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[1] The effects of photodegradation and biodegradation upon aquatic organicmatter lability
have been extensively researched in all aquatic systems because of the impact of these
processes upon carbon cycling, with most studies undertaken on the dissolved organic
fraction. Little research has been published into the effect of freezing/thawing and
dehydration/rehydration although these are mechanisms which are often encountered in
nature. In this work, 13 freshwaters from central England were analyzed for chemical water
quality, total organic carbon, and organic matter fluorescence using excitation-emission-
matrices (EEMs). Samples were stored unfiltered under dehydrated or frozen conditions,
then rehydrated or thawed, and analyzed for fluorescence over five cycles. The effect
of freezing/thawing and dehydration/rehydration upon total organic matter fluorescence was
assessed through changes in fluorescence intensity of four common peaks measured on
the EEM spectra. Sample spectra were found to respond in a sample specific manner after
one and five cycles of analysis; although fluorescence intensity generally decreased, the
magnitude of decrease was variable between fluorescence peaks and samples. Freezing/
thawing and dehydration/rehydration provide useful information on the sensitivity of
freshwater organic matter fluorescence to these environmental processes.

Citation: Hudson, N., A. Baker, D. M. Reynolds, C. Carliell-Marquet, and D. Ward (2009), Changes in freshwater organic matter

fluorescence intensity with freezing/thawing and dehydration/rehydration, J. Geophys. Res., 114, G00F08, doi:10.1029/2008JG000915.

1. Introduction

[2] In most aquatic systems the use of organic carbon
through microbial respiration exceeds autochthonous (in
system) production [Cole and Caraco, 2001]. Thus allochth-
onous (external) sources of carbon, which are either labile or
have the potential to be processed to labile products, are also
required to maintain system stability. Aquatic organic matter
is commonly considered to constitute a mixture of highly
labile, often protein rich materials associated with human or
microbial activity and more stable, highly processed humic-
like materials from the breakdown of terrestrial lignin-based
materials. More recently the materials which were previously
considered to be highly processed and recaltriant, e.g.,
terrestrial humic and fulvic acids have been found to be
affected by biochemical and photochemical processes, and it
is suggested that these ‘‘stable’’ compounds are in fact less
stable than previously thought and may be an important
metabolite source in fluvial and marine systems [Battin
et al., 2008; Cory et al., 2007]. Biochemical and photochem-
ical processes have been found to be highly influential in

changing the lability and evasion potential of aquatic carbon,
influencing the carbon load of the hydrological system and
are considered to be highly influential in the process of car-
bon cycling. The effects of photodegradation and biode-
gradation have been studied extensively in lake [Tranvik
and Bertilsson, 2001], fluvial [Gao and Zepp, 1998; Patel-
Sorrentino et al., 2004; Smith and Benner, 2005], estuarine
[Moran et al., 2000], and marine systems [Skoog et al.,
1996].
[3] Fluvial systems are of particular interest as they have

the potential to expose organic matter to intense microbial or
photo exposure having variable residence times and are often
highly influenced by local human activity. Organic matter
may be processed rapidly or may be shielded and protected
from transformation by settlement or delay in quiescent
zones. It is considered that only about half the carbon that
enters river systems from land is transported and exported to
sea [Cole et al., 2007] implying that the other half of this
carbon budget settles within or is degassed from river
systems. Emphasis is usually placed upon the dissolved
organic fraction in fluvial systems as the particulate fraction
is considered to be less mobile, settling into sediments with
transport occurring as a series of events [Battin et al., 2008].
While photochemical processing and the effect of microbial
activity are discussed in detail there is little consideration
given to the effect of changes in organic matter concentration
and character as a result of freezing/thawing or dehydration/
rehydration in freshwaters, both of which are processes
which may be experienced by organic matter in fluvial
systems, depending upon latitude. Research that has been
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published on the effect of freezing and thawing in both
marine [Coble, 1996; Del Castillo and Coble, 2000] and
freshwater samples [Spencer et al., 2007; Fellman et al.,
2008] relates to the dissolved fraction rather than the total
organic matter. General conclusions are that marine organic
matter is largely unaffected by freezing and thawing, in
that changes in nutrient concentrations are so low as to be
negligible [Avanzino and Kennedy, 1993; Dore et al., 1996].
In freshwaters, however, nutrient concentrations are found to
be largely affected by the process of sample freezing, leading
to a decrease in concentration [Fellman et al., 2008]. Fur-
thermore, freshwater organic matter fluorescence is also seen
to be affected by the freezing process [Spencer et al., 2007].
No work has been carried out on the impact of dehydration
and rehydration upon freshwater nutrient concentrations or
fluorescence properties.
[4] In this work the impact of freezing/thawing and

