consumer biomass (consumer allochthony), and especially to
that of top consumers, remains controversial (Berggren and others 2010; Brett and others; Cole

2013; Mehner and others 2016; Brett and others 2017; Tanentzap and others 2017).

Compelling evidence for consumer allochthony has come from stable isotope analysis, mainly of
carbon (C) and more recently of hydrogen (H), using both natural abundance isotope ratios (e.g.
Grey and others 2001; Karlsson and others 2003, 2007, 2012; Cole and others 2011; Tanentzap
and others 2017) and experimental additions of **C-labelled dissolved inorganic carbon (DIC) (e.g.
Pace and others 2004, 2007; Carpenter and others 2005; Taipale and others 2008). Many stable
isotope studies of consumer allochthony in lakes have focused on direct consumption by
zooplankton of terrestrial particulate detritus originating from fallen tree leaves (e.g. Solomon and
others 2008; Weidel and others 2008; Bartels and others 2012; Scharnweber and others 2014).
However, other authors have highlighted the lack of essential fatty acids in terrestrial detritus and
have argued that it therefore represents a poor or even unsuitable food for aquatic consumers like

Daphnia (e,g, Brett and others 2009, 2017), although recent experiments have confirmed that
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zooplankton can benefit energetically from access to the carbohydrates from terrestrial detritus

during phytoplankton deficiency (McMeans and others 2015; Taipale and others 2016a).

In fact, dissolved organic carbon (DOC), mostly of terrestrial origin (Wilkinson and others 2013a),
is generally an order of magnitude more abundant than particulate organic carbon (POC) in lakes
(e.g. Jones and others 1997; Wetzel 2001). Although largely refractory, a proportion (<20%) of
this detrital DOC is known to be readily biodegradable (Tranvik 1988; Hulatt and others 2014).
Given the dominance of allochthonous DOC in the carbon pool of lakes, even this small proportion
of labile material can represent a substantial potential resource to aquatic microbes. Indeed,
metabolic measurements and lake carbon budgets have shown that many lakes are “net
heterotrophic” (e.g. Salonen and others 1983; del Giorgio and Peters 1994; Cole and others 1994;
Kankaala and others 1996; Jones and others 2001) due to mineralization of allochthonous organic
matter. A part of the allochthonous DOC thereby becomes incorporated into microbial biomass
(Guillemette and others 2015), and through this microbial link (Jones 1992; Jansson and others

2007) becomes available to higher trophic levels.

However, empirical evidence for transfer of allochthonous DOC to higher consumers in lakes
mainly derives from studies of pelagic food webs in small-scale enclosures (Karlsson and others
2007; Kankaala and others 2010a; Faithfull and others 2012), which inevitably lack ecological
realism due to their small spatial and temporal scale, failure to encompass all lake habitats, and
hydrological isolation. Moreover, results derived from manipulations of natural humic dissolved
organic matter (DOM), either in enclosures (e.g. Arvola and others 1996) or at the whole—lake

scale (e.g. Kelly and others 2016), can be ambiguous because natural chromophoric DOM affects
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light penetration and primary production, and also contains key nutrients such as nitrogen (N) and
phosphorus (P) which affect ecosystem function (Jones 1992, 1998). To obviate these problems
we therefore performed a whole-lake experimental manipulation encompassing pelagic, littoral
and benthic habitats, in which we added cane sugar as an allochthonous source of DOC monthly
during two successive open water periods. Of course, sugar cannot accurately mimic natural DOM.
However, it can be considered to represent the labile fraction of natural DOM as a potential organic
substrate for microbes, while it does not affect water colour and contains no mineral nutrients.
Moreover, the carbon stable isotope composition of the added cane sugar (from a C4 plant, §°C
value around -12%o) was distinct from that of the “local” DOC (derived from C3 plants, 5°C value
around -26 to -28%o), which allowed us to track the fate of the added DOC through the food web
(c.f. Kankaala and others 2010a; Peura and others 2014). We expected that added sugar DOC
transferred up through the lake food web would be detectable as increased 33C values first in the
primary consumers, especially pelagic zooplankton, and then in fish secondary consumers. We
also expected that after sugar additions ceased the §*3C values of primary consumers would rapidly
return to pre-sugar addition values and that those of fish would return more slowly. Changes
in 813C values should enable estimation of the contribution of added DOC to fish biomass in the

lake.

