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Abstract: Formalin preservation affects the stable isotope composition of zooplankton samples, thus
limiting the analysis of valuable collections covering large time intervals. Here, we compare different
procedures for correcting the bias caused by formalin in δ13C and δ15N of zooplankton community
samples. Zooplankton samples representative of seasonal variations in the period 2000–2009 were
collected off A Coruña (NW Spain). Part of the sample was immediately dried and analysed for
δ13C, δ15N, and elemental composition within 3 years of collection. These values were used as the
unpreserved reference. The remaining sample was preserved in 4% formaldehyde and aliquots
obtained after a period ranging from 3 years to more than 10 years of storage were analysed as the
originally dried samples. Additionally, the copepod fraction of total biomass was determined in
the preserved samples. Corrections of formalin effects based on ordinary least squares regression
had large uncertainties, while mass balance corrections based on the change in C:N ratio (only
possible for δ13C) overestimated reference values. However, either simple corrections based on
the mean difference between values in dry and preserved samples or more complex generalised
additive models considering seasonality, copepod biomass, and time of sample storage, produced
estimations with relatively low uncertainty. Our results highlight the importance of determining
specific correction solutions for each preserved collection before reconstructing stable isotope time
series. Furthermore, the uncertainties associated with the estimates can be used in sensitivity analysis
to assess their potential impact on the interpretation of the series.
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1. Introduction

Marine ecosystems are in a permanent change because of external and internal drivers.
Climate and its present interaction with anthropogenic factors is one of the main external
forcing mechanisms [1,2]. In turn, internal drivers, generally identified with changes and
adjustments in the species composition, affect ecological interactions and succession pat-
terns [3]. Recent changes in global and regional ocean biogeochemistry and productivity [4]
have altered species distribution and phenology [5]. Most of these changes are reflected
in the structure and functioning of food webs, modifying their length (i.e., the number of
trophic steps) or the trophic position of some species [6–8].

Changes in marine food web structure can be investigated by the stable isotope
analysis of carbon and nitrogen. For instance, the time series of natural isotope has been
successfully employed to detect long-term changes in the planktonic food web structure in
the ocean. Temporal variations in nitrogen isotopes have been associated with changes in
the source of nutrients [8,9] but also on the trophic position of some species [10]. However,
determining long-term changes in planktonic food web structure from stable isotopes
is limited by the availability of samples covering large periods. One way to overcome
this problem is the use of sample collections initially intended for biodiversity analyses
by microscopical examination [8,11]. Studies on preserved marine zooplankton samples
revealed a variety of effects on stable isotope composition depending on the type of
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organisms considered, the chemical nature of the preservative, and the conditions of the
preservation. For instance, a significant decrease in the abundance of heavy isotopes of
carbon (δ13C) and small changes in those of nitrogen (δ15N) were generally reported for
species preserved in formaldehyde solutions (formalin), mainly copepods [8,11–15] but also
from other groups such as chaetognaths [12] or euphausiids [13]. However, the magnitude
of the changes in the isotopic composition varied not only with the species but also with the
time of storage of the specimens in the preservative solution before analysis [11,13], thus
requiring specific studies for each collection of samples and selected species or taxonomic
groups. In contrast with the results obtained with freshwater zooplankton, [16], the changes
in the C:N ratio caused by the preservative in marine species did not allow for a prediction
of the effects beyond relatively small storage periods [11], while the magnitude of the
changes in isotopic composition was generally higher in freshwater species [16,17].

An alternative to analyse only selected species would be using samples of zooplankton
assemblages including all the species in a given size fraction but, to our knowledge,
there were no studies considering the effect of the preservative on isotopes analysed in
samples composed of a mixture of species. Therefore, there is a need for determining
feasible methodological corrections of isotopic results obtained from collections of formalin-
preserved samples of zooplankton species assemblages to infer changes in food web
structure during long time periods. One application of these corrections would be the
investigation of the food web structure in the different regimes identified in plankton
communities of the North Atlantic and other ocean basins in recent decades [18–20].

The objective of this study is to develop a procedure for correcting the bias observed
in δ13C and δ15N of samples of zooplankton species assemblages stored for long periods
in a formaldehyde solution. For this purpose, we compare several models of correc-
tion, including lineal regression, direct subtraction of mean differences, and more com-
plex generalised additive models considering the effect of seasonality, storage time, and
copepod dominance.