dehydration/rehydration upon unfiltered samples is consid-
ered in lowland rural and urban freshwater. Both processes
have the potential to cause changes in concentration and
character of the organic matter present, and thus affect
calculation of the downstream carbon budget. We assess
the impact of such processes on the total carbon content of
the water, not simply the dissolved fraction, to obtain a direct
indication of the effect of such environmental processes upon
total organic carbon in the environment. We hypothesize that
river waters are likely to demonstrate dramatic changes in
fluorescence intensity due to changes in organic matter
concentration as a result of the freezing/thawing and
dehydration/hydration processes. We will investigate if
the extent of change in fluorescence intensity is related to
either the chemical water quality or the initial organic matter
characteristics.

2. Materials and Methods

2.1. Sample Site Identification

[5] Water samples were collected from thirteen fresh-
waters in central England, between November 2006 and
February 2007. The waters were chosen to include a range
of urban and rural characteristics and, as logistically it was
not possible to gain any sort of temporal replicate in the
period of time available, it was decided to work with a larger
spatial distribution of samples to capture the widest possible
diversity of organic matter. The watercourses sampled can be
grouped into geographically similar areas, and these groups
ultimately feed into the same higher-order watercourses. The
grid reference of each sample collected for this analysis is
shown in Table 1.

2.2. Sample Collection and Storage

[6] Samples were collected directly into previously unused
unwashed 1 L bottles. As no sampling aids were used the
distance of sampling from the bank was < 1 m and sampling
depth was around 10–20 cm. No field analysis of samples
was undertaken other than a visual assessment of low- or
high-flow status and visual or odor indicators of obvious
pollution incidents.
[7] Samples were returned to the laboratory and stored in

the refrigerator (4�C, dark) until analysis. One full 1 L bottle
of each sample was sent to the Environment Agency for
analysis in cold, dark conditions (cool box) within 6 h of

sample collection. These samples were registered by the
Environment Agency laboratory within 2 days and full
chemical water quality analysis was undertaken. The reported
parameters and abbreviated titles were Alkalinity (CaCO3)
(Alk), Ammoniacal Nitrogen (AmN), BOD5, Chloride (Chl),
Total Oxidized Nitrogen (as N) (TON), Nitrate (as N),
Orthophosphate (as P) (Orthop), Silicate (SiO2) (Si), Phosphate
(Phos), Conductivity (Cond), pH, turbidity (Turb), Nitrate
(as N). Initial water chemistry and fluorescence values are
presented in Table 1.

2.3. Sample Preparation

[8] In order to be more representative of organic matter in
the natural system samples were not filtered prior to analysis.
Within 6 h of sample collection, 40 ml of unfiltered sam-
ple was decanted into new unwashed, sterile 50 ml HDPE
bottles in duplicate for each sample which allowed a margin
for volume increase during freezing. The bottles were then
placed in a laboratory freezer at approximately �20�C
(batch 1, 20 November 2006 to 9 January 2007 is average
�19.9�C ± 0.67�C, batch 2, 11 January to 1 February 2007 is
average �19.71�C ± 0.52�C).
[9] Eight ml of unfiltered sample was also decanted into