Material and methods

The whole-lake manipulation was conducted in Alinen-Mustajarvi (henceforth AM), a small
boreal humic lake in southern Finland (61°12°N, 25°06°E) with an area of 0.007 km?, a
maximum depth of 6.5 m and an estimated volume of 31x10° m2. The lake is typically ice-

covered from around late November to late April, and during summer develops a very steep and
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stable stratification with an epilimnion depth of around 2 m and an anoxic hypolimnion. The
DOC concentration at the start of the experiment was around 10 mg L™ in the epilimnion and 20
mg L in the hypolimnion. A nearby (61°15°N, 25°04°E) lake, Valkea-Kotinen (henceforth VK),
served as a partial reference. This lake has an area of 0.04 km?, a maximum depth of 6.5 m and
an estimated volume of 103x10% m3. VK has similar duration of ice cover and also develops a
very steep and stable stratification during summer with an epilimnion depth of around 2 m and
an anoxic hypolimnion. The DOC concentration in the eplimnion is 13-18 mg L. Littoral
macrophyte vegetation is restricted in both lakes due to the poor light penetration; however,
floating littoral vegetation mats with associated periphyton can be highly productive in such
lakes (Vesterinen and others 2016) and can harbour abundant macroinvertebrates. Both lakes
contain populations of European perch (Perca fluviatilis) and northern pike (Esox lucius).
Further information about the two lakes can be found elsewhere (e.g. Kankaala and others 2010a;

Rask and others 2010; Peura and others 2014).

The manipulation experiment in AM consisted of three phases. The first phase was a pre-
manipulation year in 2007. In the second phase, during 2008 and 2009, 66 kg of cane sugar was
added monthly to the epilimnion during the open water season, equivalent to a mean daily
loading of 0.07 mgC L™ and an elevated epilimnetic DOC concentration of 2 mgC L. The
proportion of labile DOC in the lake was assumed to be around 15 % of the total DOC (e.g.
Tranvik 1998), so that the added sugar represented an increase in labile DOC to the level
expected for the fourth quartile of boreal lakes according to the Nordic Lake Survey (Henriksen

and others 1998). The sugar was first dissolved in lake water and the sugar solution was then
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distributed evenly across the lake surface from a rowing boat. In the third phase sampling was

carried out during 2010-2012 to monitor recovery after sugar addition had stopped.

The sugar addition was funded and undertaken to investigate effects on lake metabolism (see
Peura and others 2014). However, the opportunity was also taken to collect samples of three
groups of consumers from AM for stable isotope analysis (SIA) to evaluate incorporation of the
added sugar carbon into the food web, and some equivalent samples were collected from VK.
These samples had to be collected opportunistically according to the availability of personnel

and resources, and hence the sampling regime was necessarily irregular. Perch (secondary
consumers) were sampled in spring after ice melt, in summer, and in autumn before ice
formation, using wire traps with 1 cm square mesh, which select perch with total length around
80 mm and above. Approximately 20 perch were selected randomly for analysis on each
sampling occasion. No perch samples were available from AM in 2007 as no trapping was
undertaken in that year. Individual fish were patted dry and weighed, and total length was
measured. Age was determined from the opercular bone according to LeCren (1947). A piece of
dorsal muscle was removed, placed in an Eppendorf tube, frozen at -20°C, and later freeze-dried
for SIA. Littoral macroinvertebrates (mainly primary consumers, but including some secondary
consumers such as odonate larvae, gerrids and notonectids) were sampled from around the shore
by sweep netting (mesh size 500 um) at the same three seasons during 2008-2012 as the perch
sampling, but no macroinvertebrate samples could be collected in 2007. Macroinvertebrates were
sorted into clean water for gut evacuation, identified and oven-dried for 48 h at 60°C for SIA.
Results are presented as annual mean values for all macroinvertebrate groups pooled together (15

to 33 analysed samples per year) and also for selected individual groups. Crustacean zooplankton
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(primary consumers) was sampled from AM 4-5 times per year during 2007-2009 and twice per
year during 2010-2012, but no samples were available from VK. Samples were collected from
the whole water column with a net of mesh size 50 um and, after gut evacuation in clean water,
were frozen at -20°C. For SIA, individuals of the most abundant taxa on each sampling occasion
were picked manually into pre-weighed tin capsules to give sufficient material for analysis, as
described in Kankaala and others (2010b). Results are presented as annual mean values for

cladocerans and copepods pooled together (4 to 52 analysed samples per year).

Carbon and nitrogen stable isotope ratios of perch muscle, macroinvertebrates and zooplankton
were measured with a Flash 1112 Elemental Analyser connected to a DELTAplus Advantage
IRMS (Thermo Finnigan, San Jose, California, USA) and run using dried and homogenized fish
muscle as an internal laboratory working standard. Results are expressed as %o relative to the
international standards Pee Dee belemnite for C and atmospheric nitrogen for N. §*3C values

were not corrected for lipid content in view of the low C:N ratios (Kiljunen and others 2006).

