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Highlights: (3-5, 85 chars) 25 

*Laser ablation-based techniques can be used to measure single ephippium δ13C values 26 

*Bulk ephippia δ13C values may represent strong within-sample variability 27 

*This variability may be caused by seasonal or species-specific differences in diet  28 

*This technique can be used to assess seasonal patterns behind shifts in bulk samples 29 

*Larger numbers of ephippia in samples can increase the precision of reconstructions  30 
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ABSTRACT 31 

The stable carbon isotope ratio (δ13C value) of Daphnia spp. resting egg shells (ephippia) 32 

provides information on past changes in Daphnia diet. Measurements are typically performed 33 

on samples of ≥20 ephippia, which obscures the range of values associated with individual 34 

ephippia. Using a recently developed laser ablation-based technique, we perform multiple 35 

δ13C analyses on individual ephippia, which show a high degree of reproducibility (standard 36 

deviations 0.1 to 0.5 ‰). We further measured δ13C values of 13 ephippia from surface 37 

sediments of three Swiss lakes. In the well-oxygenated lake with low methane concentrations, 38 

δ13C values are close to values typical for algae (-31.4 ‰) and the range in values is 39 

relatively small (5.8 ‰). This variability is likely driven by seasonal (or inter-annual) 40 

variability in algae δ13C values. In two seasonally anoxic lakes with higher methane 41 

concentrations, average values were lower (-41.4 and -43.9 ‰, respectively) and the ranges 42 

much larger (10.7 and 20.0 ‰). We attribute this variability to seasonal variation in 43 

incorporation of methane-derived carbon. In one lake we identify two statistically distinct 44 

isotopic populations, which may reflect separate production peaks. The potentially large 45 

within-sample variability should be considered when interpreting small-amplitude, short-46 

lived isotope excursions based on samples consisting of few ephippia. We show that 47 

measurements on single ephippia can be performed using laser ablation, which allows for 48 

refined assessments of past Daphnia diet and carbon cycling in lake food webs. Furthermore, 49 

our study provides a basis for similar measurements on other chitinous remains (e.g. from 50 

chironomids, bryozoans). 51 

  52 
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1. Introduction 53 

The use of the stable isotopic composition of organic remains in lake sediments has been 54 

emerging as a means to reconstruct changes in past ecological and climatological conditions 55 

in and around lakes (Leng and Henderson, 2013).  Because they are often abundantly found 56 

in sediments and are resistant to degradation (Verbruggen et al., 2010), the chitinous remains 57 

of aquatic invertebrates have a strong potential as a proxy for such reconstructions (Heiri et 58 

al., 2012). For example, the stable carbon isotopic composition (expressed as δ13C values) of 59 

the shells (ephippia) of the resting eggs of water fleas (Daphnia spp.) has been shown to 60 

reflect that of the maternal Daphnia and its diet (Schilder et al., 2015b). This allows for the 61 

use of δ13C values of ephippia to investigate the δ13C value of Daphnia diet in the past (see 62 

e.g. Morlock et al., 2016; Rinta et al., 2016; Schilder et al., 2017). Chitinous remains of other 63 

organisms, most notably chironomid head capsules, bryozoan statoblasts and Ceriodaphnia 64 

ephippia have also been used to investigate past changes in the stable carbon isotopic 65 

composition of aquatic invertebrates in lake food webs, often in combination with Daphnia 66 

ephippia (Belle et al., 2014; Frossard et al., 2013; Morlock et al., 2016; Rinta et al., 2016; van 67 

Hardenbroek et al., 2013; Wooller et al., 2012). 68 

Daphnia feed on suspended organic particles, predominantly algae, in the water 69 

column of lakes (Lampert, 2011). In addition, Daphnia may ingest methanotrophic bacteria 70 

(MOB) or other microorganisms feeding on MOB. This leads to δ13C values in Daphnia that 71 

are much lower (Kankaala et al., 2006) than typical for freshwater algae (-35 to -25 ‰, 72 