sterile Petri dishes in duplicate and placed, uncovered, in an
oven which had been previously sterilized by washing with
70% ethanol/IMS (Industrial Methylated Spirit). The over
temperature was maintained at around 30�C (batch 1,
20 November 2006 to 9 January 2007 is average
36.58�C ± 0.46�C, batch 2, 11 January to 1 February
2007 is average 31.57�C ± 1.06�C) An ambient temperature
of 30�C was chosen as it was considered that this was
sufficiently environmentally relevant to produce meaningful
results while also dehydrating the sample within a timescale
that allowed for the experimental phase to be completed
within the time available. For the same reason 8ml of sample
was decanted for dehydration and rehydration analysis as this
was found to dehydrate overnight under the temperature
conditions. This allowed a rapid recovery of results.
[10] In addition, 40 ml of sample was decanted into

unwashed, sterile 50 ml HDPE bottles and stored under
refrigerated conditions as a control, against which to measure
changes in fluorescence as a result of freezing and thaw-
ing and dehydration/rehydration These samples were refrig-
erated at around 4�C, in the dark, and were analyzed again
for fluorescence only on the last day of the test.

2.4. Sample Analysis

[11] Twenty-four hours prior to analysis the frozen samples
were removed from the freezer and allowed to thaw in an
environmental cabinet in cycles of light and dark at approx-
imately 11�C. Dehydrated samples were removed from the
oven, rehydrated with 8 ml 18 MW deionized water and
covered with the petri dish lid. One hour before analysis
commenced all samples were taken to the fluorescence
laboratory where they were stored at room temperature under
laboratory lights until analysis. No other preparation was
undertaken prior to fluorescence analysis. It was necessary to
dilute some samples due to their turbidity or very high
fluorescence intensities which made the test ‘‘destructive,’’
with a volume of sample being removed from the bulk and
not returned. This is considered to be of negligible impact
as each fluorescence analysis used only 400 ml, from a total
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volume of 40 ml (1%). However, dehydrated/rehydrated
sample volumes were reduced by 5% on each analysis as
400 ml was removed from 8 ml.
[12] Following fluorescence analysis the thawed samples

were returned to the freezer for another cycle of freezing and
the rehydrated samples returned, uncovered, to the oven. This
cycle was repeated five times with fluorescence analysis
being undertaken after each cycle.

2.5. Fluorescence Analysis

[13] An EEM was created for each sample using a Varian
Cary Eclipse fluorescence spectrometer. The Cary Eclipse
uses a xenon light source which flashes at up to 80 flashes per
second at 2–3 ms intervals, a single Czerny-Turner mono-
chromator which splits the excitation and emitted light into
constituent colors, a range of adjustable filters and two
photomultiplier tube detectors.
[14] Excitation and emission were scanned simultaneously

at wavelengths from 200 to 400 nm and 280–500 nm at 5 nm
and 2 nm intervals, respectively, with a 5 nm band pass at
9600 nm/min scan rate and at 20�C (regulated by a Peltier
temperature controller). The position (excitation and emis-
sion wavelength pair) and intensity in arbitrary fluorescence
units (AFU) of points of fluorescence maxima were manually
determined on the EEM using the Cary Eclipse software
and were recorded. Correction for instrument-specific wave-
length bias is commonly applied in work of this nature;
however, such corrections have not been applied to this data
as, for the Cary-Eclipse spectrophotometer, the corrections
cannot be accurately applied at wavelengths shorter than
220 nm. An attempt to apply these correction factors would,
therefore, exclude correction of much of the peak A and T2

data which are of interest in these waters. However, if
corrections were to be applied they would be, in the region
of peak T1 = x1.84 +/� 0.21 and peak C = x1.37 +/� 0.05. In
this work the same spectrophotometer was used throughout.
Fluorescence analysis was undertaken after each freeze/thaw
and dehydration/rehydration event.

