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13 Abstract: The overarching aim of this paper is to investigate the lake ecosystem response to different
14 drivers over a long term period by a paleolimnological study in Lake Narlay (46°64N, 5°91E) located
15 in the Jura Mountains of France. It is a small, hard-water lake with a maximum water depth of 40 m
16 and extended anoxic condition of the bottom water. Previous results on sediments analysis have
17 documented a differential response of the lake to the environmental changes that occurred in AD
18 1600 when major shift in the trophic reliance on methane of the benthic food web were observed.
19 From 1920 with intensification of modern agriculture, animal farming and the construction of a
20 cheese making facility, the lake become eutrophic, with Oscillatoria rubescens bloom. However, the
21 lake showed pronounced changes in an older period that remained unanswered. In this paper we
22 aim at reconstructing in more detail the limnological conditions of this Lake over the last 1200 yrs.
23 using combined analyses of specific algal carotenoids and subfossil diatom remains. A comparison
24 with other proxies (chironomid, pollen, and instrumental climatic reconstruction) will be used to
25 better identify, between the complex combination of climate and anthropogenic pressure, the

26 driving factors that determined the ecological trajectory of Lake Narlay.

27 Keywords: algal pigment; fossil diatom; sediment core, climate change

28

29 1. Introduction

30 Even if water occurring lake represent a quite small fraction (0.013%) of the water available on
31  Earth, these systems are fundamentally important to the environment and biosphere and, of course,
32 human populations in terms of the ecosystem services they provide[1]. Not only are lakes under
33 increasing stress from anthropogenic impacts, they are also vulnerable to Earth’s changing climate.
34 Understanding how freshwater ecosystems change through space and time is crucial to ensuring
35  global-scale resource sustainability at a time when humans increasingly drive environmental change.
36 One of the key challenge is to understanding the onset, and nature, of the ‘anthropocene,” especially
37  as human-driven changes and impacts on the environment are time-transgressive4 and regionally
38  and environmentally-specific [2]. While an increasing number of lake systems are monitored in situ,
39  or remotely and in real-time (e.g., as part of programs such as GloboLakes, GLEON, LTER) we are
40  largely monitoring already impacted ecosystems. Furthermore, there is a tendency to direct
41  monitoring efforts towards aquatic systems that are deemed the most impacted or ‘at risk” and such
42  assessments are generally based on recent (past few decades) measured or anecdotal data. As a result,
43 possible effects from pre-20th century human activities are unknown, meaning long-term records of
44 environmental change are required to adequately validate ecosystem response to climatic and
45  anthropogenic drivers. The use of lake sediments as ecological archives represents a powerful tool
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for extending the time span of ecological records back in the past (secular-scale environmental
reconstruction), for defining reference conditions and restoration targets, and to assess future
ecological risk. Pigment proxies are usually well preserved in lake sediment and have been shown to
be a powerful tool in paleolimnological studies [3-6]. Photosynthetic pigments (especially
carotenoids) of former planktonic and benthic populations as they reflect a number of biological,
physical and chemical factors influencing their deposition and abundance pigments are useful
indicators of present and past trophic conditions, related to anthropogenic disturbance or climate
change. Models based on sedimentary pigment have been established for a quantitative
reconstructions of lake water concentration of total phosphorus [7]. Diatom is among the most
commonly used to detect changes in the lake ecosystem, and they were used to infer several lake
physical and chemical characteristics[8,9].

Previous studies [10,11] on subfossil chironomid remains, total carotenoids and pollen grain has
shown significant changes in oxygen conditions at the water/sediment interface, trophic food web as
a consequence of increased anthropogenic pressure around Lake Narlay.

Here, we present the results from diatoms and specific photosynthetic pigments analysis,
performed on the same core, as an additional tools aimed to reconstruct more clearly the limnological
conditions, trophic and ecological evolution at secular scale of Lake Narlay and document the impact
of different drivers (climate and/or human activities) of this long-term temporal evolution (the last
1200 years).