For data analyses all samples from a particular year were pooled to provide annual mean values.
In cases where no data were available from 2007, the first samples collected after ice-out in 2008
and before any sugar addition were used to represent “pre-sugar-addition” values. Variation
across years was evaluated using single factor ANOVA. Differences in carbon isotope values
between consecutive years were tested using a paired t-test. We assumed that the increase in
perch 813C during the period of sugar addition above the $**C value before sugar addition
commenced was due to incorporation of sugar carbon and calculated the percentage of perch

carbon biomass comprised of sugar carbon (%BiomasSsugar) as



8136post - 613Cpre
813 Csygar + (TL=1) x TF— 813Cpyre

%Bioma533ugar = x 100

where 813Cpre Was the value for perch in May 2008 before the first sugar addition, §*3Cpost Was
185  the value for perch in May 2010 at the start of the first open water season after sugar addition
stopped, and 8**Csugar Was the measured value for the cane sugar used in the addition (-11.93%o).
Trophic level (TL) of perch was estimated at 3.5 given that perch in the lake feed on a mixture of
primary consumers and some predatory macroinvertebrates. The isotopic fractionation of carbon
between trophic levels (TF) was assumed to be 0.4 (Post 2002). We also tested the sensitivity of

190  model estimates of %Biomasssugar to different values of TL (3.0, 3.5, 4.0) and of TF (0.4, 1.0).

Results
Crustacean zooplankton
Sampled zooplankton comprised cladocerans (Daphnia, Bosmina and Holopedium) and
195  copepods in various proportions on different sampling occasions. Isotope values reported here
are annual mean values of all the groups analysed. Addition of cane sugar to AM during 2008
and 2009 produced a striking increase in mean annual 33C of crustacean zooplankton with the
highest value in 2009, the second year of sugar addition (Fig. 1). After sugar addition stopped,
313C values declined but did not return to the pre-addition value. The variation in §*C among
200  years was highly significant (Fi2e 5, p < 0.001). Differences between successive years were

significant for 2007-2008 (p = 0.002) and 2008-2009 (p = 0.018) but not for other paired years.

Littoral macroinvertebrates

10
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Littoral macroinvertebrate taxa found consistently and abundantly in samples included Asellus
and larvae of Ephemeroptera, Chironomidae and Odonata; other taxa were found less
consistently or in only small numbers. Isotope values reported here are annual mean values of all
the taxa analysed. Addition of cane sugar to AM during 2008 and 2009 produced a striking
increase in mean annual 5'3C of littoral macroinvertebrates with the highest value in 2009, the
second year of sugar addition (Fig. 2). After sugar addition stopped, 5'3C values declined but did
not quite return to the pre-addition value. The variation in 8*3C among years was highly
significant (F131,5, p < 0.001). Differences between successive years were significant for all
paired years (p between < 0.001 and 0.026) except for paired years 2008-2009 and 2011-2012.
Variation in §**C among years was also significant in VK (F121,5, p < 0.001) but did not relate to
the period of sugar addition. The difference in macroinvertebrate §**C values between AM and

VK was high in the years of sugar addition and the year afterwards but otherwise was negligible

(Fig. 2).

The pattern of 3*3C response to sugar addition exhibited by the overall macroinvertebrate
community in AM was also evident in most taxonomic groups, including both primary
consumers and predators (Fig. 3). However, the small number of samples for many individual
taxa meant that 3*3C variation among years was only significant in some cases, such as Asellus
(Fs, 5, p =0.031) and Odonata larvae (Fis, 5, p < 0.001). In contrast, neustonic Gerridae showed

no significant 3*3C variation among years (Fs 4, p = 0.652).

Fish

11
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Approximately 20 perch were analysed from each sampling occasion from each lake
(Supplementary Information 1). As there were no gender-related differences in stable isotope
values, individuals of both sexes and the few unsexed immature individuals were pooled for data
analysis. Fish from both lakes were of approximately equivalent length, weight and age (from 1
to 12 years). The size and age and data indicate that the perch were poorly nourished with
stunted growth. This was reflected in the low C:N ratio of perch muscle tissue (mean + SE of all
analyses 3.29 + 0.02), which indicates negligible lipid content in the muscle and hence no need

to correct 8*3C values for lipid content (Kiljunen and others 2006).

