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Abstract

1. Studies of  stable isotope signatures can reveal and quantify trophic carbon transfer between 
organisms. However, preservation of  the samples before analysis cannot always be avoided. 
Some preservation agents are known to alter tissue δ13C values considerably, but we do not yet 
understand how variation in such preservation artifacts may be determined by variation in body 
traits of  different invertebrate species and life stage. 

2. Here we tested the effect of  four different preservation methods on 13C signatures of  two 
morphologically and ecologically distinct springtails, Folsomia candida and Orchesella cincta. These 
springtails were fed on the fungus Cladosporium cladosporioides grown on either a C3 or C4 carbon 
source, resulting in springtails with two contrasting initial δ13C values. Subsequently these 
springtails were preserved for 46 days.  In addition a juvenile-adult comparison was made for F. 
candida.  

3. Freeze-drying and subsequent dry storage did not affect 13C signatures of  either species; 
neither did killing springtails with liquid nitrogen and storing them at -80°C. Preservation in 70% 
ethanol slightly depleted δ13C values of  adult F. candida but not of  O. cincta. In contrast, storage 
in saturated salt solution depleted both species considerably. Life stage affected preservation 
success significantly; storage in 70% ethanol depleted adult F. candida but not its juveniles. Initial 
δ13C values of  the springtails did not interact with preservation artifacts, suggesting that the 
shifts in δ13C values are caused by effects of  the preservative on the animal tissue rather than by 
its remainders. 

4. We recommend freezing-drying as a preservation method. However, our results suggest that 
inter-specific differences (e.g. in body size, cuticle thickness) as well as intra-specific difference 
(e.g. life stage dependent changes in the proportion of  fat reserves) are important determinants 
of  preservation effects on 13C signatures. This makes interpreting stable isotope data obtained 
from preserved springtails relatively difficult, especially when natural 13C abundances are 
used to study trophic interactions or interspecific functional differences. We predict that such 
complications also apply to other invertebrate taxa and types.

Introduction

Stable isotope analysis is a widely used tool in studying biotic interactions and trophic position in 
communities.  Ratios of  13C /12C and 15N/14N are used to reconstruct animal diets and provide 
insights in the functioning of  species, by means of  the predictable fractionation of  stable isotope 
ratios between trophic levels (Ponsard and Arditi 2000; Scheu and Folger 2004a; Bradford 
et al. 2007; Hishi et al. 2007). In soil ecology, methods for tracing 13C isotopes through the 
ecosystem have gained interest as a tool for linking species or functional groups of  soil biota to 
particular soil processes (Staddon 2004). However, studies on stable isotope ratios often require 
the organisms to be identified, counted and stored before isotope analysis can take place. The 
storage conditions of  the organisms can affect the stable isotope ratios, with implications for the 
interpretation of  the results.  

The suitability of  chemical agents to fixate tissue for stable isotope analysis has been questioned, 
because several preservatives are known to significantly alter stable isotope ratios (Barrow et al. 
2008). Many preservatives contain the actual isotope to be analyzed, and might thereby alter δ 
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values of  the tissues stored, or can have an effect on tissues properties. For example, ethanol-
based preservatives contain carbon with its own specific isotopic signature, and might change 
the isotope ratios of  whole organisms or their specific tissues by dissolving and extracting lipids, 
which have a low 13C content compared to carbohydrates and proteins (Deniro and Epstein 1978; 
Kaehler and Pakhomov 2001; but see Ponsard and Amlou 1999; Kelly et al. 2006). Saturated NaCl 
solutions are used as a carbon-free preservation alternative (Arrington and Winemiller 2002; 
Bradford et al. 2007), but this preservative can lead to changed δ values due to mechanical cell 
destruction and loss of  cytosol by osmosis (Bugoni et al. 2008). Overall, literature on the effects 
of  preservation on stable isotope ratios is scattered, involves many different tissue types and 
different preservation periods, and generally does not concur. Some studies suggest that certain 
preservatives alter stable isotope ratios (Kaehler and Pakhomov 2001, Kelly et al. 2006, Bugoni 
et al. 2008), whereas other studies failed to detect differences caused by similar preservatives 
(Arrington and Winemiller 2002, Sticht et al. 2006).