2. Materials and Methods
Site description

Lake Narlay (46°64N, 5°91E) is located in the Jura Mountains (eastern France) as shown in Figure 1.
The catchment area is mainly covered by forest (32 % of mixed forest, 13 % of coniferous forest, 16%
of hardwood forest) while 34 % is represented by agricultural parcel and only 5 % by urban area
(Corine Land Cover, www.stats.environnement.developpement-durable.gouv.fr). The lake has a
surface of 41 ha, and 40m as water depth maximum. From the earlier part of the 20th century, Lake
Narlay was polluted by wastewater from a piggery and cheese-making factory. The increased
nutrient input caused an acceleration of the eutrophication process and the buildup of anoxic zone
in the lake deep water. The oxygen concentrations in the deep water reached zero at the end of
summer and during the winter stratification. From 1980s a wastewater treatment plan has been set
up; however, the deeper water layer remains hypoxic each summer (Figure 1; [12]).
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Figure 1. Lake Narlay location, bathymetric map showing the coring site and an example of temperature
and dissolved oxygen profiles at the beginning of summer stratification (5 July 2013) showing the presence
of anoxic condition in the bottom water column.
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Sediment cores and dating methods

Two sediment cores (Narl0_P1 and Nar13_P1) were collected in the deepest part of the lake using a
gravity corer (UWITEC, 63mm of diameter) in summers 2010 and 2013 (Figure 2). Using
radiometric methods, sediment dating was performed on Nar10_P1, while the chronology of the
core Narl3_P1 has been cross-correlated with the Nar10_P1 signal of the magnetic susceptibility for
the upper part of the core (the first 20 cm), see Figure 2c. Moreover, two additional radiocarbon
dates have also been obtained (Poznan Radiocarbon Laboratory, Poland; Beta Analytic, USA). Age-
depth modeling for the Nar10_P1 and Nar13_P1 core (Figure 2a,b) was performed using a simple
linear interpolation (Clam package for R; [13]). For a detailed discussion about chronology see [11].
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Figure 2. Lake Narlay: Age-depth model derived from 210Pb and 14C dating of the two cores (a) NAR10_1,
(b) NAR. The cross-correlation between the two cores is also shown (c).

Proxies analyzed

Photosynthetic pigments were extracted in 90% acetone, overnight in the dark, under nitrogen. The
extract obtained was used both to quantify the chlorophylls and their derivatives (Chlorophyll
Derivatives Units, CD) and total carotenoids by spectrophotometer. Individual carotenoids were
detected by Reversed Phase High-Performance Liquid Chromatography using a Thermo Scientific
HPLC. Carotenoid concentrations were expressed in nanomoles per gram of organic carbon (nmol
g1 TOC and chlorophyll derivatives in units per gram of organic matter (U g' TOC).

Diatoms were prepared using standard H20>-HCI digestion and mounted with Naphrax. For each
sample, at least 500 valves were identified and enumerated with a light microscope (Zeiss Axiolab).

Data analysis

Statistical analyses were performed using R software[14]. The zones were determined by
constrained hierarchical cluster analysis using a Bray-Curtis distance and CONISS linkage method
with the Rioja package[15]. The significance of the zone was assessed using the broken-stick model
[16]. The probability distribution of age changes for the cores Nar10_P1 and Nar13_P1 was
performed using the Clam package for R [13]. Change point package developed for R by Killick and
Eckley [17] was used to identify the location of multiple change points within time series. PCA was
done with CANOCO[18] and the significance of the axes was tested using the broken-stick model
[16].

3. Results

Figure 3 represent the major algal specific carotenoid that have been detected along the core. The
temporal evolution of the key photosynthetic algal and bacteria taxa, represented by their specific
carotenoid. Car inf-TP is the water TP inferred from total carotenoid as in Guilizzoni et al. [7]. The
pigment zones have been identified by CONISS and the results are presented accordingly.
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Figure 3. Lake Narlay, core NAR13-P1: Distribution of the most abundant specific carotenoid identified

along the core analyzed. The horizontal line represents the boundary between the zone based on the