[15] The Raman value of water (vibrational effect of
excitation of the H-O-H molecules) at excitation wavelength
348 nm, derived daily from a manufacturer supplied sealed
water cell, was used as an internal standard to test for
instrument drift. Fluorescence intensity results are normal-
ized for this value (average 24.859 units). A quartz micro-
cuvette was used in which 400 ml of sample was analyzed at
a path length of 1 cm.
[16] Data for four common fluorescence peaks is presented

in this work; tryptophan-like (or protein-like) and humic/
fulvic-like. Tryptophan-like fluorescence demonstrates two
peak positions in the region of lex/em 280/350 nm and lex/em
215–220/340 nm which will be referred to as T1 and T2,
respectively. Humic-like material is represented by two
distinct fluorophores, commonly referred to in literature as
humic-like and fulvic-like and which are referred to in this
work as peaks C and A at peak regions lex/em 380/420–
480 nm and 260/380–460 nm, respectively [Coble, 1996].
An example freshwater EEM is shown in Figure 1.
[17] Changes in fluorescence intensity are presented in this

paper as percentage change in peak intensity from the initial
value. Fluorescence intensity values have been corrected for
changes in fluorescence intensity observed in 18MW distilled
water which was prepared and stored under the same envi-
ronmental conditions. In this instance the fluorescence in-
tensity in AFU for each peak recorded in the 18 MW distilled
water was subtracted from the measured sample fluorescence
intensity for each equivalent peak and change in sample
fluorescence intensity as a percentage was calculated on the
subsequent corrected fluorescence intensity. The purpose of
this correction was to account for any contaminants which
may enter the sample from the storage container or air. On
average peak T1 was corrected by�4 AFU, T2 by�43 AFU,
peak C by �3 AFU and peak A by �21 AFU, negligible
values (within instrument variability) except peak T2. Where
no corresponding 18 MW distilled water was stored (batch 2
of frozen samples, Alder Brook on) an average correction

Figure 1. An example of a common freshwater EEM.
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factor for each peak for the 18 MW distilled water data
available was used.

2.6. Total Organic Carbon

[18] Undiluted samples were analyzed prior to experimen-
tation for both total carbon and inorganic carbon, and the total
organic carbon (TOC) then calculated by difference using a
Shimadzu TOC-Vcpn analyzer. Total carbon was analyzed
by combustion of the sample at 680�C with a platinized
alumina catalyst and the resulting CO2 production measured.
Total inorganic carbon was analyzed by phosphoric acid
digestion combined with CO2 determination by IR detection.
From these analyses results the total organic carbon was
calculated by total carbon – total inorganic carbon (TOC =
TC � TIC). The instrument was calibrated prior to each
analysis using a dilution series of total carbon and inorganic
carbon 1 molar standards (Reagecon) and for each analysis
the mean of three measurements was used.

3. Results

[19] The values of one standard deviation from the mean of
424 triplicate samples from unpublished work is presented to
assess whether the change in fluorescence intensity observed
may be reportable change in intensity or simply analytical

uncertainty. A summary of the standard deviation around
the mean as a value and as a percentage of the mean intensity
are shown in Table 2. The minimum, maximum, and mean
standard deviation values of fluorescence intensity calculated
for each fluorescence peak across the 424 samples, subjected
to different storage conditions, are quoted. The maximum
standard deviation value recorded across the 424 samples for
each peak is considered to be representative of the maximum
possible variability across a triplicate analysis. Therefore any
change in fluorescence up to this value may be attributable to
analytical uncertainty. Any change in observed fluorescence
intensity in excess of themaximum standard deviation should
be considered an actual change in fluorescence properties.

3.1. Stability of Refrigerated Control Samples

[20] A subsample of each water sample was stored under
refrigerated conditions for the duration of the freezing/
thawing and dehydration/rehydration cycles. These subsam-
ples exhibited fluorescence intensity change over the period

Table 2. Minimum, Maximum, and Mean Recorded Values of

One Standard Deviation From the Mean Fluorescence Intensity of

Each of the Four Common Fluorescence Peaks for 424 Triplicate

Samplesa

Standard
Deviation

T1 T2 C A

a.u. Percent a.u. Percent a.u. Percent a.u. Percent

Minimum 0 0 0 0 0 0 1 0
Maximum 23 27 40 18 12 8 95 17
Mean 4 6 9 5 3 3 10 3

aValues in bold are the maximum value of one standard deviation reported
across the 424 samples as a percentage of the mean intensity of that specific
group of triplicate samples.