Perch from AM showed a clear increase in mean annual *3C in response to the addition of cane
sugar during 2008 and 2009 (Fig. 4). The highest value was recorded for 2010, the first year after
sugar addition was stopped, after which §*3C declined but did not return to the pre-addition
value. The variation in §**C among years was highly significant (Fso1,5, p < 0.001). Differences
between successive years were significant for all paired years (all p values < 0.001) except 2011-
2012 (p = 0.985). The variation in 3*C among years was marginally significant for perch from

VK (Fz10,5, p = 0.049), but showed no relation to the period of sugar addition.

The perch sampled in each year were separated into year classes (2005 to 2012) and the response
of mean annual 3*3C to the sugar addition was examined for each year class (Fig. 5). Reflecting
the typical strong interannual variability in perch recruitment, some year classes provided only
few individuals for stable isotope analysis. Year classes 2005-2007, which were recruited to the
population prior to the start of sugar addition, showed a clear response of 5'°C, and values

remained above pre-addition levels even in 2012. Year class 2008, recruited during the first year

12
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of sugar addition, showed the most pronounced response in 8*3C. Year class 2009, recruited
during the second year of sugar addition, appeared to show a reduced response, although
individuals of that year class were only captured in 2011 and 2012. Individuals of year classes
2010-2012, recruited after sugar addition had stopped, all yielded §**C values that were closely
comparable with pre-sugar values and hence showed no indication of influence from the 3C-

enriched sugar (Fig. 5).

The simple isotope mixing model estimated the percentage of perch carbon biomass (individuals
of all year classes combined) comprised of sugar carbon (%Biomasssugar) at the end of the two
years of sugar addition to be 18.7%. Different combinations of values of TL and TF used in the
model yielded a range of %Biomasssugar Values from 17.1% (TL = 4, TF = 1.0) to 18.8% (TL = 3,
TF =0.4), so in practice our estimates of %Biomasssugar Were rather insensitive to the values used

in the model.

Nitrogen stable isotope values

Mean annual AM zooplankton 6*°N values varied significantly among years (Fizs,s, p < 0.001)
but the variation showed no relation to the period of sugar addition (Fig. 6). Mean annual total
macroinvertebrate and perch §*°N values from AM also varied significantly among years (F1zg, s,
p = 0.022 and Fso1, 5, p = 0.002 respectively) but the variation did not show any obvious relation
to the period of sugar addition (Fig. 6). Mean annual total macroinvertebrate 31°N did not vary
significantly in VK (Fi21,5, p = 0.197), whereas variation in mean annual §*°N of perch from VK
was significant (Fsio,5, p = 0.003) but the variation did not show any relation to the period of

sugar addition (Fig. 6). Values of 31°N were slightly lower from AM than from VK for both

13



macroinvertebrates and perch but the difference between the two lakes was consistent and

showed no inter-annual pattern (Fig. 6).

275  Discussion

Our results from the whole-lake sugar addition provide the first direct experimental
demonstration at relevant ecological spatial and temporal scales for trophic transfer of externally
loaded DOC to top consumers. The two main categories of food for perch in the lake,

280  zooplankton and littoral macroinvertebrates, both exhibited a marked and highly significant
increase in §*3C during sugar addition, with values declining immediately after sugar addition
stopped. The same pattern was exhibited by the perch in the lake but, as expected for these larger
and longer-lived top consumers, both the increase in !3C in response to sugar addition and the
subsequent decline after sugar addition was stopped showed a lag relative to the responses of the

285  smaller and shorter-lived primary consumers. Although 5'3C values in the reference lake also
varied significantly during the study, the variation was less pronounced, showed no relation to
the period of sugar addition, and presumably reflects stochastic year-to-year variation in **C
related to differences in zooplankton and macroinvertebrate community composition and in the
relative contributions of different primary carbon sources to the food web (Taipale and others

290 2008, 2009; Berggren and others 2015). Similar stochastic year-to-year variation in §**C could
be expected in the manipulated lake, but the effect of sugar addition was great enough to be
clearly evident above any background variability, as seen in the differences between §3C values

for primary and secondary consumers from the two lakes.

14
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This kind of stochastic year-to-year variation is also evident from the significant §*°N variation
in both lakes, which showed no relation to the period of sugar addition. The added sugar
contained no N so would not have directly affected §*°N values in AM. The variation in 5'°N
probably reflects year-to-year variation in the relative contributions of different N sources in the
lakes, perhaps related to annual variation in precipitation and hydrology, which appears to have
affected both lakes similarly, as the differences in '°N of both macroinvertebrates and perch
between the two lakes were consistent throughout the period of study. However, §*°N values
were consistently lower in AM than in VK indicating different “baseline” §!°N values for the two
lakes. Perch 6*°N values in both lakes were consistently around 4 to 4.5 %o above the values for
their primary consumer prey. This is more than the often quoted difference of 3.5 %o between
trophic levels (e.g. Post 2002) and probably reflects an element of cannibalism in the perch.
However, as 5'°N is strongly related to trophic level (e.g. Post 2002) the absence of any
systematic response in the $*°N of zooplankton, macroinvertebrates or fish provides evidence

that sugar addition did not alter the food web structure in the lake.