2. Materials and Methods
2.1. Zooplankton Sampling

The zooplankton samples were collected at stations E2CO (43◦25.32 N, 08◦26.22 W,
77 m depth) and E4CO (43◦21.78 N, 08◦22.20 W, 22 m depth) off A Coruña (NW Spain)
with double-oblique tows of Juday-Bogorov or Bongo plankton nets (200 µm mesh size,
50 cm diameter). Samples were obtained at approximate monthly time intervals as part
of a long-term study of oceanographic and planktonic variables [21]. This ecosystem is
under the influence of a seasonal upwelling and is characterised by large variations in
zooplankton diversity and biomass, as described in previous studies [20–22]. In the present
study, we used samples collected at station E2CO during the period 2000–2009 and at
station E4CO during 2006. In all cases, visible gelatinous organisms (e.g., jellyfish or salps)
were removed and subsamples were obtained using a Folsom splitter. One half of the
sample was immediately dried (60 ◦C, 48 h) to measure the dry weight biomass (±0.01 mg)
and subsequently analysed for C and N elemental and stable isotope composition within
3 years of collection (dry samples). The remaining sample was preserved in borax-buffered
formalin solution (PANREAC 37–38% formaldehyde solution stabilised with methanol,
analytical grade) diluted with seawater to a final concentration of ca. 4% formaldehyde.
Preserved samples were stored until analysis of stable isotope composition by first rinsing
the sample with filtered seawater using a 40 µm mesh sieve before drying in an oven as with
the unpreserved samples. Previously, species composition was analysed in the preserved
samples by microscopical examination [20–22]. Percent contribution of copepods to total
zooplankton biomass (i.e., total dry weight of the sample) was estimated from species
abundance and body size values. The mean length (L, mm) for each species was obtained
from the Marine Planktonic Copepods Database from the Oceanological Observatory of
Banyuls sur Mer [23]. Length and individual biomass in wet weight (WW, mg) were
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related by an allometric relationship using the WW values provided by Acuña et al. [24]
for some species:

log WW = 2.949 log L − 1.463 (1)

This equation was then applied to compute the WW for the remaining species. Biomass
data in WW were converted into DW using the regression equation proposed by Wiebe [25]:

log DW = log [(0.001 WW) + 2.002]/0.950 (2)

Finally, the biomass of the copepod species in each sample was calculated (as mg
m−3) by multiplying their abundance (individuals m−3) by the corresponding species
DW. The dominance of copepods in the zooplankton biomass (% copepod biomass) was
computed as:

% copepod biomass = 100 ∑ DWi/DWs (3)

where DWi and DWs are the biomass of individual species and of the whole zooplankton
sample, respectively.

2.2. Stable Isotope Analysis

The elemental and stable isotope composition of carbon and nitrogen were determined
in aliquots of dry zooplankton material, homogenised using a mortar and pestle and
encapsulated in tin boats that were subsequently fed into an elemental analyser (Carlo Erba
CHNSO 1108) coupled to an isotope-ratio mass spectrometer (Thermo Finnigan Mat Delta
Plus). The system was calibrated with IAEA isotope standards (USGS40 and L-alanine)
obtaining offsets from certified δ13C and δ15N values <0.1‰. The standard error of triplicate
determinations of internal acetanilide standards and samples was <0.1‰ and <0.3‰ for
δ13C and δ15N, respectively. Isotopic determinations were made at the Servizos de Apoio á
Investigación of the Universidade da Coruña (Spain). Raw results including sampling dates,
copepod biomass fraction, and stable isotopes in preserved and unpreserved samples, are
available through the PANGAEA repository [26].

2.3. Statistical Analysis

The differences between mean values of δ13C, δ15N, and the C:N ratio determined
in the formalin-preserved and dry samples were first assessed using Student’s t-tests for
paired observations. Thereafter, up to four models for correction of the bias in stable isotope
composition caused by the formalin preservation were employed. First, values measured
in formalin-preserved samples were linearly related with those measured in dry samples
by ordinary least squares regression (OLS), as the resulting equations were later employed
for estimating values in unpreserved samples [27]. Second, the difference between the
formalin-preserved and dry sample values was modeled by OLS with the relative change
in the C:N ratio [16,28]:

δfor−δdry = D (C:Ndry − C:Nfor)/C:Ndry (4)

where δfor and δdry are the isotopic values measured in the formalin and dry samples, re-
spectively, and C:Nfor and C:Ndry the corresponding C:N values. D is a constant indicating
the correction factor.