One explanation for the lack of  consensus about which preservation method to use could be that 
a method suitable to one organism may change δ values considerably in other organisms. This 
might be caused by morphological characteristics such as body size (determining e.g. surface to 
volume ratio), absence or presence of  a thick cuticle, scales or hairs or proportion of  fat reserves 
(Deniro and Epstein 1978). These characteristics may vary not only between species but also 
within species, for instance between adults and juveniles. This could be an impediment when 
analyzing multiple species (possibly of  mixed age compositions), that occupy different trophic 
levels, especially when natural 13C abundances are used, because these comparisons often require 
detection of  changes in δ values of  less than 2‰.

In labeling studies where 13C is added as a tracer, differences in signatures between the labeled 
source and the unlabelled carbon pool are much easier to detect (Staddon 2004), but to our 
knowledge there is hardly any information about the effect of  preservation method on signatures 
in isotope enriched organisms (but see, Ponsard and Amlou 1999). Effects of  preservation agents 
on δ13C values might have been underestimated because the 13C-value of  the chemical agent was 
similar to that of  the analyzed tissue. Furthermore, discrimination of  the 13C isotope could cause 
divergence of  δ values of  tissues within the organism and thus make it more sensitive to changes 
in total δ13C due to preservation.

In this study, we take a first step in exploring the sensitivity of  δ values of  different invertebrate 
species and their life stages to a number of  preservation methods, by comparing their 13C 
signatures with and without preservation of  different kinds.  Two morphologically dissimilar 
springtail species, the most evident differences being body size, level of  pigmentation and 
hair coverage, were cultured on a fungus grown on two isotopically distinct carbon sources (a 
C3 and C4 carbon source) and subsequently preserved in different ways for 46 days prior to 
isotope analysis.  Animals were either stored at room temperature after freeze-drying, killed by 
liquid nitrogen and stored in -80°C or submerged in 70% ethanol or saturated NaCl solution. 
In addition, an adult-juvenile comparison was made to test for life stage related differences in 
preservation effect on δ13C values.

Storage effects on δ13C in related soil fauna
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Methods

Experimental setup and laboratory conditions

All experiments were carried out in a climate room of  20°C, relative humidity of  75% and a 
12:12 h light:dark regime. Springtail species Folsomia candida (Willem, 1902) and Orchesella cincta 
(L., 1758) were taken from laboratory cultures at the Dept. of  Ecological Science, VU University, 
Amsterdam. The animals were fed Cladosporium cladosporioides ((Fresen.) G.A de Vries 1952), 
which is a common soil fungus, provided by CBS (Centraal Bureau voor Schimmelcultures, 
Utrecht). Folsomia candida and O. cincta were chosen because they are ecologically distinct species 
that are both known to feed on C. cladosporioides (Lavy and Verhoef  1996; Scheu and Simmerling 
2004), are easily maintained under laboratory conditions and are contrasting in size and other 
traits, such as coverage of  hairs, pigmentation and cuticle thickness. 

Fungus

Cladosporium cladosporioides cultured on agar plates was inoculated by dissolving its spores in 
a 0.9% NaCl solution and pipetting 40μl of  the spore-solution onto sterile paper discs (Ø 5 
mm) that were placed on the surface of  agar plates. The agar medium was prepared from 20 g 
bacteriological agar (OXIOD), 5 g NaCl, 1 g KH2PO4, 0.1 g yeast extract, 6 g (NH4)2SO4 and 30 
g sucrose per liter demineralized water, autoclaved for 40 minutes at 121ºC. This medium was 
chosen to make sure that the main carbon source would be sucrose. For differential C-labeling 
of  fungi, either sucrose form sugar cane (C4 plant; Sigma Chemie, Steinheim, Germany; δ13C 
-11.90) or sucrose from sugar beet (C3 plant; Van Gilse, Dinteloord, The Netherlands; δ13C 
-27.05) was used for preparation of  the agar medium. After inoculation, the agar plates were 
incubated at 21°C for 4 days at 50% relative humidity. This lead to a stocks of  two fungal types 
which we noted as ‘C3 and C4 fungus’.