The added sugar carbon could enter the food web via microbial use of the sugar as a substrate — a
‘microbial link” (Jones 1992; Tranvik 1992; Jansson and others 2007). Addition of sugar
increased bacterial production and led to a sharp increase in 5'C of particulate organic matter
(POM) in both the epilimnion and metalimnion of the lake, but only a slow rise in the
hypolimnion (Peura and others 2014), which is consistent with incorporation into bacterial
biomass in the upper water layers. It is also possible that some added sugar flocculated to form
particles with higher §*3C (von Wachenfeldt and Tranvik 2008) which might be directly

consumed; however, if flocculation was a major process the resultant sedimentation of the floc

15
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particles should have produced a more rapid rise in §:3C of POM in the hypolimnion than was
actually recorded (Peura and others 2014). Therefore direct bacterial incorporation of DOM was

probably the most important mechanism for uptake of added sugar.

An alternative mechanism for entry of added sugar to the food web could be microbial
mineralization of the sugar to yield **C-enriched CO, which was then taken up by photosynthetic
phytoplankton and periphyton, and transmitted to the primary consumers. However, respiration
of sugar with §!3C of around -12%. would be expected to yield CO, with §*3*C of around -13%o.
In the epilimnion of Alinen Mustajarvi the existing DIC had §*3C of around -14%o, and as the pH
was around 5.1 (Peura and others 2014) effectively all this DIC would be in the form of CO2 so
that the 5!3C of DIC can be considered to represent the 5!3C of free CO.. Therefore any CO;
derived from respiration of the added cane sugar would actually have had §*3C very similar to
that of the ambient COx. In fact, no change in either concentration or 513C of DIC in Alinen
Mustajarvi in the years of sugar addition was observed (Peura and others 2014), which would
appear to exclude this alternative explanation. Moreover, Kankaala and others (2010a) reported
an increase in zooplankton 8*3C in mesocosms with added sugar even though the 8'3C of DIC
decreased by around 4% during the experiment. Thus we are confident that the transfer of the
13C-enriched signature of the added cane sugar from DOC to primary consumers was primarily
by direct uptake of DOC by bacteria and onward transfer through the food web of the resultant
13C-enriched bacterial carbon. However, as we have no isotope analysis of the microbial
components the true pathway by which the DOC became incorporated into higher trophic levels

cannot be confirmed from our data.

16
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In fact, transfer of allochthonous DOC via microbes to zooplankton has been reported for lakes
(e.g. Jansson and others 2007; Berggren and others 2010) and has been demonstrated
experimentally in mesocosms with added cane sugar (Kankaala and others 2010a; Faithfull and
others 2012), so we expected this to be the main route for trophic transfer of added sugar to fish.
Much less is known about the role of allochthonous DOC for benthic communities (Dodds and
Cole 2007), for which the focus has been more on the direct use of particulate terrestrial detritus
by certain feeding guilds of macroinvertebrates (Solomon and others 2008; Bartels and others
2012). The strong response of the littoral macroinvertebrate community in AM to the added
sugar was therefore somewhat unexpected. However, bacterial production in benthic biofilms
can be substantial and supported to a considerable extent by allochthonous organic matter (Ask
and others 2009), and it appears that in AM part of the added sugar was taken up into littoral
benthic biofilms and thence into macroinvertebrate primary consumers and predators (cf. Premke
and others 2010; Karlsson and others 2012). In AM there was no clear difference in the response
of feeding guilds to added sugar; ‘grazers’ like ephemeropteran larvae and ‘detritivores’ like
Asellus and chironomid larvae, as well as predators like odonate larvae all showed a similar
pattern of change in 5!3C. A notable exception was the lack of response in Gerridae, which feed
largely on terrestrial insects fallen onto the water surface (Spence and Anderson 1994), and thus
would not be expected to show any change in *3C associated with sugar addition to the lake
water column. In fact, the §*3C of the pooled macroinvertebrates increased more with sugar
addition relative to the pre-sugar value than did the 5'C of zooplankton, and also reverted more
slowly after sugar addition had stopped, presumably reflecting that these littoral consumers are
longer-living with a slower turnover of biomass than zooplankton. These differences suggest that

the littoral food web was particularly important for trophic transfer of DOC in the lake.