(Vuorio et al., 2006)), because the δ13C values of biogenic methane in lake ecosystems (-85 73 

to -50 ‰, (Jedrysek, 2005; Rinta et al., 2015; Whiticar et al., 1986)) and MOB metabolizing 74 

this methane (Templeton et al., 2006) are exceptionally low. Schilder et al. (2015a) found that 75 

δ13C values of ephippia from surface sediments were lower in small temperate lakes with 76 

high methane concentrations in the water column than in those with low methane 77 
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concentrations in the water column. This suggests that the amount of methane-derived carbon 78 

in these ephippia (and consequently their δ13C values) are systematically related to in-lake 79 

methane concentrations. The δ13C values of ephippia deposited in lake sediments may thus 80 

provide an indication of past availability of methane in lakes. Given the importance of lakes 81 

(and other freshwater bodies) in the global carbon cycle as producers and emitters of methane 82 

(Bastviken et al., 2011; Battin et al., 2009), this method can provide valuable insight into the 83 

past response of lakes to environmental and climatic change in terms of methane productivity 84 

and carbon cycling in general (e.g Perga et al., 2016; van Hardenbroek et al., 2014, 2013; 85 

Wooller et al., 2012). This information, in turn, can be used to better predict future responses 86 

of the lacustrine carbon cycle, and particularly of lacustrine methane production and 87 

emission, to changes in the environment and in the climate. 88 

Seasonal fluctuations in δ13C values of Daphnia exceed 10 ‰ in some lakes 89 

(Morlock et al., 2016; Perga and Gerdeaux, 2006; Smyntek et al., 2012) and are partly driven 90 

by changes in the δ13C value of phytoplankton. For example, the seasonal succession of 91 

dominant algae species with different carbon fractionation rates can drive seasonal shifts in 92 

algal δ13C values (e.g Hollander and McKenzie, 1991) and therefore the stable carbon 93 

isotopic composition of food available to Daphnia. Additionally, changes in CO2
 94 

concentrations (due to e.g. uptake of CO2 by algae, CO2 produced as a product of 95 

decomposition of organic matter or changes in pH that shift the equilibrium between the 96 

various dissolved carbonate species) can also influence both the baseline δ13C value of CO2 97 

and algal carbon fractionation rates (Laws et al., 1995; Smyntek et al., 2012), forming 98 

another source of seasonal variability in Daphnia δ13C values. As a consequence, higher δ13C 99 

values of algae are typically observed during (late) spring and summer and lower values 100 

during fall and winter (Hollander and McKenzie, 1991; Morlock et al., 2016; Schilder et al., 101 

2017; Smyntek et al., 2012). However, incorporation of MOB by Daphnia also likely occurs 102 
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mostly in fall when algal abundance declines and hypolimnetic methane is exposed to oxygen 103 

upon lake mixing (Morlock et al., 2016; Taipale et al., 2007). This can promote large 104 

seasonal fluctuations in Daphnia δ13C values in dimictic lakes with high methane production, 105 

leading to Dapnia δ13C values much lower than reported for algae (-40 ‰ and lower, see e.g. 106 

Kankaala et al. (2010) and Schilder et al. (2017)). In addition, there is a seasonality in the 107 

production of ephippia themselves: Ephippia may be produced throughout the year, but there 108 

typically are distinct production peaks in spring and in fall (Cáceres, 1998; Cáceres and 109 

Tessier, 2004).  110 

The extent to which these sources of (potential) seasonal variability affect 111 

down-core variations in δ13C values of Daphnia ephippia is poorly constrained. In part, this is 112 

because δ13C analysis of single (sub)fossil ephippia shells has to date been impossible. δ13C 113 

measurements on a large number of shells from a sample (hereafter called bulk 114 

measurements) represent a weighted average of δ13C values of individual ephippia which 115 

may originate from populations of very uniform or highly variable δ13C values. 116 

Measurements on individual ephippia would provide insights into this within-sample 117 

variation. Furthermore, they could provide information on whether ephippia in a sample 118 

represent one or more isotopically distinct ephippia production peaks or Daphnia populations 119 

