Cold storage as a method for the long-term preservation
of tropical dissolved organic carbon (DOC)
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SUMMARY
Fluvial fluxes of dissolved organic carbon (DOC) may represent an important loss for terrestrial carbon stores
in the tropics. However, there is currently limited guidance on the preservation of tropical water samples for
DOC analysis. Commonly employed preservation techniques such as freezing or acidification can limit
degradation but may also alter sample properties, complicating DOC analysis. We examined the effects of cold
storage at 4 °C on DOC concentration and quality in water samples collected from a tropical peat catchment.
Samples were stored in the dark at 4 °C for periods of 6–12 weeks. Freeze/thaw experiments were also made.
Mean DOC concentrations in samples stored for six weeks at 4 °C were 6.1 % greater than in samples stored
at ambient room temperature (33 °C) over the same period. Changes in DOC concentrations, in two sample
sets, during cold storage were 2.25 ± 2.9 mg L-1 (8 %) to 2.69 ± 1.4 mg L-1 (11 %) over a 12-week period.
Freeze/thaw resulted in alterations in the optical properties of samples, and this in turn altered the calculated
DOC concentrations by an average of 10.9 %. We conclude that cold storage at 4 °C is an acceptable
preservation method for tropical DOC water samples, for moderate time periods, and is preferable to freezing
or storage at ambient temperatures.
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INTRODUCTION
Dissolved organic carbon (DOC) is increasingly
being recognised as an important component of the
global carbon cycle (Cole et al. 2007). The fluvial
transport of DOC provides an important pathway for
carbon transfer from terrestrial to aquatic ecosystems
(Kalbitz et al. 2000, Freeman et al. 2004). DOC is
biologically and chemically reactive (Cauwet 2002,
Benner 2004, Moore et al. 2011), leading to important
emissions of carbon dioxide to the atmosphere
(Evans et al. 2012, 2015; Muller et al. 2015).
The susceptibility of DOC to microbial and
photochemical degradation makes the long-term
storage of DOC water samples challenging, with
guidance suggesting that analysis should take place
within 48 hours of sampling (Karanfil et al. 2002).
When this is not possible, attempts are often made to
preserve samples; i.e. to limit biological, chemical
and physical changes so that the samples can be
stored and analysed later. Common preservation
practices include freezing and acidification (Moore et
al. 2011, Peacock et al. 2014). However, these can
alter both the concentration of DOC and its
absorbance and fluorescence properties, influencing

the specific UV absorbance at 254 nm (SUVA254) and
E ratios (ratios of absorbance at different
wavelengths: Spencer et al. 2007, Fellman et al.
2008, Peacock et al. 2015). These ratios give an
insight into the specific structural and compositional
properties of DOC (Thurman 1985, Peacock et al.
2014). The E2:E3 ratio (254 nm : 350 nm), is often
used as an indicator of aromaticity and the molecular
weight of humic substances (Peuravuori & Pihlaja
1997). SUVA254 is also a measure of aromaticity;
high SUVA254 values indicate high recalcitrance
(Weishaar et al. 2003). The E2:E4 ratio (254 nm :
400 nm) is frequently used to indicate the degree of
humification (Park et al. 1999) whereas the E4:E6
ratio (400 nm : 600 nm) is a measure of the molecular
weight (Thurman 1985). Acids used for preservation
include hydrochloric, phosphoric and dilute sulphuric
(Sharp et al. 1993, Moore et al. 2011), which
typically reduce sample pH to below 3.5. This
ensures the quantitative removal of DIC (dissolved
inorganic carbon) and suppression of microbial
activity via enzyme denaturation (Sharp et al. 1993).
However, pH changes can induce flocculation and
coagulation of DOC (Worrall et al. 2006),
complicating or vitiating analyses.
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Peacock et al. (2014, 2015) have investigated the
effectiveness of cold storage at 4 °C as an alternative
DOC preservation method. Peacock et al. (2014)
reported little change in the absorbance properties of
DOC in water samples collected from a UK
ombrotrophic peatland when filtered and stored at
4 °C for a period of 12 weeks. A second study found
that only 5 % of DOC was lost in cold storage over a
similar period (Peacock et al. 2015). Additional
studies found no significant changes in DOC
concentrations in samples stored at 4 °C for periods
of two weeks and 7–17 weeks, respectively (Ekström
et al. 2011, Carter et al. 2012).
Taken together, these investigations suggest that
storing filtered water samples in the dark at 4 °C is
viable for medium-term (e.g. 2–17 weeks)
preservation of DOC and that this storage method
does not hinder subsequent DOC analyses. However,
these studies were all focused on water samples
collected from temperate peatlands. We know of no
published study of the effectiveness of cold storage
on the quality and quantity of DOC in samples
collected from tropical peatlands. Recently there has
been a strong interest in DOC losses from tropical
peatland catchments (Sjogersten et al. 2014, Muller
et al. 2015), particularly in relation to anthropic
disturbance (Moore et al. 2011, 2013). This has been
driven, in part, by a realisation that losses of carbon
from tropical peatlands to ‘blackwater’ rivers may be
substantial (Evans et al. 2014), coupled with the
recognition that these areas function as significant
long-term carbon stores (Page et al. 2011).
Investigations of tropical systems tend to be carried
out in remote places with limited on-site laboratory
facilities. Robust sample preservation methods are,
therefore, paramount.
The two aims of our investigation were:
(1) to quantify the effect of cold storage on the
concentration and quality of tropical DOC; and
(2) to assess whether quantitative and qualitative
DOC changes during the storage of samples from
tropical peatlands differ from those in samples
from high latitudes.
METHODS
The study sites were in the Malaysian province of
Sarawak, northern Borneo, Southeast Asia. This
region is characterised by an equatorial climate with
high temperatures throughout the year (mean 26 °C),
and heavy rainfall (3000 mm yr-1) without a distinct
dry season (Melling et al. 2005). Water samples were
collected from the Sebungan and Sabaju oil palm
estates, east of the coastal town of Bintulu (from