Table 3. Percent Change in Fluorescence Intensity Between Initial

Fluorescence and on the Final Day of Analysis in Refrigerated

Control Samplesa

Sample Name
Sample

Reference

Percent Change
Fluorescence Intensity

T1(%) T2(%) C(%) A(%)

River Tame 1 �19 11 15 28
Wood’s Brook 2 �81 �64 �18 �52
River Rea 3 �36 �28 0 6
Harborne Brook North 4 �41 �42 �15 �16
Harborne Brook South 5 �20 �7 4 14
Vale Lake 6 �14 �28 12 9
Bartley Brook 7 12 �29 2 8
Merritt’s Brook 8 �6 �44 �18 �2
River Trent 9 �34 �42 �14 �4
Repton Brook 10 �32 �62 7 �3
Hilton Brook 11 �59 �69 �22 �25
River Dove 12 �5 �49 �2 5
Alder Brook 13 �62 �61 �20 �16
Mean fluorescence change (%) �31 �40 �5 0
Standard deviation 26 23 13 15

aValues in bold indicate changes outside the bounds of maximum ana-
lytical uncertainty.

Table 4. Percent Change Intensity Values for Corrected Data

After One Cycle Freeze/Thaw Which Fall Outside the Bounds of

Maximum Analytical Uncertaintya

Sample Name
Sample

Reference

Percent Change
Fluorescence Intensity

T1(%) T2(%) C(%) A(%)

River Tame 1 �12 �26 �8 �6
Wood Brook 2 �12 �12 �10 �7
River Rea 3 19 �28 �11 �6
Harborne Brook North 4 11 �11 1 �2
Harborne Brook South 5 �5 �17 �7 �7
Vale Lake 6 �23 �35 �20 �30
Bartley Brook 7 19 �17 10 9
Merritt’s Brook 8 �11 �14 �8 8
River Trent 9 �14 �29 �2 13
Repton Brook 10 2 �86 �4 �11
Hilton Brook 11 22 �51 �13 0
River Dove 12 2 �78 �13 �7
Alder Brook 13 �37 �37 �7 12
Mean fluorescence change (%) �3 �34 �7 �3
Standard deviation 18 24 7 12

aValues in bold.

Table 5. Percent Change Intensity Values for Corrected Data

After One Cycle Dehydration/Rehydration Which Fall Outside the

Bounds of Maximum Analytical Uncertaintya

Sample Name
Sample

Reference

Percent Change
Fluorescence Intensity

T1(%) T2(%) C(%) A(%)

River Tame 1 �30 �17 �15 �12
Wood Brook 2 �57 �55 �28 �33
River Rea 3 �23 �19 �19 �20
Harborne Brook North 4 �19 �29 �29 �30
Harborne Brook South 5 12 �12 �17 �14
Vale Lake 6 �22 �14 �21
Bartley Brook 7 �27 �55 2 1
Merritt’s Brook 8 �42 �44 �29 �14
River Trent 9 �42 �53 �21 �8
Repton Brook 10 29 �52 �16 �26
Hilton Brook 11 �60 �59 �17 6
River Dove 12 �8 �67 �22 �21
Alder Brook 13 �40 �30 �15 �8
Mean fluorescence change (%) �26 �40 �18 �15
Standard deviation 26 19 8 11

aValues in bold.
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of analysis. Table 3 shows the percentage change in intensity
in refrigerated samples fromDay 1. In particular, decreases in
fluorescence intensity occur in peaks T2 and C which are
greater than analytical uncertainty. It is clear that even under
these storage conditions the samples are not stable and are
subject to oxidation/microbial activity which affect the fluo-
rescence properties of the sample. Fluorescence intensity
changes in the frozen or dehydrated samples in excess of
that observed in the control sample may indicate that the
processes of freezing/thawing and dehydration/rehydration
are more influential than oxidation/microbial activity.

