J Paleolimnol (2013) 50:257-273
DOI 10.1007/s10933-013-9722-x

ORIGINAL PAPER

Chironomid assemblages in cores from multiple water
depths reflect oxygen-driven changes in a deep French lake
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Abstract We sampled modern chironomids at multi-
ple water depths in Lake Annecy, France, before
reconstructing changes in chironomid assemblages at
sub-decadal resolution in sediment cores spanning the
last 150 years. The lake is a large, deep (zax = 65 m),
subalpine waterbody that has recently returned to an
oligotrophic state. Comparison between the water-
depth distributions of living chironomid larvae and
subfossil head capsules (HC) along three surface-
sediment transects indicated spatial differences in the
influence of external forcings on HC deposition (e.g.
tributary effects). The transect with the lowest littoral
influence and the best-preserved, depth-specific chiron-
omid community characteristics was used for paleo-
limnological reconstructions at various water depths. At
the beginning of the twentieth century, oxygen-rich
conditions prevailed in the lake, as inferred from M.
contracta-type and Procladius sp. at deep-water sites
(i.e. cores from 56 to 65 m) and Paracladius sp. and H.
grimshawi-type in the core from 30 m depth. Over
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time, chironomid assemblages in cores from all three
water depths converged toward the dominance of S.
coracina-type, indicating enhanced hypoxia. The initial
change in chironomid assemblages from the deep-water
cores occurred in the 1930s, at the same time that an
increase in lake trophic state is inferred from an
increase in total organic carbon (TOC) concentration in
the sediment. In the 1950s, an assemblage change in the
core from 30 m water depth reflects the rapid expansion
of the hypoxic layer into the shallower region of the
lake. Lake Annecy recovered its oligotrophic state in
the 1990s. Chironomid assemblages, however, still
indicate hypoxic conditions, suggesting that modern
chironomid assemblages in Lake Annecy are decoupled
from the lake trophic state. Recent increases in both
TOC and the hydrogen index indicate that changes in
pelagic functioning have had a strong indirect influence
on the composition of the chironomid assemblage.
Finally, the dramatic decrease in HC accumulation rate
over time suggests that hypoxic conditions are main-
tained through a feedback loop, wherein the accumu-
lation of (un-consumed) organic matter and subsequent
bacterial respiration prevent chironomid re-coloniza-
tion. We recommend study of sediment cores from
multiple water depths, as opposed to investigation of
only a single core from the deepest part of the lake, to
assess the details of past ecological changes in large
deep lakes.

Keywords Paleoenvironmental reconstructions -
Re-oligotrophication - Pelagic-benthic links - Hypoxia
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Introduction

Paleolimnological studies provide valuable informa-
tion on environmental changes in lakes over extended
time scales. The increasing influence of anthropogenic
forcing on these systems has led to a growing body of
studies that focus specifically on ecological changes
that lakes have undergone over the last century
(Battarbee et al. 2011). Among the numerous sediment
variables that can be used as proxies to infer ecological
changes in lakes, biological remains, especially chi-
ronomid head capsules (hereafter HC), have been used
extensively to infer past climate and environmental
variables such as temperature (Millet et al. 2012),
oxygen concentration (Quinlan and Smol 2002; Bro-
dersen and Quinlan 2006) and lake productivity
(Woodward and Shulmeister 2006).

Most of these paleolimnological investigations
were carried out in relatively small lakes. For example,
Larocque et al. (2001) studied chironomid-tempera-
ture relationships in a set of lakes (n = 100) with
surface areas <20 ha. Small, shallow lakes were
favored in climatic and environmental reconstructions
because chironomids respond more directly to envi-
ronmental variables in these lakes than they do in
large, deep lakes (Eggermont and Heiri 2011). In such
small systems, a single sediment core from the deepest
part of the lake has been hypothesized (Hofmann
1988) or shown (van Hardenbroek et al. 2011) to
integrate biological remains from the entire lake basin.
A detailed analysis of the spatial variability of
chironomid remains in shallow Norwegian lakes
(Heiri 2004), however, highlighted the existence of
spatial patterns in the distribution of HC, although
most taxa were present in sediment from the maximum
depth.

Recent studies highlighted important depth-related
differences in the composition of biological remains in
samples from surficial sediment in shallow (Engels
and Cwynar 2011; Cao et al. 2012) and deep lakes
(Eggermont et al. 2008; Kurek and Cwynar 2009). In
the large, deep lakes, results indicate the bathymetric
structure of the chironomid community is effectively
preserved in the sediment. These water-depth-depen-
dent differences in assemblage composition are com-
mon in chironomid communities and are related to
variability in environmental conditions such as oxy-
gen availability (Quinlan and Smol 2002) or habitat
structure, e.g. macrophyte cover (Langdon et al.
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2010). Reconstructions using chironomid assemblages
from different depths should therefore more accu-
rately describe the chironomid assemblage composi-
tion at the whole-lake scale, and enable inference of
temporal changes, which are both of primary interest
in environmental policy (Water Framework Directive
(WFD) 2000). Furthermore, anthropogenic effects on
living organisms may differ along the depth gradient.
For example, increased nutrient loading often induces
collapse of deep-water chironomid assemblages as a
consequence of hypolimnetic hypoxia, whereas in the
littoral zone, assemblages can be richer and more
abundant because of increased macrophyte coverage
under moderate eutrophication (Langdon et al. 2010;
Millet et al. 2010). These spatially variable responses,
observed mainly in chironomid densities, have multi-
ple effects on the lake ecosystem. Changes in chiron-
omid densities influence sediment structure and
mineralization processes (Olafsson and Paterson
2004) and also have implications for fish populations
(Vander Zanden et al. 2003). Thus, the depth-specific
dynamics of chironomid assemblages must be con-
sidered to better specify the ecological consequences
of anthropogenic forcings on the structure and func-
tion of food webs in large, deep lakes (Free et al.
2009).