3°07.81′ N to 3°14.91′ N, and 113°18.72′ E to
113°32.19′ E). The estates belong to the Sarawak Oil
Palms Berhad (SOPB), Bintulu division, and cover a
total area of 9,614 ha.
All water samples were collected and stored in
60 ml transparent polypropylene Nalgene® bottles.
Electrical conductivity (μS cm-1), pH and
temperature (°C) were measured on the unfiltered
samples as they were collected. The bottled samples
were transported immediately back to the field
laboratory. There, samples were filtered through
0.45 μm cellulose nitrate membrane filters using a
hand-operated suction pump. Two preservation
experiments were conducted. In Experiment 1, DOC
concentrations in refrigerator-stored samples were
compared to those in samples stored at ambient
temperature for a period of six weeks. In
Experiment 2, DOC concentrations were determined
on samples a short time (within five days) after
collection and compared with concentrations
determined on the same samples after cold storage (at
4 °C) for approximately 12 weeks. Details of these
experiments follow.
Experiment 1. Effect of cold storage on DOC
quantity and quality
Ten 60 ml water samples were collected from
drainage ditches within the Sebungan oil palm
plantation estate on 14 April 2015. Average water
sample pH was 3.7, with temperature and electrical
conductivity averaging 26 °C and 167 μS cm-1,
respectively. After filtration each sample was
divided, resulting in two sets of identical samples.
The 30 ml sub-samples were stored in 60 ml bottles
(30 ml of sample + 30 ml of air). One set was placed
in a refrigerator at 4 °C and the other was stored at
ambient temperature (around 33 °C) in a dark cabinet
for a period of six weeks, after which samples were
transported in polystyrene boxes, by courier, back to
the UK. Total transport time was no more than four
days, during which samples were kept in airconditioned facilities (< 18 °C).
Upon return to the UK, samples were analysed
using the non-purgeable organic carbon (NPOC)
method (Sharp 1993) on a Shimadzu Total Carbon
Analyser. The samples were acidified by syringe
injection with 1 M hydrochloric acid to pH < 3, then
sparged with purified air to remove any inorganic
carbon (IC) (Sharp 1993). Total organic carbon was
then measured using a non-dispersive infrared sensor
and subsequently compared to a NPOC calibration
curve with standards range 0–100 mg L-1. In addition,
UV-visible absorbance of the filtered water samples
was measured using a Helios Gamma
Spectrophotometer at wavelengths of 254, 270, 350,
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400, 600 and 700 nm. This allowed the quality of the
DOC to be quantified by calculating the E2:E3,
E2:E4 and E4:E6 ratios, along with SUVA254 which
was calculated as:
𝐴𝐴