δ13C signatures (see below) of  the C3 and C4 sucrose were -27.13 ± 0.02 and -11.93 ± 0.05, and 
δ13C signatures of  C3 and C4 agar media were -22.84 ± 0.11 and -15.11 ± 0.03, respectively. 
Average δ13C signatures of  hyphae taken from freshly grown fungus of  3 different batches, were 
-27.30 ± 0.44 for C3 fungus and -12.42 ± 0.45 for C4 fungus (Table 1). Surprisingly the signature 
of  the fungi did not correspond to that of  the agar sucrose, indicating that the fungi used the 
sucrose as a carbon source rather than the carbon in the agar.

SPECIES COMPARISON EXPERIMENT

To test the effect of  preservation methods on 13C signature of  Collembola, 1000 O. cincta 
juveniles (individuals smaller than 1 mm, collected by sieving a lab culture of  O. cincta reared 
on algae) were divided over 10 breeding pots (Ø 10 cm) resulting in 10 populations of  100 
individuals each. By doing so, all animals were of  approximately the same age at the start of  the 
experiment. Five pots contained C3 fungal discs, the other five pots contained C4 fungal discs.  
All pots had a 3.5 cm thick base of  plaster of  Paris and a water inlet to maintain humidity by 
saturating the plaster with water. To prevent the animals ingesting the plaster of  Paris, a 5 mm 
extra hard gypsum layer (Whipmix Silky Rock violet) was applied on top of  it. All pots had a lid 
with a fine mesh to allow gas exchange. 
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Folsomia candida was synchronized to make sure all animals used were of  similar age (Fountain 
and Hopkin 2005). Directly after the eggs hatched, each synchronization ring (Ø 5cm, with 
a 1 cm bottom of  Plaster of  Paris) was provided with two C3 or C4 fungal discs, these were 
replaced by fresh fungal discs weekly. Nineteen days after synchronization, when the animals 
were of  sufficient size to be handled, F. candida individuals that had been fed on either C3 or C4 
fungus were placed in a larger breeding pot (Ø 25 cm with similar base and humidity), resulting 
in two populations of  a few hundred individuals.  The animals were transferred to new breeding 
pots every week to make sure they would not feed on molts and feces. All animals of  both 
species were allowed to feed on the fungus for 32 consecutive days after which only adults were 
harvested and preserved. Because of  unexpected high mortality in O. cincta, the populations were 
pooled per C3 and C4-source at the day of  harvest and animals were taken from this pooled 
population and comparisons were made with the two F. candida populations.

LIFE STAGE COMPARISON EXPERIMENT

From the same synchronized F. candida population as used in the species comparison experiment, 
19-day old juveniles were placed into 10 breeding pots (Ø 10 cm) similar as those described above.  
Each pot contained 40 individuals; 5 pots contained C3 fungal discs, the other five contained C4 
fungal discs.  The pots were placed in the climate room in a randomized block design (n=5). The 
animals were allowed to feed and reproduce for 50 consecutive days. Fungal discs were supplied 
ad libitum and were replaced every week. The adult individuals were transferred to a new pot 
weekly. The old pots were cleaned from molts and feces but not from eggs, and incorporated in 
the block design as ‘juvenile population’. This resulted in a setup wherein each replicate consisted 
of  one adult pot and one juvenile pot. Each week the freshly hatched juveniles were transferred 
to the cleaned pots that contained the eggs (‘the juvenile population’) to ensure sufficient mass 
for analysis of  the juveniles. From each population 5 samples of  2-3 adult individuals and 10-20 
juvenile individuals of  F. candida were taken and preserved with different methods