A prerequisite for multiple-depth assemblage
reconstruction is that HC assemblages from cores
collected at various depths accurately reflect the
chironomids that lived at those depths all around the
lake, i.e. there has been limited vertical HC transport.
The suitable location for such chironomid reconstruc-
tions will differ depending on the lake in question,
because of its morphometry, water circulation, tribu-
taries and wind effects (Schméh 1993; Brodersen and
Lindegaard 1997). Comparison of the depth distribu-
tions of larvae and HC along depths transects can be
used to test whether HC reflect accurately the bathy-
metric distribution of the live larvae. If the HC
assemblage is similar to that of living larvae at
multiple depths, the depth-specific chironomid assem-
blage reconstructions will be more reliable. Such an
approach can substantially improve the robustness of
chironomid-based reconstructions, but to our knowl-
edge, this multiple-transect approach has not been
used previously, coupled with a HC-living larvae
comparison.

In this study, we evaluated chironomid assemblages
at three different depths in re-oligotrophied Lake
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Annecy, a large, deep pre-alpine lake that underwent
eutrophication during the second half of the twentieth
century. Our objectives were to:

1. Compare the bathymetric distributions of HC and
living larvae along three water-depth transects to
assess differences in chironomid assemblage
composition and identify a suitable location
within the lake to perform chironomid
reconstructions.

2. Evaluate the gain in ecological information pro-
vided by a multiple-depth coring approach (com-
munity composition, depth-specific temporal
changes) compared with the ecological informa-
tion obtained from a single core retrieved from the
deepest region of the lake.

3. Assess the extent of ecological changes on a
whole-lake scale using depth-specific (i.e. local)
chironomid assemblage changes. These changes
were interpreted considering the direct influence
of changes in the organic matter content of the
sediment as well as oxygen constraints.

Study area

Lake Annecy is a large (2,740 ha), deep (65 m) hard-
water lake located in the French pre-Alps (45°50'N,
6°40'E, 447 m a.s.l.) (Fig. 1). The lake basin is
surrounded by calcareous rocks of Mesozoic age. It
comprises two sub-basins, the “Grand Lac” to the
north and the “Petit Lac” to the south, which are
separated by a submerged bar reshaped by glaciers
(Nomade 2005) (Fig. 1). The local climate is charac-
terized by dry, snowy winters and warm summers
associated with high rainfall (100-150 cm year ).
The lake is monomictic and mixing usually occurs
from December to February (Balvay 1978). The land
cover of the watershed is constrained by the strong
altitudinal gradient (alt. max. = 2,351 m). Forests
(63 % of the total watershed area) are mainly found on
steep slopes, whereas pastures and cultivated areas
(21 %) are restricted to flat lowlands. The urbanized
area of the watershed (13 %) is mainly concentrated
along the lake shore, where tourism has developed
since the 1970s. The current total population in the
catchment is 186,000.

Lake Annecy is currently oligotrophic and total
phosphorus concentrations (TP) in the epilimnion
have been about 7-8 pg L~' during winter circulation

since the 2000s (INRA/SILA data). Prior to the 1940s,
the phytoplankton community of Lake Annecy was
dominated by taxa such as Cyclotella spp., which are
typical oligotrophic diatoms (Leroux 1908). A
decrease in the oxygen content of the hypolimnion
was first reported in 1937 by Hubault (1943), signaling
the earliest signs of eutrophication, followed by algal
blooms in the 1940s (Servettaz 1977). Monitoring data
(INRA/SILA) indicate that Lake Annecy was in a
mesotrophic state in the mid-1970s, with TP levels
reaching approximately 15 pg L™' during winter
mixing (Perga et al. 2010). A remediation plan,
including wastewater collection and treatment, was
implemented in 1957 and completed in 1967. Since
the 1970s, remediation has reduced TP in the water
column, leading to a return to oligotrophy in the 1990s
(TP <10 pg L7H.

The fish community of the lake has been managed
since the late ninetieth century, when Whitefish
(Coregonus sp.) and Arctic char (Salvelinus alpinus)
were introduced (Leroux 1908). The coregonid pop-
ulation was supported by sporadic introductions from
1900 until the 1930s and by annual introductions every
winter from 1936 to 1997. Currently, the fish resources
of the lake are exploited by two professional fishermen
and ~2,000 recreational anglers.

Materials and methods
Coring and sampling of surface sediment

Living chironomid larvae were studied in 48 sediment
samples retrieved from four water depths (2, 30, 56
and 65 m) along three transects (Fig. 1). The top 5 cm
of sediment was sampled using an Ekman grab in
spring 2008 and autumn 2009 (two samples/depth/
transect/year). This sampling strategy was designed to
avoid under-representation of chironomid taxa arising
from different species phenologies. Sediment samples
were preserved in the field using 60 % ethanol.

For the chironomid HC analysis (i.e. assemblage
reconstructions), nine sediment cores were retrieved at
the points on the transects where larvae samples were
obtained, at 30, 56 and 65 m water depth, using a
gravity corer (Uwitec, Austria) (Fig. 1). Cores were
not retrieved at 2 m depth because not enough
sediment had accumulated or sediments were dis-
turbed by resuspension. An additional sediment core

@ Springer



260

J Paleolimnol (2013) 50:257-273

Fig. 1 Geographic location
of Lake Annecy. The
positions of the various
sediment sampling sites
(living larvae analysis) and
cores (HC analysis) are
indicated by black circles.
An additional core, LDAref,
was used to produce the
reference chronology and is
indicated by a black square

Sévrier

Legende :

Transects

@ Sampling points (larvae and head capsules)

B LDArer

A Main cities

was obtained from the deepest area of the lake (65 m)
in 2009 and devoted to chronology (Fig. 1).

Chironomid analysis

In the laboratory, surficial sediment obtained using the
Ekman grab was sieved through a 250-pum-mesh sieve.
Chironomid larvae were hand-sorted from the residue
under a stereomicroscope at x40 magnification.
Chironomid larvae were treated with cold KOH
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solution (10 %) overnight and were mounted on slides
ventral side up. Identification of larvae was performed
using Wiederholm’s (1983) guide.