(e.g. spring and autumn production peaks of the same or different Daphnia species), and how 120 

food sources different from algae (e.g. MOB) contributed to the diet of Daphnia producing 121 

these ephippia.  122 

The amount of Daphnia ephippia needed for down-core ephippia δ13C analysis 123 

constrains the resolution of presently available records, often resulting in records with a 124 

relatively low level of taxonomic and temporal resolution (e.g. Morlock et al., 2016; Schilder 125 

et al., 2017). The number of ephippia needed is in turn strongly constrained by the size 126 

(mass) of the ephippia found in a sediment record and the lower limit of sample mass that can 127 
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be measured with a given analytical setup. For standard total combustion isotope ratio mass 128 

spectrometry (TC/IRMS), 20 or more individual ephippia are typically measured (Morlock et 129 

al., 2016; Rinta et al., 2016; Schilder et al., 2017). The δ13C analysis on invertebrate remains 130 

is at times performed on samples as small as 20 µg (see e.g. Belle et al., 2017) and given the 131 

potentially large weight of Daphnia ephippia (0.5 to 5 µg per ephippium, with very large 132 

ephippia even exceeding 5 µg; Van Hardenbroek et al., this issue) measurements could be 133 

performed on samples containing only 5 to 10 individual ephippia (or even less). However, if 134 

the variability in δ13C values is high in a sediment sample, measurements on bulk samples 135 

containing a low number of ephippia may also lead to high apparent variability in down-core 136 

records, which can complicate their interpretation. Here we apply a novel analytical setup 137 

capable of analysing δ13C values of individual ephippia which we use to investigate within-138 

bulk sample variability.  139 

Recent advances in analytical procedures (e.g. approaches based on laser-140 

ablation or Spooling Wire Microcombustion)  now allow the measurement of the isotopic 141 

composition of samples considerably smaller than those conventionally measured in isotope 142 

studies of lacustrine invertebrate remains (see e.g. Eek et al., 2007; Moran et al., 2011; 143 

Pearson et al., 2016), potentially allowing single or even multiple measurements on 144 

individual microfossils (e.g. Nelson et al., 2007; van Roij et al., 2017; Zhao et al., 2017) . We 145 

use a laser-ablation based setup for measuring the δ13C values of individual ephippia. The 146 

setup has been developed for δ13C analysis of small organic particles, such as organic 147 

microfossils, and has been shown to produce high accuracy and precision data for an 148 

international standard, as well as for single grains of pollen and dinoflagellate cysts (Sluijs et 149 

al., 2018; van Roij et al., 2017). We analyse individual Daphnia ephippia from surface 150 

sediments from three Central European lakes that vary in their geographical and elevational 151 

setting (subalpine versus lowland), occurrence of anoxia in deeper water layers, and the 152 
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extent to which methane enters the open water column. We aim to explore the potential of 153 

this approach to investigate the variability behind δ13C values based on bulk Daphnia 154 

ephippia samples such as presented by Schilder et al. (2015a). For each lake we present 155 

multiple δ13C measurements on the same ephippium to constrain the reproducibility of the 156 

approach and assess whether individual ephippia were homogeneous in their stable carbon 157 

isotopic composition. Furthermore, for each lake we analysed another 13 individual ephippia 158 

from the same surface sediment sample once to investigate the variability in Daphnia 159 

ephippia δ13C values within a fossil ephippia assemblage. We expected to find larger 160 

variability in ephippia δ13C values in the stratified lakes with high methane concentrations 161 

than in the well-mixed lake with low methane concentrations, since it can be expected that in 162 

the lakes with high methane concentrations Daphnia diet may be supplemented by strongly 163 

13C-depleted, methane-derived carbon during part of the seasonal cycle (e.g. Morlock et al., 164 

2016; Rinta et al., 2016; Schilder et al., 2017; Taipale et al., 2007). 165 

 166 

2. Methods 167 

2.1 Description of sites 168 

For this study the surface sediments of three dimictic Swiss lakes, Burgäschisee (BUR), 169 