Third, the values obtained from formalin-preserved samples were corrected by sub-
tracting the mean value of the difference between the preserved and dry samples. Finally,
generalised additive models (GAM) [25] assuming a Gaussian distribution were constructed
to predict values in unpreserved samples. Predictors in the GAMs included the sampling
date measured as the day of the year (DoY) as an index of seasonality in nutrient sources,
the storage time in formalin (number of days) before isotopic analysis, and the fraction of
copepods represented in total biomass, as an index of variability in taxonomic composition.
The non-parametric smoothing functions in the GAMs were fit by penalised cyclic and cubic
regression splines with a maximum of six and three knots for the day of the year, storage
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time, and fraction of copepods. Models were fit using the ‘mgcv 1.8–40’ package [29] in R
(version 4.2.) [30].

The final assessment of the performance of the different models when correcting for
the bias in formalin samples was carried out by comparing the values of the coefficient of
determination (r2) of the regression models and the 95% confidence interval of the mean
offset between the estimated and observed values in dry zooplankton samples.

3. Results
3.1. Comparison of Formalin vs. Dry Sample Measurements

Measurements in formalin preserved samples differed from those in dry samples
(Figure 1). These differences were not significant for δ15N (Student’s t = −0.707, p > 0.05,
n = 87) but highly significant for δ13C (Student’s t = 18.659, p < 0.001) and C:N ratio
(Student’s t = −6.570, p < 0.001). Mean (±se) differences between formalin and dry values
were 0.08 ± 0.12‰, −2.86 ± 0.15‰, and 0.48 ± 0.07 for δ15N, δ13C, and C:N, respectively.
Values measured in both types of samples showed significant positive correlations, except
in the case of C:N (Figure 2).
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In turn, the differences between δ13C (but not δ15N) values in formalin and dry samples
were significantly correlated with the relative shift observed in C:N (Figure 3). Therefore, a
correction of δ13Cfor based in the C:N shift described by Equation (1) was feasible.
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Figure 3. Relationships between the difference in (a) δ15N (∆15N = δ15Nfor − δ15Ndry) or (b) δ13C
(∆13C = δ13Cfor − δ13Cdry) and the relative change in C:N ratio between formalin-preserved and dried
zooplankton samples ([C:Ndry − C:Nfor]/C:Ndry). The significant ordinary least squares regression
line for ∆13C is indicated by red line and the corresponding 95% confidence limits in blue.

3.2. Models for Correction of Measurements in Formalin

The slope of the regression lines between formalin and dry sample measurements for
both δ15N and δ13C was <<1, indicating that the values measured in formalin increased
less than the corresponding values measured in dry samples (Table 1). In addition, the
coefficients of determination of these linear regression models were low, as a large part of
the variability was not accounted for the regression fits, thus limiting their predictive power.

Table 1. Parameters of the different regression models relating values measured in dry and formalin-
preserved aliquots of zooplankton samples. The subindex dry or for indicates if dry or formalin-
preserved aliquots were used, respectively. ∆15N = δ15Nfor − δ15Ndry; ∆13C = δ13Cfor − δ13Cdry.
Regressions are of the form: y = a + b · x; x: independent variable; y: dependent variable; a: constant,
b: slope; r: correlation; r2: coefficient of determination; p: significance value; sea, seb: standard error
of the a or b estimates, respectively. The number of data pairs was n = 87 for all models.

x y a sea b seb r r2 p

δ15Ndry δ15Nfor 5.075 0.463 0.272 0.067 0.404 0.164 0.000
δ13Cdry δ13Cfor −16.575 1.396 0.263 0.075 0.355 0.126 0.001
C:Ndry C:Nfor —- —- —- —- 0.168 0.028 0.121
∆15N (C:Ndry − C:Nfor)/C:Ndry —- —- —- —- 0.069 0.005 0.528
∆13C (C:Ndry − C:Nfor)/C:Ndry −2.443 0.184 3.216 0.780 0.408 0.167 0.000

In the case of the corrections based on the C:N shift, the slope of the regression line
between the difference δ13Cfor−δ13Cdry was used as an estimate of D in Equation (1) but,
as in the previous regression models, the coefficient of determination was low (Table 1).