Head capsules were extracted from the top cm of
the nine sediment cores and from samples taken at
0.5-cm intervals in cores from the selected transect
“Sévrier” (Sev65, Sev56 and Sev30), spanning the
last 150 years. The procedure involved treatment with
HCI1 (10 %) and KOH (10 %) and sieving of the
sediment through 100- and 200-pm mesh (Walker
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2001). Chironomid HC were hand-sorted from the
sieved residue under x40-70 magnification and
mounted ventral side up on microscope slides using
Aquatex® mounting agent. Identification of specimens
to the genus or species-group levels followed Wie-
derholm (1983) and Brooks et al. (2007) and was
performed under x 100—1,000 magnification.

Core chronology

To establish a chronology for the cores, a reference
chronology was developed on the LDAref core from
the deepest part of the lake. The activities of *'Pb,
22°Ra, '¥7Cs and **'Am were measured in approxi-
mately 1 g of dried sediment by gamma spectrometry,
using very-low-background, high-efficiency well-type
Ge detectors in the Modane Underground Laboratory
(Reyss et al. 1995). Six standards were used to
calibrate the gamma detectors (Cazala et al. 2003), and
a 24-48 h count time was required to achieve a
statistical errors <10 % for excess *'°Pb in the deepest
samples and for the 1963 peaks of '*’Cs and **' Am.
Excess 2'°Pb activity was calculated as the difference
between total 2'°Pb activity and **°Ra activity (sup-
ported *'°Pb).

Correlation between the cores from the selected
transect (“Sévrier”) was achieved following different
procedures. Cores Sev65 and Sev56 were correlated to
the reference core using visible lithological tie points.
The shallow-water core, Sev30, had no visible litho-
logical markers. It was therefore correlated to the
reference core using high-resolution spectrophotome-
try. The first derivative value at 555 nm was chosen as
a proxy for clay mineral composition (Damuth and
Balsam 2003). Clay minerals in Lake Annecy are
derived from pedogenic processes in the catchment
(Manalt et al. 2001), and because they represent the
smallest grain-size fraction, they are easily transported
far into the lake from the river mouth, via discharge of
the main river. Spectrophotometric variations are
assumed to be synchronous and were useful for core
correlation throughout the lake.

Organic matter analysis

The total organic carbon (TOC) content and the
hydrogen index (HI) were measured in the cores of the
selected transect (Sev30, Sev56 and Sev65) using
Rock-Eval pyrolysis (Espitalié et al. 1985) with a

Model 6 device (Vinci Technologies). The sample
resolution was set to 0.5-cm intervals for Sev65 (57
samples) and 1-cm intervals for Sev56 and Sev30 (29
and 30 samples, respectively). Analyses were carried
out on 50-100 mg of crushed, dried samples. TOC (%)
is indicative of the amount of organic matter (OM) in
the sediment. Because OM content of the sediment is
negatively correlated with oxygen concentrations at
the sediment—water interface, TOC is a relevant proxy
for a major environmental constraint on chironomid
communities (Sether 1979; Brodersen and Quinlan
2006) and considered to be a local driver of chiron-
omid assemblages. HI is expressed as the H/C ratio of
OM and represents the amount of hydrocarbon
products released during pyrolysis (in mg HC g~'
TOC). HI provides insights into the origin of the OM
in the sediment and the degree of OM degradation.
High HI values are indicative of fresh, autochthonous
OM, whereas low HI values are indicative of strongly
degraded autochthonous or allochthonous OM, with
high lignin content. HI was therefore used to assess
temporal variability in the quality of sediment TOC
(Meyers and Lallier-Verges 1999).

Numerical and statistical analyses

For the living larval community, counts from the three
transects were merged by depth and the abundance of
each taxon was expressed relative to all counts.
Chironomid counts from the three transects were
merged to provide a robust assessment of the depth-
distribution of larvae. Transect-specific patterns likely
reflect, at least in part, a sampling effect of low
replication, rather than true differences in environ-
mental conditions.

For the chironomid HC, the bathymetric distribu-
tions (from 30 to 65 m) of the subfossil communities
were defined for each transect. At each depth, the
relative abundance of each subfossil taxon was
obtained by dividing the number of HC from each
taxon by the overall number of HC found on the
transect.

For the chironomid assemblage reconstructions,
HC counts were transformed into accumulation
rates using the age-depth models. HC accumula-
tion rates (HCAR) are expressed as number of HC
10 cm ™2 year_l.

Chironomid assemblage zones (CAZ) were deter-
mined for each of the three water depths using the
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Bray-Curtis dissimilarity index and CONISS, a pro-
gram for stratigraphically constrained cluster analysis
(Grimm 2004). Taxa with <5 occurrences were
excluded from the analysis. The number of statistically
significant zones was assessed using the broken stick
model (Bennett 1996). Only HC originating from
deep-living chironomid species, according to Brooks
et al. (2007), were utilized to define the CAZ in the
deeper core and to assess depth-specific assemblage
changes. Variability of HCAR and TOC content
between CAZ was assessed in the cores using analysis
of variance (ANOVA) followed by Tukey HSD post
hoc tests.

An analysis of similarity (ANOSIM), using the
“Bray-Curtis” dissimilarity index, and a correspon-
dence analysis (CA) were performed to explore the
influence of water depth on the live chironomid larvae
and HC assemblages and select the most suitable
transect for the chironomid assemblage reconstruc-
tions. Eighteen taxa were considered, after removal of
unidentified specimens and taxa that were absent in
either the larvae or HC datasets. This CA comprised 12
samples (3 depths x 3 transects for HC samples + 3
depths for the summed larvae samples). The larval
sample from 2 m depth was included in the ordination
as a passive sample. This prevents excessive influence
of the 2-m larvae sample in the CA because of its high
species richness. The littoral influence on the subfossil
assemblage compositions at 30, 56 and 65 m was
therefore discriminated using the 2-m species assem-
blage composition. A second CA was used to assess
HCAR variability over time at the various depths.

All statistical analyses were performed in R (R
Development Core Team 2011). The packages ade4
(Dray and Dufour 2007) and FactoClass (Pardo and
DelCampo 2007) were used for the CA. Ade4 was also
used to perform the inter-class analysis. Rioja (Juggins
2009) and vegan (Oksanen et al. 2011) were employed
for CONISS and ANOSIM.