Sample identity        13C (‰)
    Mean ± SD (n=3)

Sucrose C3 -27.13 ± 0.02
Sucrose C4 -11.93 ± 0.05
Agar C3 -22.84 ± 0.1
Agar C4 -15.11 ± 0

C. cladosporioides C3
week 1 -27.64 ± 0.19
week 2 -27.45 ± 0.07
week 5 -26.80 ± 0.03

C. cladosporioides C4
week 1 -12.64 ± 0.06
week 2 -12.72 ± 0.11
week 5 -11.91 ± 0.24

Ethanol -23.48 ± 0.40

Table 1. δ13C values of  non-animal carbon sources

Storage effects on δ13C in related soil fauna
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Harvest and preservation 

Animals were transferred to glass vials (Ø 10 mm, height 35 mm) prior to preservation (except 
for the liquid nitrogen treatment). There were five preservation treatments, all preservation 
treatments lasted for 46 consecutive days: 

(1) The Control treatment: Animals were killed by freezing them in -80ºC for 15 minutes, 
dried for 2 hours at 40ºC and analyzed for 13C signature within 24 hours. (2) Freeze-drying: 
Animals were killed by freezing them in -80ºC for 15 minutes, freeze-dried (-40°C, Lyph-Lock 
6, Labconco, Kansas City, MO, USA) and stored in a glass vial at room temperature. (3) Liquid 
nitrogen:  Living animals were placed in Eppendorf  tubes and were killed by dipping the tubes 
in liquid nitrogen before they were stored in the -80ºC freezer. The animals were dried at 40ºC 
for 2 hours, directly followed by the stable isotope measurements.  (4) 70% Ethanol: Animals 
were stored in 70% ethanol. The samples were dried in 60ºC for 12 hours preliminary to the 
stable isotope measurements to make sure all the ethanol had evaporated. (5) NaCl solution: 
Animals were transferred into saturated salt solution (35.89 g NaCl l-1 water at 20ºC). Vials were 
closed with a lid and were turned upside down to ensure the submergence of  the animals in the 
solution. Animals were cleaned from salt crystals by rinsing them three times with demineralized 
water. Subsequently, the animals were dried at 40ºC for 2 hours and analyzed within 24 hours.

Stable isotope analysis 

Between 0.012 and 0.304 mg dry mass of  each sample of  Collembola, fungi, agar or sucrose was 
weighed into 4 x 3.2 mm tin capsules (Elemental Microanalysis Limited, Okehampton, UK). This 
resulted in 1 adult O. cincta, 3-4 individuals of  adult F. candida or 15-20 individuals of  juvenile F. 
candida per measurement. Carbon isotopic composition was determined by an elemental analyzer 
(NC2500, ThermoQuest Italia, Rodano, Italy) coupled on-line to a stable isotope ratio mass 
spectrometer (Deltaplus, ThermoFinnigan, Bremen, Germany). For calibration IAEA CH-6 
(-10.45 ‰), USGS 24 (-16.05 ‰), IAEA 601 (-28.81‰) and IAEA CH-7 (-32.15 ‰) were 
used.  The reproducibility of  the δ13C analysis determined by repeated analysis of  an internal 
standard (plant material with 45.7 % C and δ13C = -28.50) was within 0.2‰ (n=5). Stable isotope 
abundance was expressed using the δ notation: 

δX(‰)= ((Rsample-Rstandard)/Rstandard ) x 1000 

where X represents the 13C content and Rsample and Rstandard denote the 13C/12C ratios of  the sample 
and the standard VPDB (Vienna PeeDee Belemnite), respectively.

Statistics

Data of  the ‘species comparison experiment’ were analyzed by a Three-way ANOVA to test for 
interactions between preservation treatment, fungus C source and species. Separate One-way 
ANOVA’s were carried out with Tukey’s post-hoc tests for potential differences in preservation 
treatment for each species and fungus C source.  