Hinterburgsee (HIN) and Seealpsee (SEE) were investigated. HIN and SEE are mountain 170 

lakes (1516 and 1141 m above sea level (asl), respectively), whereas BUR is situated in the 171 

lowlands of the Swiss plateau (434 m asl). At the time of sampling (late summer 2011), all 172 

three lakes were thermally stratified. BUR and HIN were characterized by anoxic bottom 173 

waters, whereas the water column of SEE was fully oxygenated. Surface water methane 174 

concentrations were 1.15 (BUR), 2.80 (HIN) and 1.04 (SEE) µmol l-1, and the bottom water 175 

methane concentrations were 226.63 (BUR), 13.40 (HIN) and 1.26 (SEE) µmol l-1 (see Table 176 
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1 for further details on the lakes and Rinta et al. (2015) for full details on the trace gas 177 

measurements and information on the lakes). 178 

 179 
 

Seealpsee 

(SEE) 

Hinterburgsee 

(HIN) 

Burgäschisee 

(BUR) 

Longitude  

(WGS 1984, decimal) 

9.4000 8.0675 7.6686 

Latitude  

(WGS 1984, decimal) 

47.2689 46.7173 47.1690 

Altitude  

(m asl) 

1141 1516 434 

Max depth  

(m) 

14.5 11.4 30 

Area  

(ha) 

13.5 4.5 20.4 

pH surface water 8.7 8.9 8.6 

TN surface water  

(µg l-1) 

550 800 1200 

TP surface water  

(µg l-1) 

10 11 14 

[O2] surface water  

(mg l-1) 

10.33 10.83 9.92 

[O2] bottom water  

(mg l-1) 

10.08 0.13 0.05 

[CH4] surface water  

(µM) 

1.04 2.8 1.15 

[CH4] bottom water  

(µM) 

1.26 13.40 226.63 

Table 1: Location and limnological characteristics of the three study lakes. 180 

 181 

2.2 Surface sediment ephippia 182 

In the deepest part of the lakes, surface sediment (the top 2 cm) was retrieved using a gravity 183 

corer (UWITECH, Austria). The sediment was treated chemically (2 h 10% KOH and 20 h 184 

2M NH4Cl buffered in 0.35 M NaOH) to deflocculate the sediment and remove carbonates 185 

(following Verbruggen et al. (2010)), sieved (100 µm) and ephippia were isolated from the 186 

sieving residue using forceps and a binocular (20 - 50 x magnification) as described by 187 

Schilder et al. (2015a). For each sample, 25 ephippia were transferred to a glass vial 188 

containing demineralized water for short-term (2 months) dark storage and transport. NaCl 189 
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was added to each vial to prevent biological degradation during this period. Later, these 190 

ephippia were rinsed in demineralized water to remove the salt. From each lake, the δ13C 191 

value of one ephippium was determined three to four times to assess whether a single 192 

measurement is representative of the whole specimen. From 13 further ephippia the δ13C 193 

value was measured once. 194 

 195 

2.3 Mass Spectrometry 196 

Individual ephippia δ13C values were measured using the laser ablation, nano combustion gas 197 

chromatography and isotope ratio mass spectrometry (LA/nC/GC/IRMS) setup described by 198 

van Roij et al. (2017). In short, 2 to 4 ephippia were placed between two nickel discs (6 mm 199 

diameter) and pressed with a hydraulic press (3.5 ton cm-2) to attach the ephippia to the nickel 200 

discs. A nickel disc with ephippia was then introduced to a small ablation chamber positioned 201 

under a 193 nm ArF laser system (COMPex 102; Lambda Physik, Göttingen, Germany). 202 