3.2. One Cycle Freeze/Thaw and
Dehydration/Rehydration

[21] It is clearly shown in Table 4 that for one cycle of
freeze/thaw almost all percentage changes in observed fluo-
rescence intensity in peaks T1 (�3 ± 18%) and A (�3 ± 12%)
fall within the that of calculated analytical uncertainty.
Changes in peaks T2 (�34 ± 24%) and C (�7 ± 7%) are
often outside that which can be explained by analytical
uncertainty.
[22] Table 5 shows the percent change in fluorescence

from that measured initially for each peak after one cycle of
dehydration/rehydration. Similar to one cycle of freeze/thaw,
the vast majority of changes in peaks T2 (�40 ± 19%) and
C (�18 ± 8%) fall outside that expected due to analytical
uncertainty, but in this instance a large proportion of sites
exhibit significant changes in peaks T1 (�26 ± 26%), and
some sites also show decreases in peak A (�15 ± 11%).

[23] Results presented in Tables 4 and 5 suggest that while
freezing may be a convenient method of filtered fresh water
sample storage, it is not without detrimental effect to the
fluorophores present in total water samples. Substantial
decreases in peak T2 and C intensities, outside the range
attributable to analytical uncertainty, may be observed over a
single episode of freezing and thawing even when frozen for
a relatively short space of time. Dehydration and rehydration
of samples appears to be even more disruptive of sample
fluorescence, as a greater proportion of samples exhibit
fluorescence intensities which fall outside the bounds of
analytical uncertainty. These findings have some relevance
for sample stability, suggesting that dehydration more effec-
tively disrupts the structure of the organic matter present,
with more fluorescence peaks exhibiting fluorescence inten-
sity decreases after dehydration than freezing. For both
freezing and dehydration, both peaks C and T2 are the most
affected, with most samples exhibiting a significant decrease
in fluorescence intensity. The general reduction in fluores-
cence intensity with freezing and dehydration suggests eva-
sion of organic carbon as CO2 as the mechanism, the precise
cause is unknown but may include the mechanical break-
down of organic molecules, cell lysis/bursting, changes in
colloid-organic matter interactions, etc. As it is the total
organic matter fraction investigated in this work, it is not
possible to determine whether this loss of organic carbon
is occurring in one specific fraction (dissolved, colloidal, or
particulate) or whether it occurs at the same rate and to the
same degree across the fractions.

Figure 2. Percentage change in fluorescence intensity after one cycle and five cycles of freezing/thawing
and dehydration/rehydration. Fluorescence intensity data corrected for 18 MW deionized water sample
stored under same conditions.
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3.3. Five Cycles Freeze/Thaw and
Dehydration/Rehydration

[24] Percent change in fluorescence intensity values are
presented for samples after the same number of cycles of
freezing/thawing and dehydration/rehydration. Freeze/thaw
results after five cycles are presented in Table 6, and
dehydration/rehydration in Table 7, and results comparing
one and five cycles are presented in Figure 2 and for all five
cycles in Figure 3.
[25] Generally it can be observed that after five cycles of

freezing/thawing and dehydration/rehydration the direction
of fluorescence change becomes more consistent than after
one cycle, with a decrease in fluorescence intensity for all
peaks being common. The direction and amount of change
in fluorescence is illustrated graphically for each peak over
one and five cycles of freezing/thawing and dehydration/
rehydration in Figure 2. In comparison with changes in
fluorescence after one cycle of freeze/thaw or dehydration/
rehydration it can be seen that there is less obvious peak
specific pattern to responses, and in general most observed
changes are greater than analytical uncertainty. Only one
sample does not exhibit significant decreases in fluorescence

after five cycles (Harborne Brook North); however, inspec-
tion of Figure 3 shows that this sample initially undergoes
a fluorescence decrease, followed by an increase in fluores-
cence during later cycles.