CONISS clustering. The total phosphorus reconstructed from total carotenoid (car-inf TP) is also shown.
112
113 P_Z1 (1100-1300 AD): This zone is characterized by a relatively high productivity. Among
114  phytoplankton, cyanobacteria are well-represented (zeaxanthin, cantaxanthin) with chlorophyceae
115  (Lutein) and diatom (diatoxanthin). In this period there is also a high amount of both photosynthetic
116  anaerobic bacteria forms: “red” (okenone) and “green” (isorenieratiene). This suggest the presence of
117  anoxic bottom water, but a good water transparency due to the development of red and green
118  bacteria.
119 P_72 (1300-1790 AD): There is a general decrease among the algal and bacterial pigment
120 suggesting a much lower production. This shift might be associated with colder condition. Among
121  the phytoplankton the reduction seems more evident for cyanobacteria while chlorophycee (Lutein)
122 show a less marked decrease. Among the photosynthetic bacteria the “greens” are much more
123 reduced than “red” ones, this might due to reduction of the anoxic condition (“red” are more tolerant
124 to intermittent break of anoxic condition). From 1550 it should be noted a shift in lake productivity
125  with an increase of oscillaxanthin. These changes are coincident with changes in the catchment usage
126  as documented by pollen remains (Belle et al., 2016)
127 P_73 (1790-1960): This period is characterized by a marked increase oscillaxanthin, among the
128  cyanobacteria carotenoid, and okenone (red phototrophic bacteria). This suggest that the lake
129 ecosystem shift to a higher trophic level.
130 P_74 (1960-2008): There is a general increase of all the pigment and many of them here reach the
131 highest value. This support a further increase of the lake productivity. In the first part of this phase
132 the increment is generalized, while in the second part (last 50yrs) there is a clear shift to the
133 dominance of cyanobacteria (oscillaxanthin, myxoxanthophyll, cantaxanthin). The photosynthetic
134 anaerobic bacteria are still dominated by the “red” ones suggesting the bottom water is anoxic, but
135  with a lower transparency due to a higher primary productivity and then “green” phototrophic
136  bacteria are not able thrive again.
137 Figure 4 shows the temporal evolution of diatom community that have been dived into 5 major
138  zone. The oldest period (D_Z1: from the bottom of the core to ca. AD 1200) is characterized by the
139 planktonic Cyclotella species dominance. This is in agreement with a period of warm climate
140  conditions and high water transparency indicated by the presence of benthic Staurosira species
141  (mainly S. venter and S. subsalina).

142
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Figure 4. Lake Narlay, core NAR13-P1: Distribution of the most abundant diatoms (filtered at 5%

abundance) identified along the core analyzed. The horizontal line represents the boundary between the

zone based on the CONISS clustering.
143
144 After 1200 AD (Di_Z2) the tycoplactonic Cyclotella costei dominate and the Staurosira species,
145 typical of cold water (S. mutabilis and S. brevistriata), show their highest percentages. This suggest
146  a cold phase with long period of ice cover, which reduce the pelagic, spring-diatom species.
147 Between 1550 and 1900 AD (Di_Z3) there is a slightly increase of C. comensis, associated with a
148  reduction of Staurosira spp. However, the most striking episode is the abrupt appearance of
149  Aulacoseria subarctica. This planktonic specie have a peculiar autoecology requiring cold and
150  turbulent water, a moderate increase in nutrient and could produce resting cells that survive in the
151  deep layers of Lake Narlay even under anoxic conditions. This suggest that it is a still cold phase, but
152 warmer respect to the previous one, with A. subarctica blooming at the early spring, water mixing.
153 The early twentieth century (Di_Z4) is characterized by the disappearance of A. subarctica and
154  the other cold-water species and by the increase of oligo-mesotrophic taxa (C. comensis,
155  S.brevistriata, S. construens). This change could be explained by a further enrichment in nutrient that
156  favour the small centric diatoms instead of the large and heavy A. subarctica.
157 In addition, during the second half of 1900 yrs (Di_Z5) the diatom community show a clear
158  species succession, with oligotraphentic taxa gradually substituted by taxa preferring higher trophic
159  conditions. Indicators of meso-eutrophic conditions (e.g., Fragilaria crotonensis<Asterionella
160  formosa) became abundant in the lakes during the last decade. The temperature increase observed in
161  this latter period is overwritten by the recent anthropogenic impact occurred in the last 50yrs.

162

163 4. Discussion

164 Principal component analysis (PCA) was used to emphasize variation and bring out the common
165  patterns in each of the chironomids, pigments and diatom dataset. For both chironomids and
166  carotenoids only the first axis resulted to be significant, and they explained 44% and 37% respectively
167  of the temporal variability. In the case of diatom up to 4 axis resulted to be significant according to
168  the test, but we considered for the following analysis only the first (31%) and second (23%) axis that
169  explained together up to 54% of the variance among diatoms communities.

170 Guiot et al. [19] provided a spatially gridded reconstruction of the spring-summer temperature
171  over the last 1400 years. This reconstruction was based on tree-ring analysis for the present area (but
172 also on pollen and ice-core data for the other grids). In the present study, the temperature anomaly
173 from the grid “TAS 2.5° E; 42.5° N” has been used to provide annual climate reconstitution over the
174 time studied. The temporal variations of pigments, diatoms and chironomid sample-scores along the
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175  PCA axis were compared with long term temperature anomalies and summarized with a scatterplot
176  matrix of the Sperman’s rho (Figure 5). The scatter plot with highest correlation are closest to the
177  diagonal and the intensity color mark those with higher correlation p-value. The temporal variation
178  of the scores was also analyzed with the R change-point package to identifying shifts in mean and/or
179  variance of the time series.
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Figure 5. Lake Narlay: Scatter plots of the pigments, diatoms and chironomid sample-scores on the first
PCA axis against long term temperature anomalies from Guiot et al. [19]. The scatter plot with highest
correlation are closest to the diagonal; the two color tone highlight those where p-value is minor of 0.5 and
0.1 respectively.
181
182 Based on this analysis, the chiro-PCA scores are more strongly related to temperature, while