Using the laser, a small section of one ephippium (100 µm diameter hole: Fig. 1) was ablated 203 

and carried to a GC combustion III interface (ThermoFinnigan, Bremen, Germany) coupled 204 

on line to a Delta V Advantage isotope ratio mass spectrometer (ThermoFinnigan) by a 205 

helium flow. A microscope equipped with a camera was used to aim the laser beam. Aside 206 

from avoiding the edges of the ephippia, no particular area of the ephippia was targeted 207 

specifically. The analytical precision (based on the results of 2 to 3 analyses of the laboratory 208 

standard IAEA CH-7 (polyethylene, PE) per sequence) ranged from ± 0.05 to ± 0.5 ‰. 2 to 4 209 

ephippium measurements were performed per sequence. A small fragment of the PE standard 210 

was placed on the same nickel disc as the ephippia and ablated at the beginning and end of 211 

each measurement sequence. 212 

  213 
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2.4 Statistical analyses 214 

Shapiro-Wilk tests were used to test for normal distribution of the results. To compare the 215 

variance of Daphnia ephippia δ13C values retrieved from the three lake sediment samples the 216 

Brown-Forsyth test for homogeneity of variance was applied. Hartigan´s dip-test was applied 217 

to test for unimodality of the distributions of δ13C values within a sediment sample. All 218 

statistics were performed using the R software package (R Core Team, 2013). 219 

 220 

3. Results 221 

Repeated measurements on a single ephippium from each lake show very consistent results 222 

(Figure 2), with a standard deviation of 0.1 ‰ (SEE, n = 3) and 0.5 ‰ (HIN and BUR, n = 4 223 

and 3, respectively). This is comparable to the standard deviation observed for the laboratory 224 

standard, implying that a Daphnia ephippium is as homogeneous in its δ13C value as the PE 225 

standard. Repeated measurements on PE and on single ephippia therefore both indicate an 226 

analytical uncertainty and repeatability of our measurements of ≤ 0.5 ‰ (expressed as 1 227 

standard deviation). 228 

There is a considerable amount of variation in δ13C values of individual 229 

Daphnia ephippia within each surface sediment sample, as well as a large difference in 230 

variability between the lakes. Ephippia δ13C values from SEE ranged from -37.3 to -31.5 ‰ 231 

(range 5.8 ‰, standard deviation 1.8 ‰), values from HIN ranged from -45.9 to -35.2 ‰ 232 

(range 10.8 ‰, standard deviation 4.0 ‰) and those from BUR ranged from -54.1 to -34.1 ‰ 233 

(range 20.0 ‰, standard deviation 6.8 ‰). The average values are in line with Schilder et al. 234 

(2015a) who reported much lower bulk Daphnia ephippia δ13C values in HIN (-45.2 and -235 

47.4 ‰) than in SEE (-35.5 ‰) isolated from different surface sediment samples than 236 

analysed in this study. The Shapiro-Wilk tests indicate that the data from HIN are not 237 
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normally distributed (p < 0.05), whereas those of SEE and BUR are. The Brown-Forsyth test 238 

confirms a strong dissimilarity in the variance of the δ13C values between the lakes (p < 239 

0.0005). Furthermore, Hartigan´s dip-test suggests that the distribution of ephippia δ13C 240 

values from BUR was not unimodal (i.e. at least bimodal, p < 0.05). 241 

 242 

4. Discussion 243 

4.1 Within-sample variability in δ13C values 244 

The repeated measurements on single ephippia demonstrate that the setup used in our study 245 

provides measurements with a high degree of replicability for ephippia analyses. They also 246 

show very low heterogeneity in δ13C values within ephippia, which means that results from 247 

different ephippia based on single measurements may be compared meaningfully.  248 

In SEE, the variability between individual ephippia is relatively small (standard 249 

deviation 1.8 ‰) and the δ13C values (-37.3 to -31.5 ‰) typically are in the range of those 250 

reported for algae (-35 to -25 ‰, (Vuorio et al., 2006)). We consider it likely that this 251 

variability represents seasonal (or inter-annual) changes in δ13C values of algae that 252 

dominated in diet of Daphnia in this lake. Considering the low concentrations of methane in 253 

this lake it is very unlikely that MOB formed a major part of Daphnia diet and this is 254 

reflected in the absence of low Daphnia ephippia δ13C values (Figure 2).  255 

In HIN, the standard deviation of δ13C values (4.0 ‰) is more than twice as 256 

large as in SEE and 8 out of 14 ephippia have a value of -41.9 ‰ or lower, much lower than 257 

can be expected for algae (Vuorio et al., 2006). We therefore interpret these low ephippia 258 