Because of  unexplainably high δ13C values of  the C4 fungus-fed juveniles of  the control 
treatment in the ‘life stage comparison experiment’ (an average δ13C value of  14.26 ± 0.09, 
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where the freeze-drying and liquid nitrogen treatments were 11.87 ± 0.05 and 11.94 ± 0.05 
‰ respectively) which were possibly caused by a contamination by a carbon rich source that 
occurred while transferring the animals into the tin cups at the harvest day, this data was omitted 
from our analyses.  

Due to this omission, there was no full factorial design to perform a three-way ANOVA. 
Therefore the ’life stage comparison experiment’ was analyzed with two separate Two-way 
ANOVA’s with either fungus C source and preservation treatment or life stage and preservation 
treatment as between-subject factors.  One-way ANOVA’s with Tukey’s post-hocs were carried 
out to test for differences in preservation treatment for each life stage and fungus type.

Data were not transformed. When the homogeneity assumption was not met according to the 
Levene’s test, we carried on with the ANOVA analyses if  the standardized residuals and the 
predicted values showed no clear relationship. When the normality assumption was not met, we 
still proceeded with the analysis since analyses of  variance are known to be robust to deviations 
from normality as long as the sample sizes are nearly equal (Zar 1999). Significant outliers in 
terms of  13C signatures were omitted from analysis only when total carbon percentages were 
markedly dissimilar from expected (between 50-60 %).

Results

SPECIES COMPARISON EXPERIMENT

The use of  different preservation techniques led to significant differences in δ13C values of  
springtails (Three-way ANOVA, F19,80 = 9.43, P < 0.001). This difference was mainly caused by 
the preservation in saturated NaCl solution which reduced the δ13C values of  F. candida ~1‰ 
(Fig.1ab), and caused a depletion of  0.7 ‰ in the C3 fungus-fed O. cincta (Fig. 1c). Orchesella cincta 
that had been fed on C4 fungus did not show any significant effect of  preservation method (Fig. 
1d). In C3 or C4 fungus-fed F. candida, preservation in 70% ethanol caused an apparent depletion 
of  -0.55‰ and -0.44‰ respectively. These depletions would only have been significant in our 
post-hoc Tukey tests if  two extreme values in the other preservation treatments had been 
omitted. However, because the carbon percentages of  these samples were normal, these extreme 
values could not be excluded justifiably from the analysis. As a result, there is no unambiguous 
evidence of  effects of  preservation in ethanol on δ13C values of  F. candida. 

As expected, the two fungus C types lead to significant differences in δ13C values of  the animals 
that fed on them (Three-way ANOVA, F19,80 = 19613, P < 0.001). Control F. candida and O. cincta 
that fed on C3 fungus had a 13C signature of  -26.57 ± 0.2 and -27.29 ± 0.07 correspondingly, 
whereas C4 fungus-fed F. candida and O. cincta had an average 13C value of  -11.94 ± 0.02 and 
-13.84 ± 0.81. Species differed significantly in their δ13C values (Three-way ANOVA, F19,80 = 
96.8, P < 0.001), O. cincta was generally more depleted than F. candida (Fig. 1). There was also a 
significant interaction between species and fungal C source (Three-way ANOVA, F19,80 =23.4, 
P < 0.001). In other words; the δ13C values of  F. candida and O. cincta differed significantly after 
feeding on the same diet.

The significant interaction between species and preservation treatment (Tree-way ANOVA, 
F19,80 = 5.22, P < 0.01) indicates that preservation treatment had a different effect on these two 
species. There was a significant interaction between fungal C source and preservation treatment 

Storage effects on δ13C in related soil fauna
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(Tree-way ANOVA, F19,80 = 2.55, P < 0.05),  however if  the two extreme values previously 
mentioned had been removed, this significance would have disappeared.  
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Figure 1. Springtail δ13C signatures after 32 days of  feeding and 46 days of  preservation (control treatment; 
no preservation) for F. candida (a, b) and O. cincta (c, d). Light grey bars are animals that fed on C3 sucrose 
grown fungus, dark grey bars represent animals that fed on C4 sucrose grown fungus. Significance levels 
are P < 0.05. Bars that share the same letter are not significantly different from one another (Tukey tests). 
Error bars are standard errors (n=5)