4. Discussion

[26] Chemical water quality results (Table 1), including
total and inorganic carbon results, all fall within those typical
of British freshwaters. Two urban sites, Wood Brook and
Harborne Brook North, can be seen to be highly influenced
by organic pollution with high BOD5 values. The urban Vale
Lake has high ammonia values with no elevated BOD5 value,
suggesting an autochthonous source of ammonia, rather than
an allochthonous source associated with sewage pollution.
As all samples fall within that expected for British fresh-
waters, they have been ordered in Tables 1–7 and Figures 2
and 3 by decreasing urban/increasing rural land cover. Those
samples at the more rural end of the spectrum may be seen
to be more highly turbid, with higher total oxidized nitrogen
and nitrate concentrations, typically of larger rivers and an
agricultural source of nitrate pollution. Urban rivers had rela-

Figure 3. Graphs showing direction of fluorescence intensity change on a cycle-by-cycle basis.
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Figure 3. (continued)
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Figure 3. (continued)
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tively high chlorine and total organic carbon, indicative of
urban runoff and sewerage contamination.
[27] After one cycle of freezing, peaks T2 and C tend to

show changes in fluorescence intensity which fall outside the
bounds of analytical uncertainty. This may suggest that these
peaks are intrinsically more unstable than the T1 and A peaks,
and suggests that different organic matter fractions contribute
to each of the four fluorescence peaks. Few patterns between
the change in fluorescence intensity after freezing and
chemical water quality or initial fluorescence properties are
observed, although samples which are classified as more
‘‘rural,’’ e.g., Repton Brook, Alder Brook, Hilton Brook, and
River Trent, show large changes in T2 fluorescence intensity.
No relationships are observed with parameters that might
reflect greater organic matter lability (high initial peak T
intensity or high BOD). After five cycles of freezing the
River Dove demonstrates the greatest degree of fluores-
cence change for all peaks. One sample, Harborne Brook
North, demonstrates an increase in fluorescence intensity
during later freeze/thaw cycles, suggesting the presence of
several organic matter fractions with different sensitivities
to freezing.
[28] After one cycle of dehydration/rehydration most sam-

ples generally demonstrate fluorescence decreases greater
than analytical uncertainty, particularly in peaks T2 and C
which are greater than those observed in frozen samples.
Peak T1 also decreases significantly. However, as in samples
subjected to one cycle of freezing and thawing peaks T1 and
T2 are seen to change independently of each other. This may
suggest separate fluorophores are responsible for fluores-
cence of these peaks and a greater stability of the T1 peak.
Peak A intensity also decreases with dehydration more than
with freezing; this is slightly more apparent for the urban
sample sites. One cycle of dehydration therefore effects a
greater decrease in fluorescence intensity of all fluorescence
peaks that one cycle of freezing. After five cycles of dehy-
dration all fluorescence peaks in all sample sites except the
Harborne Brook North exhibit a significant decrease in
fluorescence. Harborne Brook North initially decreases in
fluorescence, but after five cycles increases in fluorescence
for all fluorescence peaks.

[29] There appears to be no simple relationship between
the initial sample characteristics and the manner in which the
organic matter responds to episodes of freezing/thawing or
dehydration/rehydration. There is no relationship with BOD
or peak T intensity, suggesting that the processes determining
organic matter degradation with freezing and dehydration are
different to those determining microbial degradation. What
may be summarized is that there is a common decrease
in fluorescence intensity of all peaks in all samples after
freezing/thawing and dehydration/rehydration, ubiquitous
across all samples, regardless of catchment. Peak C intensity
correlates with TOC as demonstrated by Ferrari et al. [1996]
and Bieroza et al. [2009]; therefore a decrease in peak C
intensity of 23% with five freezing cycles and 33% with five
dehydration cycles suggests a decrease in TOCof 1–3mg/l can
be inferred. Therefore these processes are important in our
understanding of carbon cycling in the environment, although
they are currently largely unstudied.

5. Conclusions

[30] 1. There is a general trend for fluorescence peaks in all
samples to demonstrate a decrease in fluorescence intensity
after freezing/thawing and dehydration/rehydration. This
may suggest a decrease in TOC during these processes which
is highly important in our understanding of carbon budgets.
[31] 2. In general, fluorescence intensity continued to

decrease with repeated cycles of freezing and dehydration,
although for one urban site, fluorescence increased with
repeated cycles.
[32] 3. T1 and T2 follow independent behavior in response

to freeze/thaw and dehydration/rehydration. This may indi-
cate that peaks T1 and T2 comprise more than one fluoro-
phore which respond differently to freezing and dehydration.
[33] 4. Dehydration and rehydration appears to be more

destructive to fluorescent organic carbon than freezing and
thawing, although both are highly destructive and lead to
losses of fluorescence after both one and five cycles.
[34] 5. It is likely that the observed decrease in fluores-

cence intensity also indicates a loss of TOC from samples
through the freezing and dehydration processes. Thus it may