17
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Perch from AM showed a clear pattern of change in 8*3C in response to the sugar addition
reflecting (but with a time lag) the changes in 5'3C of their principle prey, zooplankton and
littoral macroinvertebrates. No such pattern was seen in perch from VK. Perch in AM showed
the poor growth (low length and weight per unit age) typical of fish in unproductive small boreal
lakes (Rask 1983, 1984; Rask and Arvola 1985) and can be assumed to be food-limited. These
stunted fish are very rarely piscivorous (other than feeding on fish fry) and their diet consists
mainly of zooplankton (especially early in the open water season) and various
macroinvertebrates, especially Asellus, odonates, ephemeropterans and chironomids (Rask 1983,
1984: Rask and Arvola 1985). Thus both pelagic and littoral food webs offer potential pathways
for trophic transfer of added DOC to perch. Bartels and others (2016) argued that higher DOC
leads to perch feeding more on pelagic resources and reduces habitat coupling, but their results
reflect altered competition between perch and roach (Rutilus rutilus) and would not be applicable

in AM where perch is the only fish species apart from a few pike.

None of the consumer groups studied showed a return of §3C values to the pre-addition value
even three years after sugar addition stopped. One explanation for this could be that some added
sugar continued to enter the lake food web long after addition of sugar had stopped. This seems
unlikely because such a highly labile substrate should be metabolised rapidly if not flushed from
the lake by hydrological water renewal. Both AM and VK are headwater lakes with no defined
inflow. The long-term mean water residence time for VK is 16 months and varied from 14
months in a wet year to 25 months in a dry year (Einola and others 2011). No hydrological data

are available for AM but, given its smaller volume, water residence times are likely to be
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somewhat shorter than for VK. Moreover, 53C values did not differ significantly between 2011
and 2012 for any of the consumer groups studied; if the impact of added sugar was persisting but
progressively diminishing in the years after addition stopped, differences would also have been
expected between 83C in 2011 and 2012. In fact, perch recruited to the population in the years
after sugar addition had stopped showed stable 53C values that were similar to pre-sugar values
and significantly lower than those of fish that had lived through the period of sugar addition.
Therefore, the relatively high §*3C that persisted in AM perch of earlier year classes probably
reflects prolonged retention of sugar carbon in the tissue of these long-lived but slow-growing
organisms in the lake. Reported rates of carbon isotope turnover in fish muscle tissue vary
widely depending on size and growth conditions (see Weidel and others 2011). Juvenile fish with
higher mass-specific growth rates show faster isotopic turnover than more slowly growing adult
fish, which is consistent with the most pronounced response to sugar addition in AM shown by
year classes recruited during the years of sugar addition and with the absence of a sugar effect in
year classes recruited in the years after sugar addition had stopped. Weidel and others (2011)
reported carbon isotope half-lives for yellow perch (Perca flavescens), a species very similar to
European perch, of 8 days for 0+ fish and 116 days for age 2 fish, but these values were obtained
during the main growing season and values representing an entire year including winter ice
cover, when effectively there is no growth, are likely to be longer. Moreover, older perch in AM
have very slow growth and presumably very low metabolic rates which will also reduce rates of
isotope turnover, so it would not be surprising if fish in the lake from earlier year classes retained
a detectable isotopic signal from the sugar addition for some years after the addition had stopped.
We believe that a more likely general explanation for the §*3C values of all the consumer groups

remaining somewhat higher than the pre-addition values is the evident stochastic inter-annual
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variation in 8*3C in these lakes, which was also apparent in perch 5'C values reported for earlier
years from VK and for another nearby small lake, Halsjarvi (Rask and others 2010). We had only
a single pre-sugar-addition 8*3C value for each consumer group, and if that value happened to
derive from a phase with particularly low 5'3C it would not be surprising if the post-addition

values did not return to that level.

The simple isotope mixing model indicated that by the start of the first growing season after
sugar addition had stopped sugar carbon (i.e. carbon derived from DOC) comprised almost 20%
of perch carbon when the DOC concentration in the epilimnion produced by each monthly sugar
addition was 2 mgC L. Different combinations of values of TL and TF tested in the model
demonstrated that estimates of %Biomasssugar Were rather insensitive to variability in the trophic
fractionation parameters. Estimates of %Biomasssugar Will also be affected by any change in
baseline consumer 13C values which would affect the ‘natural’ perch values represented by
813Cpre in the model. We cannot determine any such change for AM perch because of the sugar
addition, but in the reference lake VK the mean perch 5'3C value had decreased by 0.52 by May
2010. If this same decrease representing a possible baseline shift is assumed for §*3C values of
AM perch, then the estimate of %Biomasssugar increases slightly from 18.7% to 20.6%,
suggesting that any small shift in baseline 5'C values of AM perch would have rather little

impact on our estimate of %Biomasssugar.