LIFE STAGE COMPARISON EXPERIMENT

After 50 days of  feeding on C3 fungus, juveniles and adults of  F. candida differed significantly in 
their δ13C values (Two-way ANOVA, F9,38 = 98.0, P <0.001, Fig. 2ab). C3 fungus juveniles had 
an average 13C value of  -26.79 ± 0.06, whereas the 13C value of  the adults was -27.34 ± 0.15. 
In addition, there was a significant effect of  treatment on the δ13C values of  both juveniles and 
adults of  F. candida (Two-way ANOVA, F9,38 = 12.8, P <0.001). This effect was mainly caused 
by reduction in δ13C values due to the preservation in saturated NaCl solution which lead to an 
average depletion of  0.57‰, which, as the post-hoc tests indicated, differed significantly from all 
other preservation treatments in both adults as juveniles. The interaction between life stage and 
preservation treatment effect was significant (Two-way ANOVA, F9,38 = 3.64, P <0.05). The post-
hoc test on preservation treatment effect on the adults showed that, in addition to the significant 
effect of  NaCl solution on δ13C-values, animals preserved in ethanol caused significant reduction 
in 13C values compared to control (-0.43‰)  and freeze-dried animals (-0.34‰)(Fig. 2a). This 
effect was absent in the juveniles (Fig. 2b). 

Chapter IV



81

Preservation treatment effects were significant for adults feeding on both fungal C types (Two-
way ANOVA, F9,39= 18.6, P < 0.001), mainly because of  the -0.56‰ average depletion of  
animals stored in saturated NaCl solution (See Fig. S1). The interaction between fungus type and 
preservation treatment, however, was not significant in the Two-way ANOVA performed on 
δ13C values of  F. candida adults. This indicates that initial δ13C values did not affect preservation 
success as opposed to the findings of  the species comparison experiment.
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Figure. 2. δ13C signatures of  F. candida adults (a) and juveniles (b) after 50 days of  feeding on C3 fungus 
and 46 days of  preservation (control treatment; no preservation). Significance levels are P < 0.05. Bars 
that share the same letter are not significantly different from one another (Tukey post-hoc test on one-way 
ANOVA). Error bars are standard errors (n= 5).

Discussion

This study has not only demonstrated that the method to preserve springtails can affect δ13C 
values, it has also shown that the effects of  preservation method on δ13C values can be different 
between species of  the same taxa. Moreover, within species, life stage can affect δ13C values. 
The effects of  preservation did not seem to be affected by initial 13C values of  the animals. As 
detailed below, our findings indicate that some invertebrates storage methods are not without 
complications when interpreting δ13C values. 

SPECIES COMPARISON EXPERIMENT

Neither freeze drying nor storing springtails in -80ºC after killing them with liquid nitrogen 
altered δ13C values of  O. cincta and F. candida and could be considered safe preservation methods. 
However, storage in saturated NaCl solution reduced δ13C values of  both species considerably; by 
over 1‰ in F. candida and 0.7 ‰ in the C3 fungus-fed O. cincta. These findings contradict Barrow 
(2008) who did not find any significant effect of  NaCl solution on δ13C values of  stored turtle 
tissue. Ponsard (1999) observed an enrichment of  1.1‰ in the fruit fly Drosophila melanogaster 
stored in saturated NaCl solution. In our study, in contrast, animals preserved in NaCl solution 
were significantly depleted in δ13C values, which might be due to decay of  tissue as a result of  
the hydrophobic animals floating on the surface of  the solution. Indeed, tissue decay is known 
to decrease δ13C values of  soil animals (Ponsard and Amlou 1999). 