SUVA254 = 𝐶𝐶 254 × 100
DOC

[1]

where SUVA254 has units of L mg-C-1 m-1, A254 is the
absorbance at 254 nm and CDOC is the DOC
concentration (mg L-1).
Experiment 2. DOC changes during cold storage
and the effect of freeze/thaw
An additional 34 water samples were collected from
drainage ditches within both oil palm estates
(Sebungan and Sabaju), on 03 August 2015 (sample
set 1) and 05 October 2015 (sample set 2). Average
pH was 3.6 for sample set 1 and 4.4 for sample set 2.
For sample sets 1 and 2, respectively, average
temperatures were 29 °C and 30 °C, and average
electrical conductivity values were 200 μS cm-1 and
196 μS cm-1. Samples were filtered in the same way
as those collected on 14 April 2015 for Experiment 1
(see above) and stored at 4 °C for an average of
12 weeks (total cold storage time in both the UK and
the tropics; range 73–101 days depending on the
availability of analysis equipment). During this time,
the samples were analysed (within five days of
collection) on a portable Cole-Parmer UV/visible
spectrophotometer at wavelengths of 270, 350, 400,
600 and 700 nm. DOC concentrations were
determined using a two-wavelength approach
(Tipping et al. 2009, Carter et al. 2012) and the
universal calibration parameters outlined in Carter et
al. (2012).
The samples were transported back to the UK as
described for Experiment 1. Upon return to the UK,
samples from set 1 (n = 17) were re-analysed on a
Cole-Parmer UV/visible spectrophotometer, across
the same set of wavelengths, on 11 November 2015
(i.e. 101 days after sample collection). The same
procedure was followed for sample set 2 (n = 17) on
16 December 2015 (i.e. 73 days after sample
collection). DOC concentrations were re-determined
using the same two-wavelength approach (Tipping et
al. 2009, Carter et al. 2012) as described above.
DOC concentrations determined at the field
laboratory were compared with the post-storage
concentrations determined in the UK in order to
estimate changes in DOC concentration occurring
during cold storage (4 °C) and transport (< 18 °C).
After analysis, the 17 samples belonging to set 1
were frozen at -20 °C for 48 hours, then left to melt
at ambient laboratory temperature in the dark. These

samples were then re-analysed for absorbance at 270,
350 and 700 nm.
Statistical analyses
Quantitative data analysis was performed using
parametric statistical tests when appropriate
(GraphPad Prism, version 6). Normality was tested
using the Shapiro-Wilk test and homogeneity using
the Bartlett test. Differences between samples were
then assessed using t-tests (paired and un-paired) and
ANOVAs. Where data were not normally distributed,
Mann-Whitney, Wilcoxon, Kruskal Wallis and
Friedman tests were used.

RESULTS
Experiment 1. Effect of cold storage on DOC
quantity and quality
In Experiment 1, DOC concentrations were
significantly greater in refrigerated samples
(P ≤ 0.0001) than in those stored at room temperature
(Figure 1). Differences in concentrations ranged from
0.26 mg L-1 (0.7 % difference) to 3.79 mg L-1 (9.9 %
difference). The mean DOC concentration from the
refrigerated samples was 6.1 % (2.4 ± 0.4 mg L-1)
greater than that from samples stored at ambient
temperature. Similarly, absorbance at 254 nm was
significantly greater (P ≤ 0.001) in refrigerated
samples than in those stored at room temperature
(Figure 1), by an average of 0.11 ± 0.02.
SUVA254 values ranged between 5.6 and 5.9
L mg-C-1 m-1 for all samples in Experiment 1. These

Figure 1. Average DOC concentrations and
absorbance at 254 nm for the two storage methods
in Experiment 1. Error bars indicate the standard
error of the mean. The degree of statistical
significance between the two methods (paired twotailed t-test) is also shown (n = 10).
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values are high compared with those reported for
river systems, in both northern (1.3–4.5 L mg-C-1 m-1)
and tropical (3.7–4.1 L mg-C-1 m-1) latitudes (Spencer
et al. 2008, Moore et al. 2013). A statistically
significant negative relationship (Figure 2) was found
between SUVA254 and differences in DOC
concentrations (R2 = 0.45; P ≤ 0.05). This shows that
high values of SUVA254, an indicator of recalcitrance,
correlate with low DOC differences between storage
techniques and, thus, suggests that recalcitrant DOC
in samples stored at room temperature may be less
susceptible to biodegradation over time. However,
due to the small range in our SUVA254 values, these
findings cannot conclusively support SUVA254 as an
indicator for DOC aromaticity.
Experiment 2. DOC changes during cold storage
Absorbance changes
Differences in absorbance measured immediately
after sampling and after approximately 12 weeks of
cold storage are shown in Figure 3. In sample set 1,
absorbance gains were displayed in nine samples and
losses in eight samples, at wavelengths of both
270 nm and 350 nm. At a wavelength of 700 nm,
absorbance gains were recorded in ten samples and
losses in three samples, whilst four samples showed
no change. In contrast, sample set 2 exhibited gains
in all samples at 270 nm, and only two of the 17
samples exhibited losses at both 350 nm and 700 nm.
Mean absolute absorbance changes at 270 nm
were 0.07 ± 0.03 and 0.065 ± 0.006, for sample sets
1 and 2, respectively. For both sample sets,
absorbance values at 270 nm after cold storage were
statistically significantly (P ≤ 0.05) different from the
original absorbance values before cold storage. Mean