Because of the low predictive power of OLS models, corrections using alternative
GAMs examined the potential of several explanatory variables (Figure 4). These models
slightly improved r2 values (Table 2) compared to those of the OLS regressions (Table 1). In
the case of δ15Ndry, the model confirmed the linear increase with δ15Nfor already indicated
by the OLS model, but also a seasonal increase with maximum values in summer and
minimum values in winter. However, the individual contributions of other variables, as
the fraction of total biomass accounted for by copepods or the storage time in formalin,
were not statistically significant (Figure 4a–d and Table 2). The GAM for δ13Cdry also
revealed a significant relationship with δ13Cfor, but in this case in the form of a non-linear
increase up to a maximum δ13Cfor value of ca. −21.5‰, reaching a constant value thereafter.
Seasonality or the fraction of copepods were not significant predictors of δ13Cdry. Finally,
the GAM indicated that the storage time was negatively correlated with δ13Cdry (Table 2).
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Shown are the effects for (a,e) formalin, (b,f) copepod contribution to total biomass (%), (c,g) sea-
sonality (day of the year), and (d,h) storage time in formalin. Significant (non-significant) trends are
indicated by continuous (dashed) lines. Bands indicate 95% confidence intervals and the rugs along
the x-axes display the distribution of the data.

Table 2. Results of the generalised additive models (GAMs) fitted to the isotope measures.
SE: standard error; EDF: estimated degrees of freedom; p: significance.; N: number of data;
r2

adj: adjusted determination coefficient.

Isotope Parameter Estimate (±SE) EDF t-Value F-Value p

δ15Ndry Intercept 6.85 (±0.11) 64.91 <0.001
N = 87 δ15Nfor 1.00 20.76 <0.001

r2
adj = 0.27 Copepod biomass 1.08 0.10 0.779

Day of the Year 2.10 3.40 0.001
Storage time 1.00 0.20 0.659

δ13Cdry Intercept −18.52 (±0.14) −133.90 <0.001
N = 87 δ13Cfor 1.81 7.81 0.003

r2
adj = 0.20 Copepod biomass 1.69 1.90 0.108

Day of the Year 0.00 0.00 0.746
Storage time 1.00 4.04 0.048

Corrections of δ15N or δ13C values measured in formalin based on OLS, C:N, shift
or GAM, along with the simple correction based on subtracting the mean value of the
difference observed between values in formalin and dry samples, were compared with the
dry sample values (Figure 5). The corresponding offsets between estimated and measured
values indicated a good agreement (i.e., mean offsets non-significantly different from 0,
Student’s t, p > 0.05) in most cases with the exception of the estimates based on the C:N
shift (Student’s t, p < 0.001). The latter overestimated δ13C values measured in dry samples
by 0.76 ± 0.15‰ (mean ± se).
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differences between the mean offset and zero were indicated in each case.

However, most models showed large variability in the estimations, with interquartile
ranges exceeding 2‰ (Table 3). Only the corrections based on the subtraction and GAM
models had interquartile ranges <2% and the 95% confidence intervals for the mean offset
were <0.5‰ and <0.6‰, for δ15N and δ13C, respectively.

Table 3. Values (‰) of the interquartile range (25–75% quartiles) and the 95% confidence interval of
the mean offset between estimated and observed values in dry zooplankton samples using different
types of correction models. OLS: ordinary least squares regression; difference: mean difference
between formalin and dry sample values; GAM: generalised additive models; C:N shift: regression
between difference values and the relative change in C:N caused by formalin.

Variable Type of Correction Interquartile Range 95% Interval

δ15N OLS 3.87 1.12
difference 1.52 0.47

GAM 1.43 0.41

δ13C OLS 4.21 1.32
C:N shift 1.99 0.59
difference 1.85 0.58

GAM 1.80 0.50

4. Discussion

Our results confirm the significant depletion in heavy carbon isotopes and the low
effect on nitrogen isotopes of formalin in samples of marine zooplankton assemblages
preserved for long periods (>1 year). These findings are, to our knowledge, the first
reported for samples representative of plankton assemblages, as previous studies examined
these effects in individual species, mostly copepods [8,12]. The described changes showed
lower variability than those considering smaller sampling storage periods [11,14,31], likely
because of the relatively long equilibration time required for the preservative to interact
with the zooplankton tissues. In fact, we did not detect a significant effect on δ15N, and
only a slight linear decrease on δ13C, when comparing samples stored for periods between
3 and 10 years. It must be noted that through our study, we used formalin from the same
provider, thus reducing the probability of differences caused by the composition of the
preservative [11].