δ13C values as indicating that these remains originate from Daphnia that incorporated 259 

methane-derived carbon. It appears that the variability is caused by both variation in algal 260 
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δ13C values and variation in the importance of MOB as a dietary component. We do note that 261 

because the top 2 cm of sediments in our studied lakes likely represents multiple seasonal 262 

cycles, the observed variability may reflect both seasonal and inter-annual variations. MOB 263 

incorporation by Daphnia occurs predominantly in fall and winter (Schilder et al., 2017; 264 

Taipale et al., 2007). The δ13C values may hint at more than one production peak (one during 265 

fall and one during e.g. spring). However, the test for multimodality was not significant so we 266 

cannot state with confidence that timing of ephippia production was a causal factor in the 267 

variation of ephippia δ13C values we observed. Additional measurements may reveal 268 

evidence for multimodality of ephippia δ13C values within this sample.  269 

The distribution of ephippia δ13C values from BUR was identified as 270 

multimodal and a clear separation can be seen between very low values (-54 to -45 ‰), much 271 

lower than can be expected from algae, and values more in line with those expected from 272 

algal primary productivity (-37 to -34 ‰). This pattern of δ13C values can be most easily 273 

explained by two or more seasonal production peaks of Daphnia ephippia during periods in 274 

the seasonal cycle when Daphnia either preferentially feed on algal material or on a mixed 275 

diet of phytoplankton and organisms incorporating methane-derived carbon (e.g. MOB or 276 

micro-organisms feeding on MOB). In Central European lakes such periods would include, 277 

e.g., early summer and autumn overturning, periods in which at least some Daphnia species 278 

are known to produce ephippia (Cáceres, 1998; Cáceres and Tessier, 2004).  279 

 280 

4.2 Implications for palaeo-studies 281 

The sample from BUR demonstrates that the range of seasonal and/or inter-annual variability 282 

in δ13C values of ephippia-producing Daphnia is preserved and reflected in the fossil record. 283 

Furthermore, it demonstrates that the distinct imprint of multiple production peaks remains 284 
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preserved in such samples. We interpret this variability as mainly reflecting seasonal changes 285 

in the relative importance and δ13C values of food sources ingested by Daphnia. Because of 286 

the peak-wise production of ephippia in many lakes (Cáceres, 1998) and the observation that 287 

Daphnia and ephippia tend to have very low δ13C values indicative of incorporation of 288 

methane-derived carbon typically during autumn and winter (Schilder et al., 2017; Taipale et 289 

al., 2007), it is likely that seasonal variation in ephippium production is the main contributor 290 

to the observed inter-ephippium variability. We regard seasonal variability especially relevant 291 

as a source for inter-ephippium variability in lakes where methane-derived carbon enters the 292 

pelagic food web. However, other sources of variation, such as species-dependent differences 293 

in feeding strategy or timing of ephippium production may also contribute to this variability. 294 

We also note that in lakes where ephippia are only produced once per year during a short 295 

period, strong seasonal variability in Daphnia δ13C values may not be faithfully recorded by 296 

the ephippia preserved in the sediment. 297 

Analyses of within-sample distribution patterns of Daphnia ephippia δ13C 298 

values may provide new avenues for reconstructing past environmental and ecological 299 

changes based on geochemical analyses of Daphnia remains. For example, measuring the 300 

stable oxygen isotope ratios and/or Mg/Ca values of individual marine foraminifera shells 301 

(Ganssen et al., 2011; Wit et al., 2010) to reveal changes in the range of seasonal sea surface 302 

temperatures allowed to further refine reconstructions of past (average) sea surface 303 

temperatures, which normally target mean annual values only. Moreover, individual marine 304 

dinoflagellate cyst δ13C analyses not only showed species-specific ecological variations but 305 

also yielded information on the ecological flexibility or fitness of populations (Sluijs et al., 306 