Results

Chronology

The ?'°Pb,,. profile for Lake Annecy exhibited regular
exponential decay with depth in the sediment core

(Fig. 2a). The constant flux, constant sedimentation
model (CFCS, Krishnaswami et al. 1971) was chosen
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for this study because recent sediments were charac-
terized by constant sedimentation, shown by the linear
relations between log activity of 2'°Pb and both
cumulative mass (r2 = 0.98) and depth (1r2 = 0.98).
Regardless of the model used, 210pp_pased chronolo-
gies should be confirmed by independent methods
(Smith 2001). Our *'°Pb chronology is supported by
137Cs profiles (Robbins and Edgington 1975). The
CFCS age model indicated a mean sedimentation rate
of 2.04 £ 0.01 mm year ' for Lake Annecy. The
137Cs activity shows a sharp peak at 4.2 cm without
any increase in **' Am activity, thus corresponding to
fallout from the 1986 Chernobyl accident. This
yields an average sedimentation rate of 1.83 &
0.01 mm year™ ' for Lake Annecy between 1986 and
2009. The well-resolved '*’Cs peak at 9.8 cm, coin-
ciding with an 241 Am peak, confirms that sediment at
this depth was deposited during the period of maxi-
mum atmospheric fallout from nuclear weapons
testing, in 1963 (Michel et al. 2001). This age-depth
relationship yields an average sedimentation rate of
2.13 mm year™ ' in Lake Annecy from 1963 to 2009.
Good agreement among the mean sedimentation rates
derived from 2'°Pb.,, *’Cs and **'Am profiles
enabled us to estimate a mean sedimentation rate of
2.00 mm year™' over the last century (Fig. 1).

Correlation of the three cores indicated that sedi-
mentation rate in each core was roughly constant.
Mean sedimentation rates in two of the cores were
similar to the reference core (Sev65, 2.00 mm year_l;
Sev30, 1.98 mm yearfl) (Fig. 2b, d). Sev56, how-
ever, showed a lower mean sedimentation rate
(1.39 mm year™ ') (Fig. 2c).

Living larvae versus subfossil remains in surface
sediment: transect selection

A total of 1,104 chironomid larvae and 645 HC were
extracted from surface sediment samples that inte-
grated ca. 5 years according to the age/depth models
(Fig. 2). According to the ANOSIM, there were no
significant differences with respect to water depth
between larvae and HC on any transect (p > 0.05).
However, there were clear differences among tran-
sects with respect to similarity of samples across
depths. The “Sévrier” transect had the highest simi-
larity (p = 0.8) followed by the “Annecy” transect
(»p = 0.2) and the “Saint Jorioz” transect (p = 0.1).
This analysis indicates the “Sévrier” transect is the
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Fig. 2 a Age-depth model of LDAref from radionuclides
(*"Pb, *’Cs and **'Am). Seven litho-stratigraphic markers
(N°1 to N°7) were selected on LDAref to allow correlation with
the other cores. b, ¢ Age-depth models of the SEV65 and SEV56

best for using chironomid assemblages from different
depths to do reconstructions. The CA biplot depicts
these differences in the larvae/HC distributions. The
CA axis 1 (F1) and axis 2 (F2) captured 58.3 % of the
variability in chironomid larvae and the subfossil
assemblage (Fig. 3). Along CA axis 1 (Fl), two
chironomid groups were defined. Taxa such as
Cladopelma, Dicrotendipes, Cladotanytarsus, Crico-
topus, Cryptochironomus, Thienemanniella and Abla-
besmyia showed high F1 scores. Close association of
these taxa with the larval sample obtained from a
depth of 2 m indicated that they were major compo-
nents of the littoral larval community. In contrast,
Micropsectra, Chironomus, Sergentia, Pagastiella
and Parakiefferiella were associated by low F1 scores

Spectrophotometry
First derivativeS5ss

non laminated - light-grey
non laminated - light

brown laming e grey lamina

cores were correlated to LDAref according to visible markers.
d Age-depth model of the SEV30 core was correlated to SEV65
using spectrophotometry

and were related to samples from deeper water (30, 56
and 65 m). CA axis 2 (F2) segregated the specific
larval composition of the three studied depths. How-
ever, the larvae assemblage at 30 m had an interme-
diate F2 score compared to the larvae assemblages at
56 and 65 m, suggesting that a depth gradient was not
expressed along the F2 axis. However, because the
sampling depths effectively differed along this axis,
F2 scores nonetheless allowed differentiating sam-
pling depths according to their chironomid assem-
blages. The larvae assemblage at 56 m was mainly
composed of Chironomus and Procladius, whereas the
assemblage at 65 m was characterized by Micropsec-
tra, Sergentia and Parakiefferiella (Fig. 3). The HC
sample for the “Saint Jorioz” transect at 56 m was
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Fig. 3 Correspondence
analysis (CA) biplot
depicting the associations
between chironomid genera
and the relative
compositions of both larvae
and HC assemblages at three
depths (30, 50 and 65 m) for
the three transects studied.
The larval sample taken
from a depth of 2 m was
included in the ordination as
a passive sample. Larvae
samples are indicated as
“Larvae,” followed by the
depth at which they were
sampled. Subfossil samples
are identified by the letter C,
followed by the transect
abbreviation (sev “Sévrier”,
ann “Annecy”, jo “St
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Jorioz”) and the sampling
depth

noteworthy in being segregated from other samples,
with low F2 scores associated with Eukiefferiella and,
to some extent, Polypedilum.

The F1 and F2 scores of the CA were extracted for
both larval and HC samples and considered synthetic
(both qualitative and quantitative) descriptors of the
chironomid structure of the samples. At each depth,
the difference in the CA scores between larval and HC
samples was calculated and averaged for each transect
(Table 1). Differences in the F1 scores between larvae
and subfossil samples reflected the influence of littoral
deposits on the subfossil assemblages at 30, 56 and
65 m (Fig. 3). Differences in F2 scores between larvae
and subfossil samples are related to depth of the
chironomid sample. The “Sévrier” transect had the
lowest mean difference in F1 and F2 scores. Thus, it
was the transect least influenced by littoral HC
deposition and most suitable for reflecting the depth
distribution of larvae. It was therefore selected to
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reconstruct chironomid assemblage changes over the
last 150 years at three water depths: 30 m (Sev30),
56 m (Sev56) and 65 m (Sev65).