183 carotenoid and diatoms show a weaker relation between PCA scores and climate and evident changes
184  in the recent section of the core that should be imputed to other driving factors, such as the human
185  impact documented by the increase of cultivated plant pollen remains.

186 Sediment records provide a detailed reconstruction of the trophic and ecological evolution of
187  Lake Narlay during the last ca. 1200 years, which confirm the historical data and is highly coherent
188  with the recent trophic evolution of several other EU temperate lakes.

189 A complex combination of climate and anthropogenic pressure explain the 1200 years of
190  ecological trajectory of Lake Narlay. Major changes could be found in the sediment records in relation
191  to climatic variability, because the colder event of the Little Ice Age (LIA) induces a significant impact
192 on diatom assemblage, and lake productivity. The effect of the LIA on the lake productivity has
193 already been highlighted by several studies [20,21]. The reconstruction of land use history in the
194 catchment area of Lake Narlay has revealed an intensification of the agro-pastoral practices at ca. AD
195 1550 (Figure 6). These anthropogenic activities are the cause of an increase in allochtonous organic
196  matter input into the lake and in combination with a little warming event during the LIA occurred at
197  AD 1600 (Figure 6) may be responsible for the change observed in this phase.

198
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Figure 6. Lake Narlay: Results of the change point detection analysis obtained from the R package
“Changepoint detection package [17]. The grey zones are drawn according to the know climatic condition.
The cultivated plant pollen abundance documents the increase anthropogenic pressure on the lake.
199
200 The last change at the beginning of 20th century corresponds to an increase in the trophic status
201  and the degradation of oxygen concentrations to reach probability the current state of Lake Narlay.
202 Despite the reduction in cultivated pollen in the core top section (Figure 6), historic archives reveal
203 deep modifications of the local activities from extensive to intensive exploitation, inducing a shift
204  between diffuse to point source input. The strong modification of agro-pastoral practices and human
205  intensification pressure in the watershed of Lake Narlay seems to be the main cause of the major
206  change in influx of nutrients and induced a significant increase in the trophic status and organic
207  matter sedimentation to reach unprecedented values.
208 Our data show that all the proxies have responded with a clear shift to the pressure climatic or
209  anthropogenic. The evolution of agricultural practices (from intensification to modernization or
210  industrialization) induces various impacts on trophic functioning. We believe that these kind of
211 results will be help to interpret the interplay between current global warming and the anthropogenic
212 pressures on the lake trophic functioning.

213
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223

224 Figure captions

225 Figure 1. Lake Narlay location, bathymetric map showing the coring site and an example of temperature and
226 dissolved oxygen profiles at the beginning of summer stratification (5 July 2013) showing the presence of anoxic
227 condition-P1n in the bottom water column.

228 Figure 2. Lake Narlay: Age-depth model derived from 210Pb and 14C dating of the two cores (a) NAR10_1, (b)
229 NAR. The cross-correlation between the two cores is also shown (c).
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230 Figure 3. Lake Narlay, core NAR13-P1: Distribution of the most abundant specific carotenoid identified along
231 the core analyzed. The horizontal line represents the boundary between the zone based on the CONISS
232 clustering. The total phosphorus reconstructed from total carotenoid (car-inf TP) is also shown.

233 Figure 4. Lake Narlay, core NAR13-P1: Distribution of the most abundant diatoms (filtered at 5% abundance)
234 identified along the core analyzed. The horizontal line represents the boundary between the zone based on the
235 CONISS clustering.

236 Figure 5. Lake Narlay: Scatter plots of the pigments, diatoms and chironomid sample-scores on the first PCA
237 axis against long term temperature anomalies from Guiot et al. [19]. The scatter plot with highest correlation are
238 closest to the diagonal; the two gray tone highlight those where p-value is minor of 0.5 and 0.1 respectively.

239 Figure 6. Lake Narlay: Results of the change point detection analysis obtained from the R package “Changepoint
240 detection package [17]. The grey zones are drawn according to the know climatic condition. The cultivated plant
241 pollen abundance documents the increase anthropogenic pressure on the lake.
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