2018). Similarly, down-core changes in the variability of within-sample δ13C variation of 307 

ephippia and or extreme (particularly minimum) values may provide information on changes 308 

in carbon sources for Daphnia ephippia in lakes. For example, is the relative abundance of 309 
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ephippia containing methane-derived carbon in the sample changing, or is the amount of 310 

methane-derived carbon in these ephippia changing, thereby altering the mean δ13C values of 311 

these ephippia? Measuring individual ephippia δ13C values may therefore allow for more 312 

sensitive assessments as to whether methane-derived carbon contributed to the planktonic 313 

food web of lakes. In addition, such information may potentially reveal changes in the 314 

production period of Daphnia ephippia in the past.  315 

Our findings also allow an assessment of the expected variability of fossil 316 

ephippia δ13C values of bulk ephippia samples that originates from between-ephippium 317 

variability of δ13C values. Low ephippia numbers in such bulk samples may lead to 318 

substantial down-core variability in records due to an overrepresentation of ephippia with 319 

relatively (compared to the sample´s average) low or high δ13C values in some samples. This 320 

is especially of concern for lake systems in which strong influences of methane-derived 321 

carbon in Daphnia diet may be expected (given the large variability in BUR and to a lesser 322 

degree HIN as opposed to SEE). To illustrate this, we used our 14 data points per lake (under 323 

the assumption that these properly reflect the variability within the lake´s sediments, and that 324 

the ephippia all have equal mass) to randomly generate 40 bulk ephippia samples for each of 325 

17 different sample sizes between 1 and 150 ephippia, for each lake. Figure 3 shows the 326 

standard deviation from the average for those 40 samples for each sample size and lake. The 327 

calculations clearly show that for SEE, with relatively low between-ephippium variability, 328 

bulk samples with 20 ephippia are much more likely to return values within 1 ‰ of the true 329 

average than for HIN and BUR. This implies that especially in lakes with a high variability in 330 

ephippia δ13C values, short (i.e. single sample), low-amplitude isotope excursions should not 331 

be over-interpreted in bulk Daphnia ephippia δ13C records, unless they are based on a very 332 

large amount of ephippia or well-supported by corroborating evidence. Measuring one or 333 

more secondary, independent proxies can help to separate such minor variations in bulk 334 
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Daphnia δ13C values which represent true changes in aquatic food webs and past 335 

environments from those which are due to large heterogeneity of ephippia δ13C values within 336 

samples. For example, earlier studies have used geochemical analyses, diatom-inferred total 337 

phosphorus (Schilder et al., 2017), δ13C measurements on other invertebrate taxa (e.g. 338 

chironomids, bryozoans, Ceriodaphnia) or bulk sediment organic matter δ13C analyses 339 

(Morlock et al., 2016; van Hardenbroek et al., 2013), or have analysed invertebrate remains 340 

from a second core from the same lake (Frossard et al., 2014) to support the interpretation of 341 

down-core invertebrate δ13C records based on the analysis of bulk samples.  342 

In sediments that contain two or more distinct groups or clusters of ephippia 343 

δ13C values (such as is the case in BUR), down-core changes in bulk ephippia δ13C values 344 

may reflect changes in one or two of these groups. For example, variations may be driven 345 

only by changes in fall ephippia δ13C values. In such cases changes in bulk ephippia δ13C 346 

values may be effectively dampened by stability of ephippia produced during other parts of 347 

the seasonal cycle, for example ephippia from spring / early summer Daphnia that feed 348 

predominantly on algae. Such mechanisms may need to be taken into account when 349 

interpreting down-core bulk ephippia δ13C records. Further investigations of the main 350 

ephippia production peaks in our study lakes and of their stable carbon isotopic composition 351 