Downcore chironomid assemblage reconstructions
and OM

Figure 4 illustrates the temporal dynamics of the main
chironomid taxa at the three studied depths. For each
depth, CAZs obtained from the constrained cluster-
analysis (CONISS) highlight assemblage shifts.
Among the 52 taxa found in 67 samples from the
core in 65 m of water (Sev65), five were found as
living larvae inhabiting the deep zones of the lake, at
56 and/or 65 m (Chironomus, Sergentia, Micropsec-
tra, Procladius, Paratendipes), and two others (H.
grimshawi-type and Paracladopelma sp.) are associ-
ated with the deep zone in lakes (Wiederholm 1983;
Brooks et al. 2007). Considering these seven taxa,
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Table 1 Differences in the CA F1 scores between sediment samples (living chironomid larvae) and subfossil samples (HC from the

first centimeter of each core) for the 3 studied transects at 3 de

pths

Transects Larvae/HC sample difference in CA scores
Axis 1 Axis 2
Annecy Sévrier St Jorioz Annecy Sévrier St Jorioz
Depths
65 m 0.48 0.28 1.21 0.24 0.10 0.08
56 m 0.58 0.74 1.09 0.97 0.86 1.61
30 m 0.87 0.55 1.69 0.13 0.08 0.26
Mean £+ SD 0.64 &+ 0.20 0.52 +£ 0.23 1.33 +£ 0.31 0.44 £ 0.46 0.34 + 0.44 0.65 & 0.83
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Fig. 4 Stratigraphy plots reflecting the temporal dynamics
(HCAR) of the main chironomid taxa identified at 65 m (a),
56 m (b) and 30 m (¢). TOC and HI are also presented,
providing evidence for the relationship between chironomid
assemblage changes and both qualitative and quantitative
changes in the OM of the sediment. Low (one HC) and sporadic
occurrences are indicated by black circles. Zonation used to

including the two Micropsectra types, three CAZs
were identified by cluster analysis (Fig. 4a). CAZ1
spanned from the late 1870s to the early 1930s. The
mean HCAR was 7.9 4+ 5.9 HC 10 cm ™2 year™ ' and
was dominated by M. contracta-type and Procladius
sp. Paracladopelma sp. and H. grimshawi-type also
occurred sporadically during this time period. The
onset of CAZ?2 in the early 1930s was marked by a
decrease of more than 50 % in M. contracta-type and
Procladius sp. HCAR (ANOVA, p < 0.001) and
exhibited variations such as the increase in M.
contracta-type between the 1970s and the 1990s.
During CAZ2, S. coracina-type HCAR increased

I em™

|

identify the different CAZs for each of the studied depths was
accomplished using the broken stick model following a CONISS
analysis, considering the Bray-Curtis similarity index. At 65 and
56 m, only truly deep taxa, according to Brooks et al. (2007),
were reported. At 30 m, the eight most abundant taxa that had
clear temporal trends and accounted for 71.3 % of the overall
HCAR are reported

significantly (ANOVA, p < 0.001). C. anthracinus-
type appeared at the beginning of CAZ2 and Para-
tendipes at its end. Throughout CAZ3, from 2000 to
2008, S. coracina-type HCAR decreased, whereas
HCAR of M. contracta-type, M. radialis-type and
Procladius sp. fell to nearly zero. The total HCAR of
profundal taxa declined to 0.85 & 0.38 HC 10 cm™*
year~ ' during CAZ3. TOC concentrations increased
significantly between the CAZs (ANOVA, p < 0.001),
ranging from 0.65 + 0.23 % in CAZI to 1.61 %+
0.08 % in CAZ3. HI also increased significantly
(ANOVA, p < 0.001) and ranged from 183.2 4 58.6
in CAZ1 to 312.7 £ 6.0 in CAZ3.
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In the core from 56 m water depth (Sev56), 40 taxa
were identified in the 63 samples, and three CAZs
were distinguished by cluster analysis (Fig. 4b). The
chironomid assemblage of CAZ1, from ca. 1850 to
1915, mainly consisted of M. contracta-type, Procla-
dius sp. and Paracladopelma sp. From ca. 1915 to
1945, CAZ2 was mainly characterized by an increase
in M. contracta-type HCAR (ANOVA, p < 0.001).
After ca. 1945, a sharp decrease in M. contracta-type
HCAR, a disappearance of Paracladopelma sp. and an
increase in the HCAR of S. coracina-type was
observed in CAZ3. TOC concentrations differed
significantly among the three CAZs (ANOVA,
p < 0.001). TOC was lower during CAZ2 (0.90 £+
0.23 %) compared to CAZ1 (1.29 &+ 0.37 %) and
CAZ3 (1.87 £ 0.59 %). In the core from 65 m water
depth, HI significantly increased over time, ranging
from 88.3 + 23.1 during CAZ1 to 282.3 £ 57.5 at the
end of CAZ3.

In the core from 30 m water depth (Sev30), 79
genera or species groups were identified within the 48
samples. Cluster analysis indicated 2 CAZ, with a
major change in the chironomid assemblage compo-
sition ca. 1950 (Fig. 4c). The total chironomid HCAR
decreased from 123 + 30 HC 10 cm ™2 year™ ' during
the period between 1850 and 1950 (CAZ1)to40 + 16
HC 10 cm ™2 year™ ! during the period between 1950
and 2008 (CAZ2). The HCAR of all the taxa charac-
teristic of CAZ1 (Paracladius sp., H. grimshawi-type,
M. contracta-type) dramatically decreased at the
CAZ1/CAZ2 transition. During CAZ2, Procladius
sp., S. coracina-type and, to a lesser extent, M.
contracta-type remained rather stable. TOC concen-
trations were significantly higher in CAZ2 than in
CAZ1 (t+ test, p<0.001) and ranged from
0.77 £ 0.08 % in CAZI1 to 1.26 £ 0.18 % in CAZ2.
HI increased significantly from 283.05 £ 22.80 in
CAZ1 to 387.43 £ 29.40 in CAZ2 (¢t test, p < 0.001).