Particularly in the case of carbon isotopes, the decrease in δ13C has been attributed to
the hydrolysis of 13C enriched molecules, as proteins, caused by the formaldehyde while
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less enriched molecules, as lipids, are conserved [32,33]. In addition, the loss of heavy
isotopes may be compensated by the incorporation of light isotopes from the formalin
solution [11,32–34]. In any case, both effects would result in an increase in the C:N ratio,
as observed in our study. In contrast, the effects on δ15N were small, likely because the
formalin solution does not contain nitrogen and the only effect would be the leaching of
light nitrogen atoms after hydrolysis of the zooplankton tissues [11]. Our study showed that
the difference in δ15N between formalin and dry samples was non-significant, in agreement
with published studies with marine copepoda [8,11–13] where mean differences were up to
0.3‰, and thus within the limits of the analytical error of δ15N determinations. This result
suggests that, in our series, no corrections would be necessary when comparing δ15N values
measured in zooplankton samples stored in formalin, as assumed in other studies [8,12,13].
Indeed, both the OLS and GAM indicated a significant linear relationship between values
measured in formalin and those in dry samples, but this relationship accounted for only
<30% of the variability in δ15Ndry. Therefore, the correction of δ15Nfor using either OLS or
GAM would not substantially improve the estimation of δ15Ndry.

The correction of formalin effects on δ13C was generally not recommended for marine
zooplankton because of the large variety of effects described for various combinations of
species, preservation time, and fixative agents [11,14,31]. Since we used samples composed
of several species, variations in the proportions of species as a consequence of seasonal
succession [35] could be one of the causes of this variability. However, as shown in the GAM
analysis, the dominance of copepods or the seasonality were not significantly related to
the variations in δ13Cdry. Furthermore, the average effect of formalin on δ13C in our case is
within the values reported for marine copepods stored for similar periods [8,12], and has an
associated error of similar magnitude to the analytical error, thus suggesting that the simple
subtraction of this value from δ13Cfor can be a robust estimate of δ13Cdry. Estimations based
on the OLS regression between δ13Cfor and δ13Cdry had large uncertainty because of the
low fraction of variance accounted for by the model (r2 = 0.13). The mass balance correction
based on the C:N shift slightly improved the prediction (r2 = 0.17); however, in contrast
to the findings reported for freshwater zooplankton species [15], it still resulted in being
a poor predictor of δ13Cdry. Finally, the estimations using the GAM model increased the
r2 value (0.20), though this model produced similar variability in δ13Cdry estimates when
compared to the subtraction method, the later requiring fewer complex calculations.

This study provides feasible procedures for estimating δ15N and δ13C values in dry
(unaltered) samples of zooplankton assemblages from measurements in samples preserved
in formalin for more than 3 years. These procedures can be used to reconstruct the long time
series of isotopic data from stored zooplankton collections, as implemented for other aquatic
organisms [36–39]. However, it must be noted that the estimated values, particularly in the
case of δ13C, have an associated error that can confound the interpretation of the results. For
instance, the reconstruction of isotopic signatures for Bayesian stable isotope mixing models
can be compromised by these errors [40]. The use of corrections could not be required in
the case of time series studies, as long as all the data were obtained from samples preserved
or analysed in the same way (e.g., dry or formalin preserved). Alternatively, the effect of
the variability in the estimates on the interpretation of trends in isotope signatures can be
examined through sensitivity analysis based on the error intervals obtained. For instance,
the correction by subtraction of the mean difference between formalin and dry samples
can be modeled for various estimates within the 95% interval of the mean determined in
this study.

The use of dry or frozen samples of single species is always preferable to obtain accu-
rate measurements of δ15N and δ13C of marine zooplankton because any other preservation
method can affect the isotopic determinations. However, the preservation and availability
of samples in adequate quantities for isotopic analysis is often compromised and alterna-
tive determinations can be performed using preserved collections. The interpretation of
isotopic measurements on preserved samples requires the critical application of corrections
to estimate the original values in unpreserved samples. Furthermore, non-living particles,
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as microplastics, are often collected by plankton nets [41] but its effect on the isotopic
determinations of plankton samples is not known. Our study illustrates the search for
feasible correction methods applied to a specific sample collection. Here, we have proposed
the simple subtraction of the mean difference between isotopic values measured in formalin
samples and those in dry samples determined in this study as a simple method to extend
the time series of zooplankton to periods when dry samples are not available but there
are samples preserved in formalin. However, we stress that any correction procedure may
be not of general application to all collections of plankton samples, thus requiring the
development of specific protocols in each particular case. The resulting time series and the
associated estimation errors would allow performing sensitivity analyses in order to assess
the reliability of specific results, as those related to the patterns of temporal variability.
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