Preservation in 70% ethanol appeared to reduce δ13C values in F. candida fed on both fungal C 
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sources but two extreme values that could not be safely omitted from the analysis concealed the 
apparent difference. Had these ‘outliers’ been omitted, ethanol would have significantly depleted 
the δ13C values of  F. candida. In literature we find evidence for both scenarios. Sticht et al. (2006) 
found no significant effect of  96% ethanol on δ13C values of  F. candida, whereas Ponsard (1999) 
observed a significant depletion of  δ13C values by 1.1 ‰ in the fruit fly D. melanogaster after 
preservation in 95% ethanol. Other studies that concerned less related tissues have found mixed 
effects of  storage in ethanol on δ13C values (Barrow et al. 2008). Since we observed a consistent 
depletion after preservation in ethanol, regardless of  initial 13C signature, we propose that 
ethanol changes 13C values of  F. candida adults.

Despite the fact that this depletion due to preservation in ethanol was non-significant in our 
post-hoc tests, a significant interaction between preservation method and species indicated that 
δ13C values of  different species are differently affected by various preservation methods. We 
suggest that this difference is mainly caused by the effect of  ethanol on F. candida, as an effect 
of  ethanol on δ13C values in O. cincta was absent. Nevertheless, we do acknowledge that O. cincta 
fed on C4 fungus showed large variance in all its preservation treatments (including the control), 
obscuring any apparent effects. Despite these large variances the depleting effect of  ethanol was 
completely absent in O. cincta.  The large variation in δ13C values can be explained by the fact 
that O. cincta was not fed on this fungus source until some weeks after hatching, since they are 
sexual reproducers; therefore they could not be synchronized as tightly as the parthenogenetic 
F. candida. Differences in feeding activity between individuals could therefore have lead to large 
variation in stable isotope signatures, especially when they had fed on C4 fungus which had a 
different initial δ-value than the algae that the juveniles have been reared on.

Initial δ13C -values (of  C3 or C4 fungus-fed animals) influenced the effect of  preservation 
methods on 13C values in the species comparison experiment. This effect was probably caused 
by the inclusion of  two outliers in the analysis (when omitted from the analysis the significance 
disappeared) as well as by the large variance in the results of  preservation of  O. cincta feeding on 
C4 fungus. Especially in F. candida the patterns of  effect of  preservation methods are consistent 
for springtails that fed on C3 and C4 fungus.

LIFE STAGE EXPERIMENT

The life stage experiment showed a similar pattern in preservation effect on F. candida as the 
species comparison experiment. In C3 fungus-fed adults both storage in NaCl solution and 
ethanol reduced 13C values significantly, supporting the prediction that preservation in ethanol 
has a depleting effect on F. candida. In the C4 fungus-fed adults, ethanol also depleted 13C values 
of  F. candida but not significantly when compared to the control treatment. δ13C values of  
the juveniles were only affected by NaCl solution, while the depletion of  13C by ethanol was 
absent. It seems unlikely that the effect of  storage in ethanol is caused by dissolving of  lipids 
as suggested by Syvaranta (2008). Lipids are usually depleted in 13C compared to proteins and 
sugars; therefore we would have expected enrichment rather than depletion of  13C if  lipids had 
been lost from the sample (Deniro and Epstein 1978). Moreover, the removal of  lipids from 
samples prior to analysis does not seem to have an effect on δ13C values (Barrow et al. 2008). 

The significant interaction between life stage and preservation method, which was probably 
caused by the ethanol preservation method, suggests that intra-specific differences between life 
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stages can cause the differences in the effects of  preservation on the stable isotope signatures 
(Kelly et al. 2006). In addition, we observed that the control juveniles of  F. candida that fed on 
C3 fungus were consistently less depleted in 13C than their parents. This has also been observed 
in juveniles of  the springtail Heteromurus nitidus, which were significantly less depleted in 13C than 
adults when fed on the same diet (Scheu and Folger 2004).