The CAZs defined for each core were used to depict
changes in the chironomid assemblage on a whole-
lake basis over the last 150 years. The different CAZs
and their transition points, which occurred in the
1910s, 1930s, 1950s or 2000s depending on water
depth, were used to define five different whole-lake
assemblage types (WLATs). A CA was performed
using all the samples from the three cores, using taxa
with at least five occurrences (167 samples, 49 taxa) to
evaluate and test the influence of (1) sampling depth
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and, (2) the WLATS on whole-lake chironomid HCAR
variability. The two first axes of the CA described
41.4 % of the chironomid HCAR variability (Fig. 5).
Chironomid HCARs differed significantly both
between sampling depths and between WLATS,
explaining 19.82 and 16.80 % of the chironomid
HCAR variability, respectively (permutation tests,
p < 0.01).

During the first three WLATS, from the 1850s to the
1930s, chironomid assemblages were mainly segre-
gated along CA axis 1 (F1) according to depth. Sev30
was characterized by Paracladius sp. and H. grim-
shawi-type and differed from Sev56 and Sev65, which
were characterized by M. contracta-type and Procla-
dius sp. During the latter two WLATS, from the 1950s
to the 2000s, the F1 scores of the chironomid
assemblages from the various depths converged
toward similar values (—1 to —0.5), indicating a
progressive decrease in the depth-related specificity of
chironomid assemblages. The increase in S. coracina-
type HCAR in the chironomid assemblages at all
depths was especially responsible for this uniformity
in chironomid assemblage. During WLAT4 and
WLATS, the chironomid assemblages at all depths
were also characterized by several taxa associated
with the littoral zone, such as Dicrotendipes sp.,
Ablabesmyia sp., and Zalutchia sp. This increase in
littoral influence during these two WLATSs was related
to the decrease in HCARs in the initial profundal
community that occurred after the 1930s. The CA F1
therefore greatly reflected successive changes in
chironomid assemblages, whereas CA F2 highlighted
the increasing influence of littoral HC inputs over time
resulting from the progressive extirpation of the
original chironomid assemblages at the various
depths.

Discussion

This study explored ways to improve analysis of
changes in chironomid assemblages in large deep
lakes, using the approach of multiple-depth recon-
structions coupled with larvae/HC spatial compari-
sons. This approach was undertaken to better define the
chironomid assemblage composition and its temporal
dynamics at the whole-lake level, compared to recon-
structions based on a single core from deep water.
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Fig. 5 Correspondence analysis (CA) depicting the taxonomic
changes in chironomid assemblages over time, reconstructed at
the three studied depths. a HC samples grouped according to
both sampling depths and WLATS defined by the stratigraphies.

Comparison of modern and subfossil chironomid
assemblages: site selection

Our results highlighted transect-specific differences in
the ability of subfossil samples to accurately represent
the water-depth distribution of living larvae. Sampling
of living larvae involved two seasons to account for
species phenology. Spring sampling was completed
before the massive emergences of most chironomid
species. Autumn sampling improved the assessment of
the living community and may have also improved
determinations of species that might have been at early
stages and thus unidentifiable during spring sampling.
Our study did not aim to make an exhaustive
assessment of the whole lake community, which
would have required a larger sampling effort. Instead,
our sampling strategy was designed to compare the
water-depth distributions of larvae and HC, and we
found that the dominant taxa in HC samples were also
found as larvae. The “StJorioz” transect displayed the
greatest differences in the bathymetric distribution
between HC and living larvae. The local influence of a
tributary and the steep slope of the lake bottom at this
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location likely facilitate re-deposition of HC from the
littoral to the profundal zone. This may explain the
poor ability of this transect to provide a reliable picture
of depth-specific chironomid assemblages or their
temporal variability. In contrast, the bathymetric
distributions of HC and larvae were more similar in
the “Annecy” and “Sévrier” transects. Both were less
influenced by HC export from the littoral zone and
more representative of depth-specific chironomid
assemblages. These two transects had lower slopes
and no nearby tributary. The “Annecy” transect had a
poorer match between HC and larvae, despite a gentler
depth gradient than the “Sévrier” transect. The wind
effect may explain this result, as the “Annecy”
transect is located at the extreme end of the lake and
is more subject to wind-induced HC redeposition than
is the “Sévrier” transect.

The “Sévrier” transect was selected for chironomid
paleo-reconstructions at various depths because its
HC/larvae bathymetric distributions were most similar
although differences were detected. For example, HC
of littoral taxa such as Psectrocladius, Dicrotendipes
and Cladopelma were found in sediment samples at 30
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and 56 m, whereas larvae of these taxa were only
found at a depth of 2 m. These findings are in
agreement with results reported by Brodersen and
Lindegaard (1997), who compared HC species com-
position from surface sediment samples with samples
of both trapped adult midges and living larvae in Lake
Stigsholm (Denmark) and found differences in chi-
ronomid assemblage composition depending on the
sampling method used. These differences can perhaps
be attributed to the passive behavior of HC compared
to larvae. Living larvae may aggregate in lakes (i.e.
patchy distribution, Lobinske et al. 2002), whereas the
spatial distribution of HC, while conserving the
composition of chironomid assemblages (Cao et al.
2012), is more likely to be subject to passive
deposition, thus evenly distributing initially aggre-
gated abundances of chironomid larvae. Furthermore,
sediment samples reflect a time-integrated measure of
the chironomid assemblage that, in a sense, averages
inter-annual variations in chironomid densities.
Finally, the temporal integration of sediment samples
facilitates collection of rare species that are especially
difficult to find as live larvae in the modern community
and would require excessive efforts to document. The
sampling effort here, which consisted of 48 samples
and was undertaken to define the modern community,
was reasonable for characterizing the water-depth
distribution of this community. Use of relative abun-
dance to compare larval and HC bathymetric distri-
butions seems reasonable, until adequate conversion
factors become available to translate HC abundances
into living larvae abundances.