absolute absorbance changes at 350 nm were notably
greater in sample set 1 (0.06 ± 0.02) compared with
sample set 2 (0.024 ± 0.004). However, absorbances
at 350 nm before and after cold storage, for both
sample sets, did not differ significantly (P > 0.05).
Changes in absolute absorbance at 700 nm were
0.02 ± 0.01 and 0.009 ± 0.002 for sample sets 1 and 2,
respectively, resulting in significant differences
(P ≤ 0.01) between the absorbance values recorded at
700 nm before and after cold storage, for both sample
sets.
DOC changes
The overall average absolute % difference in DOC
concentration before and after cold storage was 9.6 %
(2.5 ± 0.5 mg L-1). In sample set 1 the average
normalised difference in DOC concentration was
2 ± 1 mg L-1 (i.e. 8 %) and in sample set 2 it was
2.7 ± 0.4 mg L-1 (i.e. 11 %) (Figure 4). Percentage
changes in DOC concentrations were significantly
greater in sample set 2 compared with sample set 1
(P ≤ 0.05) (Figure 4).
Experiment 2. Effect of freezing and thawing on
DOC quality
Following freeze/thaw, absorbance losses were
observed for all samples at both 270 and 350 nm
(Figure 5). At 700 nm, there was a reduction in
absorbance in ten samples and an increase in
absorbance in six samples with no change in one
sample (Figure 5). The average changes in absolute
absorbance at 270, 350 and 700 nm, before and after
freeze/thaw, were 0.07 ± 0.02, 0.034 ± 0.008 and
0.003 ± 0.001, respectively. Absorbance values after
freeze/thaw in comparison to the original

Figure 2. Relationship between SUVA254 of the refrigerated samples and DOC concentration differences
between the two storage techniques, in Experiment 1.The regression was significant (P ≤ 0.05). The large
numerical constants look implausible but are correct. They result from counterbalancing the x-multiplier
and the constant over the very small x-range involved.
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Figure 3. Experiment 2: changes in absorbance at 270 nm (A270), 350 nm (A350) and 700 nm (A700) of samples
during approximately 12 weeks of cold storage (4 °C) Positive values are increases. There are two sets of
17 samples. Set 1 was collected on 03 August 2015, and set 2 on 05 October 2015.

Figure 4. Average normalised % differences in
DOC observed, for the same sample, before and
after approximately 12 weeks of cold storage
(4 °C), for both sample sets in Experiment 2. DOC
concentrations were calculated using the twowavelength approach (Carter et al. 2012). Error
bars show the standard error of the mean. The
significance of differences is also shown (unpaired
two-tailed t-tests, n = 17).

absorbances were significantly different (P ≤ 0.0001)
at wavelengths of 270 nm and 350 nm, but not at
700 nm (P > 0.05).
Average calculated DOC concentrations, using
the two-wavelength approach, before and after
freeze/thaw are shown in Figure 6. The freeze/thaw
process resulted in a small loss in overall calculated
DOC concentrations, which was not significant
compared to the original DOC concentrations
recorded in August 2015. Absolute changes in DOC
concentrations after the freeze/thaw process ranged
from 0.12 to 18.5 mg L-1 across the sample set, with
an average change of 3 ± 1.1 mg L-1. This represents
a 10.9 % difference compared with the original DOC
concentrations recorded in August 2015. However,
because the freeze/thaw process resulted in
significant (P ≤ 0.0001) alterations to the DOC
spectra at 270 nm and 350 nm (Figure 5), this will
probably have resulted in the miscalculation of DOC
concentrations following freeze/thaw. Therefore, the
observed changes in DOC concentrations following
freeze/thaw probably reflect changes to the DOC
absorbance spectra rather than actual reductions in
DOC concentrations.
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DISCUSSION

Figure 5. Experiment 2: changes in absolute
absorbance values at 270 nm (A270), 350 nm (A350)
and 700 nm (A700), following freeze/thaw. Positive
values are increases. There is one set of 17
samples.