The natural DOC concentration in the epilimnion of AM at the start of the experiment was
around 10 mg L™t Assuming 15-20% of this was sufficiently labile to behave similarly to the

added sugar (see review by Tranvik 1998), this would mean a natural labile DOC availability of
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around 1.5 to 2.0 mgC L. This suggests that under ambient DOC concentrations, if the natural
labile DOC was incorporated into the food web in the same way as sugar, around 15-20% of the
carbon biomass of perch in AM might derive from trophic transfer of DOC. In practice total
consumer allochthony of AM perch is likely to be higher than this, as terrestrial POC can also
make an important contribution to pelagic and benthic food webs in lakes (e.g. Cole and others
2006; Mehner and others 2016). Based on combined H and C stable isotope analysis, values for
total fish allochthony of from 20% to >50% have been reported from a variety of lakes (Weidel

and others 2008; Karlsson and others 2012; Mehner and others 2016).

Labile DOC in lakes can also be of autochthonous origin. Phytoplankton production in AM
during the ice-free period was around 100 mgC m d* (Peura and others 2014), and release of
DOC from phytoplankton is typically around 10% of production (e.g. Baines and Pace 1991).
Hence phytoplankton might generate around 5.5 pgC L d! in the epilimnion of AM. We did
not measure littoral primary production, but recent work on similar small boreal lakes suggests it
can be around 4-5 times that of phytoplankton (Vesterinen and others in press). Assuming a
similar proportion exuded, the total autochthonous generation of DOC in the epilimnion might
then be around 30 pugC L dX. This would be a little less than half our mean daily sugar addition
of 70 pgC L and substantially less than the estimated pool of labile DOC in the lake (15-20% of
the natural DOC concentration of 10 mg L*; Tranvik 1998). These rough calculations suggest
that DOC in AM during the ice-free period is mainly of allochthonous origin, as is generally the
case in north temperate lakes (e.g. Wilkinson and others 2013) with the labile fraction

presumably being renewed frequently by hydrological input and photochemical conditioning
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(Tranvik 1998), but with an appreciable contribution from autochthonous DOC which

presumably has rapid turnover.

Our results from AM are likely to be widely applicable to the small, DOC-rich lakes that are so
numerous around the boreal zone, but caution should be applied before extending them to larger
lakes where the role of allochthonous organic matter appears to be lower (e.g. Wilkinson and
others 2013b; Taipale and others 2016b; Tanentzap and others 2017). In lakes with lower
loadings of allochthonous DOC or in more eutrophic lakes with higher generation of
autochthonous DOC, the mix of DOC can be expected to have a higher percentage of algal DOC
(e.g. Bade and others 2007) and greater overall lability, so that a higher proportion of total DOC

is likely to be passed up the food chain.

We recognise that our study suffers from a number of shortcomings imposed by the framework
of available funding and resources. The baseline or pre-manipulation data derive from only a
short period, and this brief snapshot may not encompass the possible variability in pre-
manipulation conditions. The inherent variability between even geographically close lakes means
that VK cannot be considered a true “control” for AM. And the experimental manipulation could
not be performed with replicate lakes. These shortcomings mean that the results must be
interpreted with caution. Nevertheless, this kind of whole-lake experimental approach offers a
level of spatial and temporal realism that can never be achieved with small-scale mesocosm
experiments, however highly replicated and controlled. We believe that the very clear responses

of 813C (but not of 5*°N) in all groups of organisms following sugar addition provide some
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unique insights into trophic transfer of DOC at the ecosystem scale despite the limitations of the

study.

Our results demonstrate that simple DOC compounds like sugars can be quantitatively important
in lake food webs via trophic transfer as far as mature top consumers, despite containing no key
mineral nutrients or essential biochemicals. Although much natural allochthonous DOC is
recalcitrant, a proportion (<20%) of this detrital DOC is known to be readily biodegradable
(Tranvik 1988; Hulatt and others 2014) and can be expected to behave similarly to the sugar
added in our experiment. Our finding of appreciable trophic transfer of DOC is consistent with
recent experimental evidence that terrestrial organic matter can substantially support growth and
reproduction of freshwater zooplankton when algal resources are deficient (McMeans and others
2015; Taipale and others 2016a). However, there is evidence that allochthonous support of lake
food webs does not compensate for decreased primary production arising from reduced light
penetration in the presence of coloured organic matter (Karlsson and others 2009, 2015; Jones
and Lennon 2015). Therefore the documented increase in DOM loading from catchments to
boreal freshwater ecosystems (e.g. Roulet and Moore 2006; Vuorenmaa and others 2006;
Monteith and others 2007) is likely to decrease overall fish productivity, as well as altering
phytoplankton community structure with adverse effects on availability and transfer of essential

fatty acids through food webs to top consumers (Taipale and others 2016b).