Palaeolimnological development of Lake Annecy
Pre-disturbance assemblages (1850-1930)

Based on detection of different CAZs at depths in the
core, five WLATSs were identified in Lake Annecy for
the period of interest (Fig. 6). The first significant
change in chironomid assemblages occurred in the
1910s, at 56 m. This change was restricted to a
relatively short time interval associated with a
decrease in TOC values. However, it was only
characterized by an increase in M. contracta-type
HCAR and if this relationship (M. contracta-type/
TOC) seems relevant, the reason why this pattern was
only found at 56 m remains obscure. Nevertheless,
this pattern was far from being the dominant feature
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during the period studied and considering the CA
of the subfossil samples, WLAT1 and WLAT?2
remained rather stable from the 1850s to the 1930s.
Prior to ~ 1930, chironomid assemblages at each of
the depths examined in this study were typical for a
pre-modern perturbation state and can be described as
follows:

e M. contracta-type and Procladius sp. assemblages in
the deepest zones with moderate densities, as inferred
from the HCARSs of the two taxa (2.55 4 1.51 and
1.08 £ 0.61 HC 10 cm 2 year ', respectively).

e Paracladius sp., H. grimshawi-type and M. con-
tracta-type assemblages in the littoral zone, with
higher densities (5—10 fold higher for each dom-
inant taxon).

Except for Procladius sp., which tolerates high
OM, the dominant taxa are indicative of oxygen-rich
conditions (Brodersen and Quinlan 2006; Brooks et al.
2007) and low TOC content (i.e. <1 %) at all the
studied depths. These taxa are also considered typical
of oligohumic-oligotrophic lakes (Sather 1979).
These results corroborate the early work of Leroux
(1908) on phytoplankton, which indicated oligo-
trophic conditions in Lake Annecy at the beginning
of the time period studied. Before the 1930s, the
oligotrophic state of Lake Annecy was associated with
a well-oxygenated hypolimnion. At that time, Lake
Annecy exhibited efficient trophic functioning, with
most of the energy (i.e. OM) flowing through the food
web, resulting in little OM accumulation in the
sediment.

Substantial differences in chironomid assemblages
at various water depths at the beginning of the time
period studied, corroborate the work of Engels and
Cwynar (2011) and Luoto (2012), which indicated that
sediment samples collected from the deepest part of a
deep lake display restricted spatial integration of HC.
Furthermore, we found that the dominant taxon at
30 m (Paracladius) was poorly represented in the
sediment from the deepest part of the lake (i.e. Sev65).
This indicates that characteristics of shallower zones
are not quantitatively reflected in sediment from the
deep zone of this lake. Nevertheless, richness was
higher at 65 m than at 56 m, suggesting that a larger
fraction of the whole-lake chironomid assemblage is
found in the deepest part of the lake. The bottom
contour at 56 m enables HC to drift downward, partly
explaining this result. Depth-specific assemblage
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Fig. 6 Synthesis of the gradual temporal changes in chirono-
mid assemblages for each of the studied depths and the
definition of the different WLATs. From left to right,
progressive chironomid assemblage shifts (CAZs) for the
different depths, definition of the chironomid changes at the
whole-lake level (WLATs), CA F1 scores, summarizing the

differences likely reflect the large size and great depth
of Lake Annecy (2,740 ha, z,,,x = 65 m).

H. grimshawi-type, considered a deep-living taxon
(Sxther 1975), was rarely recorded in the deep-water
cores (56 and 65 m), but was abundant in the core
from 30 m. Furthermore, several taxa (M. contracta-
type) were represented at all depths, despite the fact
that they are commonly encountered in deep water
(Brooks et al. 2007). These peculiarities of the
chironomid fauna in Lake Annecy likely come from
a combination of environmental factors that support
the lake’s distinctive chironomid assemblage (Bro-
dersen and Quinlan 2006).
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taxonomic changes for each studied depth over time and the
assemblage composition convergence in recent years, gradual
changes in TOC concentration, temporal variability in the
trophic state of the lake, emphasizing the increase in the trophic
state from historical data obtained in the 1940s and the re-
oligotrophication achieved since the 1990s

1930-1950: Eutrophication-driven changes

The first major change in the chironomid assemblage
occurred in the deep zone (i.e. Sev65) around the
1930s. This change was characterized by an increase
in the HCAR of hypoxia-tolerant S. coracina-type,
which coincided with a decrease in the HCAR of the
oxyphilous M. contracta-type, indicating a decrease in
oxygen at the lake bottom (Fig. 6). This inference is
supported by monitoring data (Hubault 1943) that
indicate anoxia at 60 m in mid-summer 1937. This
hypoxic zone progressively expanded upward. The
number of oxyphilous taxa decreased at 56 m (Sev56)
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in ca. 1945 and at 30 m (Sev30) in the 1950s.
Expansion of the hypoxic layer was correlated with an
increase in TOC concentrations and HI in sediment
cores over time (Fig. 6). The increase in TOC
concentrations in the sediment promoted microbial
respiration and consequent oxygen depletion (Jones
et al. 2008). From the 1930s until the 1960s, the lake
received an increase in nutrients from wastewaters
(Perga et al. 2010). During this period, chironomid
assemblages were affected by a decrease in oxygen,
driven by increasing trophic state of the lake (i.e.
eutrophication).

From nutrient control to “pelagic functioning”
control after 1950

Since the 1960s, local authorities have undertaken
various measures to control nutrient inputs to Lake
Annecy, including the establishment a wastewater
treatment plant. Such initiatives reduced nutrient con-
centrations in the water column (SRP < 0.01 mg L_l),
but no recovery is evident in the chironomid assem-
blages, at any depth. Paradoxically, chironomid assem-
blages have shifted over time to a more homogenous
(“depth-independent”) state, dominated by the S.
coracina-type (i.e. WLAT4, WLATY); this was illus-
trated by the convergence of CA F1 scores at the three
studied depths (Fig. 6). These recent assemblage shifts,
tonamely WLAT4 (30 m) and WLATS (65 m), provide
insights into the spatio-temporal variability of oxygen
constraint at the sediment interface, that is, development
of hypoxic conditions at 30 m and an increase in oxygen
constraint at 65 m.