(e.g. with the help of sediment trap studies) would help to further constrain the effects of 352 

between-year variability in Daphnia ephippia δ13C values and multiple production peaks on 353 

reconstructed Daphnia δ13C values.  354 

 355 

  356 
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5. Conclusion 357 

The data we present show that LA/nC/GC/IRMS analysis of Daphnia ephippia is possible 358 

and a feasible approach to investigate ephippia δ13C values on individual epihippia or even 359 

investigate the variability within the same ephippium with a high degree of repeatability. Our 360 

results imply that the within-sample variability of epihippia δ13C values, related to e.g. 361 

seasonal variability in Daphnia δ13C values and timing of ephippia production peaks, can 362 

have an impact on a fossil bulk ephippia δ13C record. This has some implications for 363 

preparing samples for down-core records based on bulk ephippia δ13C analysis and 364 

interpreting the results, but also opens up new avenues for future research. 365 

 Our results indicate that bulk samples with low δ13C values may represent 366 

averages of ephippium assemblages with a high between-ephippium variability in δ13C 367 

values. Bulk ephippia samples therefore ideally consist of sufficiently high numbers of 368 

ephippia to increase the likelihood of properly reflecting the true average δ13C value of the 369 

deposited ephippia during a certain period of time. The optimal amount of ephippia depends 370 

strongly on the (expected) variability within the sample and the desired accuracy of the 371 

reconstruction (Figure 3). Especially when dealing with low amounts of ephippia, the use of 372 

secondary, independent proxies can produce necessary constraints to interpretations of down-373 

core records. Measuring individual ephippia for certain parts of a record, for example for 374 

sections with relatively high or low rates of incorporation of methane-derived carbon, can 375 

also provide an avenue for constraining and improving interpretations. Moreover, this 376 

approach can potentially also be used to investigate how the range of ephippia δ13C values 377 

produced during different seasons and/or by different Daphnia poulations changed over time.  378 

 Finally, our results show that δ13C analyses of individual chitinous microfossils 379 

in lake sediments are possible and produce reproducible results. This opens the opportunity 380 
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for applying this method to chitinous fossils of other invertebrate groups such as chironomid 381 

head capsules, cladoceran (e.g. bosminid or chydorid) head shields and carapaces or 382 

bryozoan statoblasts. Possible research questions which could be explored include, e.g. the 383 

within assemblage variability of δ13C values for individual taxa and fossil structures, but also 384 

inter taxon variability for fossil groups that produce too small amounts of fossil chitinous 385 

material to measure with conventional bulk measurement techniques. 386 

 387 
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 537 

Figure 1: Laser-ablated ephippia. (A) Photograph showing a 6 mm nickel plate with three 538 

ephippia pressed onto it. (B) An ephippium with two holes resulting from the laser ablation.    539 

 540 
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 541 

Figure 2: Individual ephippia δ13C values. A: δ13C values of repeated measurement of a 542 

single ephippium from the sediments of SEE (n=3), HIN (n=4) and BUR (n=3). Open circles 543 

represent the measurements and the closed circles represent the average, the error bars 544 

indicate the standard deviation. B: The result of measurements on 14 individual ephippia 545 
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from the same sediments. Open circles indicate individual measurements and the closed 546 

circles the average value (error bars represent the standard deviation). C: δ13C values of 547 

dissolved inorganic carbon (black bars), dissolved carbon dioxide (open bars) and dissolved 548 

methane (cross marks) measured in the lakes (for details see Rinta et al., (2015) and Schilder 549 

et al. (2015a)). The grey area indicates δ13C values typical for algae (-35 to -25 ‰, Vuorio et 550 

al. (2006)) and the black circles with error bars indicate the average and standard deviation of 551 

the 14 individual ephippium δ13C values from each lake (as in B). 552 

 553 

 554 

Figure 3: Sample size and standard deviation. The standard deviation of 40 randomly 555 

generated ephippia samples (see main text for details) for various sample sizes (between 1 556 

and 150 ephippia) based on our 14 measurements on ephippia from BUR (diamonds), HIN 557 

(circles) and SEE (squares). The lines indicate a standard deviation of 0.5, 1 and 2 ‰. 558 