In contrast to the species comparison experiment, the life stage experiment did not show any 
effects of  initial δ13C values of  adult F. candida on the effect of  preservation. We suspect that 
the significant interaction in the ‘species comparison experiment’ was mainly due to the high 
variation in O. cincta fed on C4 fungus, and this suggests that initial δ13C  values do not have an 
effect on preservation success. 

The pattern of  preservation effects of  adult F. candida were rather consistent for both experimental 
set-ups, although the depletion effects of  ethanol and saturated NaCl solution seemed to be less 
severe in the ‘life stage experiment’ than in the ‘species comparison experiment’. Hypothetically 
the only difference between the adult animals used in these two experiments was their age (and 
thus exposure time to the fungal diet) which was 32 days in the ‘species comparison experiment’ 
and 50 days in the ‘life stage experiment’. Comparing control animals of  F. candida of  all life 
stages (50, 32 days and juveniles); we observed a tendency for animals to be more depleted with 
older age. Since all animals had exclusively been fed the same carbon source since hatching, 
we hypothesize that there must have been relatively more fractionation of  the carbon isotopes 
among the tissues of  the 50 day old F. candida (Deniro and Epstein 1978), which in its turn might 
have lead to changes in preservation effects.

As initial δ13C values do not seem to affect preservation success, we suggest that the shifts in δ13C 
values are probably not caused by remnants of  the preservative.  Since ethanol has a δ13C around 
-23‰ we would have expected more severe depletion in springtails with a more positive initial 
δ13C value, and enrichment in the C3 fungus-fed animals.  

Conclusion

After this first step in comparing two springtail species and two life stages, we propose that our 
species-specific differences in body size, composition and morphology, such as fat to protein 
ratios and thickness and structure of  the cuticle (Hopkin 1997) are responsible for the differences 
of  preservation effects on δ13C values. However, to understand how morphology affects 
preservation success, more species should be compared and their morphological characteristics 
should be measured. Also, the effects of  long-term preservation (years rather than months) on 
isotopic signatures should be investigated more thoroughly.

Our results underline the importance of  caution in interpreting stable carbon isotope data when 
they are obtained from preserved tissues of  animals. Especially when natural abundances are 
used to study trophic interactions, in order to define trophic position or to identify interspecific 
functional differences, preservation method will compromise the outcome, potentially leading 
to systematic misinterpretations. This observation supports the findings of  Carabel et al. (2009) 
who found clear differences of  preservation method on δ13C values of  four marine species 
from different trophic levels and stated that the use of  data from preserved samples could 
change the interpretation of  the mixing models used to determine the importance of  multiple 
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sources of  carbon. Some field studies have circumvented this problem by collecting animals 
from traps daily and instantly freezing the individuals (Ponsard and Arditi 2000), or killing and 
(freeze-)drying animals as soon as possible (Bradford et al. 2007). Our study has shown that 
freeze-drying and storage at -80ºC after killing animals with liquid nitrogen are safe preservation 
methods when δ13C values need to be measured. But, apart from the limited practicality in field 
studies, the trade-off  to these approaches is that smaller animals cannot be identified properly, 
and interspecific differences can therefore not be detected accurately.  When 13C is used as an 
experimental tracer, a preservative such as 70% ethanol could still be used because the changes 
in δ13C values caused by preservation are expected to be relatively small compared to those 
caused by the tracer. Nevertheless, to be able to interpret stable isotope data in a proper way, it 
remains good practice to check the effects of  preservation on your species a priori and correct 
for possible changes in δ values. We suspect that the complications of  preservation for δ13C 
values do not only apply to Collembola, but also to multiple other invertebrate taxa and perhaps 
even to soil microorganisms.
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Supporting Information

Figure S1. δ13C signatures of F. candida adults after 50 days of  feeding on C4 fungus and 46 days of  
preservation (control treatment; no preservation). Significance levels are P < 0.05. Bars that share the same 
letter are not significantly different from one another (Tukey post hoc test on one-way ANOVA). Error 
bars are standard errors (n= 5). 
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