The increase in oxygen constraint in the deep zone,
following the return of oligotrophy, was unexpected.
Measurements of the sediment indicated that neither
TOC concentrations nor the HI has decreased since the
1960s; in fact, these variables have increased contin-
uously to the present. Although maturation of OM
during early diagenesis can influence temporal pat-
terns of TOC, and especially HI (Espitalié et al. 1985),
the strength of these patterns enhances our confidence
in the inferred progressive increase in phytoplankton-
derived input to the sediment since the 1960s. Our
results are in agreement with those of Merildinen et al.
(2000), who reported a “decoupling” between pelagic
conditions and benthic conditions after mitigation
efforts went into effect. In the 1930s, oligotrophy in
Lake Annecy was accompanied by efficient trophic
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functioning in the pelagic zone. Today, however, the
oligotrophic state is characterized by less efficient
trophic functioning, leading to OM accumulation in
sediments and hypoxia. There is evidence that preda-
tion by stocked Coregonus in Lake Annecy has driven
a decrease in the size of Daphnia over the last
60 years, with a consequent increase in export of
pelagic primary producer biomass to the sediment
(Perga et al. 2010). In this context, the structure of the
chironomid assemblage, since the return of oligotro-
phy, appears to be strongly coupled with pelagic
functioning. Our study points to an indirect, top-down
cascade effect, from the pelagic to the benthic food
web. This pelagic-benthic linkage is seldom reported
in field studies (Hargrave 2006) because the effects of
fish on chironomid communities are mostly consid-
ered direct effects of predation (Mousavi et al. 2002).

The stability of chironomid assemblages over the
last two decades suggests that the oxygen constraint
initially promoted by “nutrient enrichment” was
progressively replaced by changes in “pelagic func-
tioning.” This temporal succession of constraints
(“constraint substitution”) indicates that a consider-
ation of changes in the food web structure might help
researchers understand unexpected lake trajecto-
ries following the return of oligotrophic conditions
(Jeppesen et al. 2005). Beisner et al. (2003) assessed
the factors controlling resilience in north-temperate,
clear-water lakes and suggest that a non-negligible
part of the variation in resilience predictions is likely
related to the food-web structure.

Ecological consequences: negative feedback loops

Detritivore diversity and abundance are important
functional features of lake ecosystems and changes in
the structure of the benthic food web may affect
connections with higher-level food webs (Vander
Zanden et al. 2005) and have dramatic repercussions
on the recycling of OM (Olafsson and Paterson 2004).
The dramatic decrease in chironomid abundance over
time ( ~ 20-fold) suggests important changes in energy
flow in this system over the last 150 years. More
precisely, the contribution of the benthic food web to
the higher trophic levels likely decreased. This pattern
is similar to that described by Vander Zanden et al.
(2003), who found a reduced contribution from the
benthic food web to the higher trophic levels (i.e. fish)
during the last century, following introduction of the
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freshwater shrimp Mysis relicta in Lake Tahoe,
California. Furthermore, the lower abundance of
chironomids in Lake Annecy likely facilitated main-
tenance of hypoxic conditions through negative feed-
back loops, despite re-oligotrophication, thus
hampering the ecological recovery of chironomid
assemblages. Simply, initial input of OM triggers a
decrease in benthic fauna as a consequence of
increased bacterial respiration. In this context, “ben-
thic fauna” refers to chironomids and meiofauna
involved in OM mineralization (Nascimento et al.
2012), taxa that are negatively impacted by hypoxic
conditions (Kansanen 1981). The response is promo-
tion of bacterial respiration of OM that would have
been consumed by the vanished fauna. This phenom-
enon becomes amplified over time. Negative feedback
loops that link benthic fauna and anoxic conditions
have been reported mainly in marine “dead zones”
(Diaz and Rosenberg 2008). However, Goedkoop and
Johnson (1996) showed that chironomids and meiofa-
una in the profundal zone assimilated 2.4-6.0 % and
1.7-7.2 % of the deposited phytodetritus, respec-
tively, from the spring bloom in Lake Erken. The
invertebrate contribution to OM assimilation is rather
high once the low chironomid densities
(~300 ind m~?) and restricted period of activity are
considered. Our results cannot provide a quantitative
estimate of chironomid control over OM accumulation
and consequent hypoxic conditions because conver-
sion factors between HC abundances and larvae are
not well established and the carbon requirements of
each chironomid larval stage are lacking for many
taxa. The dramatic decrease in chironomid HC
abundance, especially at 30 m depth does, however,
suggest the possible facilitation of hypoxic conditions
by a decline in the invertebrates, perhaps explaining
the time lag between responses in the pelagic and
benthic communities.

Conclusions

Comparison of water-depth distributions of HC and
larvae on transects highlighted differences that are
likely a consequence of bottom slope, input streams
and wind effects. Such a comparison should be
undertaken to increase the robustness of reconstruc-
tions at multiple water depths. Before the twentieth
century, oligotrophic conditions were inferred from

two taxa (M. contracta-type at 65 m and Paracladius
sp. at 30 m). These taxonomic differences highlight
the influence of depth on the dominant taxon and
support the usefulness of multiple-depth sampling to
reach an assessment of the chironomid fauna on a
whole-lake scale. Furthermore, the depth-specific
temporal changes in chironomid assemblages sug-
gested that the changes in environmental conditions do
not constrain the chironomid fauna similarly at all
depths. Hence, despite chironomid assemblages pro-
viding similar information about the trophic status of
the lake, a multi-depth sampling approach is recom-
mended to track the dynamics and extent of environ-
mental changes, such as the expansion of hypoxic
zones.

In Lake Annecy, chironomid assemblages were
highly correlated with sediment TOC concentrations
through time. If, however, chironomid assemblage
shifts from the 1930s and 1950s were associated with
eutrophication, it is possible that the top-down effects
of Coregonus sp. on pelagic functioning may have
cascaded down to the benthic food web from the 1960s
until the 2000s. The loss of benthic consumers could
have induced sustained hypoxia in the sediment.
Therefore, changes in the structure of the food web
might explain chironomid assemblage changes in
Alpine lakes following re-oligotrophication. Our
results highlight the difficulties in defining the
ecological state of lakes according to the Water
Framework Directive (WFD; European Union 2000),
when using both pelagic and benthic indicators.
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