Finally, our results demonstrate the value in ecology of experimental manipulations at the whole-
ecosystem scale, despite the inevitable absence of replication and true control treatments. Short-

term and small-scale enclosure experiments of the kind widely used in studies of the role of

23



500

505

510

allochthonous organic matter in lakes (e.g. Kankaala and others 1996, 2010; Faithfull and others
2012) would not have revealed the importance of the benthic pathway, the importance to mature
fish and the long-term pattern of response and return that were evident from our multi-year

whole-lake experiment.
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Figure legends

Figure 1. Changes in 5'3C (annual mean values + SE) of crustacean zooplankton in the
manipulated lake Alinen Mustajarvi. Sugar additions to the lake were made during 2008 and

2009.

Figure 2. Changes in §*3C (annual mean values * SE) of littoral macroinvertebrates in the
manipulated lake Alinen Mustajarvi (AM) and the reference lake Valkea-Kotinen (VK). Upper
panel shows differences in annual mean 5'3C between AM and VK. Sugar additions to AM were

made during 2008 and 2009.

Figure 3. Changes in 8*3C (annual mean values) of selected littoral macroinvertebrate taxa in the
manipulated lake Alinen Mustajarvi. Sugar additions to the lake were made during 2008 and

2009.

Figure 4. Changes in §*3C (annual mean values * SE) of all analysed perch in the manipulated
lake Alinen Mustajarvi (AM) and the reference lake Valkea-Kotinen (VK). Upper panel shows
differences in annual mean §*3C between AM and VK. Sugar additions to AM were made during

2008 and 2009.

Figure 5. Changes in 8*3C (annual mean values * SE) of perch from different year classes (2005-
2012) in Alinen Mustajarvi. The range of number of individuals analysed per year (n) is shown

for each year class. Sugar additions to the lake were made during 2008 and 2009.
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Figure 6. Changes in '°N (annual mean values + SE) of perch (circles), macroinvertebrates
745  (diamonds) and zooplankton (squares) in the manipulated lake Alinen Mustajérvi (AM, filled

symbols) and the reference lake Valkea-Kotinen (VK, open symbols). Upper panel shows

differences in annual mean §*°N between AM and VK for perch and macroinvertebrates. Sugar

additions to AM were made during 2008 and 2009.
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Fig. 5
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Supplementary Information 1 Details of perch analysed from the manipulated lake Alinen-

Mustajarvi (AM) and the reference lake Valkea-Kotinen (VK). Total number of fish analysed for

each year is presented as numbers of males (M), females (F) and immature (I) individuals.

Sampling
Lake Year Sex Age (years) Weight (g)  Length (mm)
months
Mean (+ SE) Mean (£ SE) Mean (= SE)
AM 2007 May 2008 16M/17F/1l 3.9 (0.45) 20.6 (3.3) 117 (7.4)
2008 Jul/Oct 13M/26F/0I 3.8 (0.44) 27.6 (3.0) 133 (5.1)
2009 May/Jul/Oct 21M/41F/0I 4.6 (0.38) 27.2 (2.3) 135 (4.0)
2010 May/Jul/Oct 25M/38F/0I 4.3 (0.33) 29.6 (2.6) 136 (3.9)
2011  May/Jun/Aug 24M/35F /51 4.1 (0.30) 24.6 (1.9) 129 (4.0)
2012 May/Jul/Sept 16M/40F/41 3.8 (0.31) 24.0 (2.0) 124 (4.1)
VK 2007 Sept 2M/19F/01 4.1 (0.47) 35.0 (8.9) 132 (10.0)
2008 May/Jul/Oct 6M/31F/1I 55(0.47)  112.9(15.1)  188(11.5)
2009 May/Jul/Oct 21M/41F/2I 3.8(0.29) 35.8 (5.5) 131 (6.3)
2010 May/Jul/Oct 24M/38F/11 3.9 (0.28) 43.4 (7.8) 137 (6.8)
2011  May/Jul/Sept 19M/35F/51 3.6 (0.33) 28.9 (3.7) 127 (5.7)
2012 May/Jul/Sept 32M/26F/51 3.8 (0.33) 36.6 (5.4) 131 (6.0)
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