Figure 6. Comparison of DOC concentrations
before and after freeze/thaw, in Experiment 2.
DOC concentrations were calculated using the
two-wavelength approach (Carter et al. 2012).
Error bars show the standard error of the mean
(n = 17).

In Experiment 1, loss rates of DOC in samples kept
at an ambient temperature of 33 °C were high (6.1 %
over six weeks) relative to those stored at 4 °C,
suggesting that tropical DOC concentrations could
experience decreases of about 1 % per week. This is
not surprising considering the temperature that these
samples were exposed to during storage, which will
have enhanced microbial activity and associated
degradation of DOC (Kalbitz et al. 2000), and even
non-biological chemistry. These differences in DOC
concentrations are also reflected in the significant
differences (P ≤ 0.001) in absorbance at 254 nm
observed between the two storage methods (Figure 1).
Greater sample SUVA254 values indicate the
presence of humic and fulvic acids, including
phenolic compounds, which remain biologically
intact in the environment for long periods of time
(Clark et al. 2010, Benner & Kaiser 2011). A
significant negative relationship was observed
between SUVA254 and the difference in DOC
between the two storage methods (Figure 2). High
SUVA254 values are indicative of recalcitrant DOC
compounds, thus this observation suggests that even
with prolonged exposure to high temperatures, more
of the aromatic DOC remains relatively resistant to
degradation (Weishaar et al. 2003). But the small
range in SUVA254 values presented in Figure 2 limits
the support for SUVA254 as a proxy for DOC
bioavailability.
In terms of cold storage effects on DOC quality
(Experiment 2), changes in absorbance occurred
across the DOC spectra (270 nm, 350 nm and
700 nm) for both sample sets. These observed
changes, before and after cold storage, were
significant at wavelengths of 270 nm and 700 nm.
Interestingly, in sample set 2 the majority of the
samples showed increased absorbance at all
wavelengths. This could be a reflection of DOC
flocculation with storage time resulting in a shift in
the absorbance properties of the samples. However,
absorbance corrections at 700 nm were made when
calculating all DOC concentrations in order to adjust
for turbidity and, thus, sample flocculation, as
suggested by Carter et al. (2012). Consequently, it is
more likely that the differences in absorbance
responses between the two sample sets is a reflection
of the different months in which the two samples sets
were collected (August versus October) and thus
reflect differences in both water chemistry and
perhaps DOC composition.
Overall, the water samples in Experiment 2
showed only small changes in DOC concentrations
(2–2.7 mg L-1, corresponding to 8–11 %), when
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stored for approximately 12 weeks at 4 °C. This
suggests that if water samples are collected, filtered
immediately and refrigerated, then DOC losses in
water samples from tropical peatlands may be
acceptable. From a fieldwork perspective the
practical implications of this finding are significant:
samples can be stored and shipped back (at a
temperature below 20 °C) for analysis when
convenient, avoiding the complex logistical issues
associated with immediate analysis in remote
locations.
The average variance in DOC loss over the 12
weeks in cold storage was 9.5 mg L-1; however, this
was skewed by one data point indicating a large
change in DOC concentration during cold storage
(50 %). Removal of this single outlier results in an
average difference of 2 mg L-1, suggesting that losses
of DOC during cold storage are low and somewhat
predictable.
The data from the freeze/thaw experiment
demonstrate that, whilst overall changes in DOC
concentrations before and after freeze/thaw were
small (losses of 10.9 % compared to 9.6 % under cold
storage; Experiment 2), significant changes in the
absorbance spectra at 270 nm and 350 nm were
observed even after only 48 hours of frozen storage.
This suggests that although changes in total DOC
concentration may be minor, changes in the quality
of the DOC may be occurring. This may be a
consequence of the stability of the different fractions
that comprise the DOC molecule changing during the
freeze/thaw process (Spencer et al.2007). In addition,
as samples were not re-filtered after freezing, it is
possible that this process caused aggregation, leaving
suspended particles of DOC, further contributing to
the modifications observed in the optical properties
of the DOC. Taken together these observations
suggest that freezing may be a suitable preservation
method if bulk DOC measurements (only) are of
interest, but unsuitable if DOC quality is the main
focus, directly supporting findings by Peacock et al.
(2015). To confirm this observation, further
experimentation into the effects of freezing the
samples would need to be undertaken.
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