Table 6. Percent Change in Fluorescence Intensity Between Initial

Fluorescence and After Five Cycles of Freezing/Thawinga

Sample Name
Sample

Reference

Percent Change
Fluorescence Intensity

T1 T2 C A

River Tame 1 �52 �28 �25 �28
Wood’s Brook 2 �39 �33 �17 �33
River Rea 3 �46 �28 �31 �23
Harborne Brook North 4 �25 �11 �4 �14
Harborne Brook South 5 �33 �34 �36 �24
Vale Lake 6 �63 �53 �52 �44
Bartley Brook 7 �35 18 0 7
Merritt’s Brook 8 �34 �22 �20 9
River Trent 9 �39 �8 �15 0
Repton Brook 10 �52 �78 �10 �17
Hilton Brook 11 �59 �57 �9 15
River Dove 12 �78 �90 �69 �65
Alder Brook 13 �43 �30 �13 11
Mean fluorescence change (%) �46 �35 �23 �16
Standard deviation 15 29 20 24

aValues in bold indicate changes outside the bounds of maximum
analytical uncertainty.

Table 7. Percent Change in Fluorescence Intensity Between Initial

Fluorescence and After Five Cycles of Dehydration/Rehydrationa

Sample Name
Sample

Reference

Percent Change
Fluorescence Intensity

T1 T2 C A

River Tame 1 �44 �49 �32 �35
Wood’s Brook 2 �77 �65 �29 �49
River Rea 3 �34 �63 �40 �37
Harborne Brook North 4 �3 �27 0 �7
Harborne Brook South 5 �67 �75 �67 �67
Vale Lake 6 �50 �52 �38 �39
Bartley Brook 7 �49 �60 �29 �25
Merritt’s Brook 8 �51 �74 �32 �22
River Trent 9 �53 �63 �22 �16
Repton Brook 10 �32 �62 �30 �45
Hilton Brook 11 �67 �58 �33 �23
River Dove 12 �1 �78 �41 �36
Alder Brook 13 �70 �47 �30 �19
Mean fluorescence change (%) �46 �59 �33 �32
Standard deviation 23 13 14 15

aValues in bold indicate changes outside the bounds of maximum
analytical uncertainty.
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be speculated that a reduction in the number and frequency of
freezing events in winter in midlatitudes, which may occur
as a result of global warming, may be another factor leading
to an overall increase in TOC concentrations and color in
midlatitude rivers. Conversely, in high latitudes, defrosting
and freezing due to permafrost melting might be increasing,
leading to a converse effect of TOC in rivers. At lower
latitudes, dehydration events may occur more frequently
as a result of global warming, which could contribute to a
decrease in TOC concentrations in rivers in this region.

[35] Acknowledgments. Many thanks to NERC for funding this
work under Ph.D. Studentship project NER/S/C/2004/12659. Also thanks
for laboratory assistance to Richard Johnson and Andrew Moss.

References
Avanzino, R. J., and V. C. Kennedy (1993), Long-term frozen storage of
stream water samples for dissolved orthophosphate, nitrate plus nitrite,
and ammonia analysis, Water Resour. Res., 29(10), 3357 – 3362,
doi:10.1029/93WR01684.

Battin, T. J., L. A. Kaplan, S. Findlay, C. S. Hopkinson, E. Marti,
A. I. Packman, J. D. Newbold, and F. Sabater (2008), Biophysical controls
on organic carbon fluxes in fluvial networks, Nat. Geosci., 1, 95–100,
doi:10.1038/ngeo101.

Bieroza, M., A. Baker, and J. Bridgeman (2009), Relating freshwater or-
ganic matter fluorescence to organic carbon removal efficiency in drink-
ing water treatment, Sci. Total Environ., 407, 1765–1774, doi:10.1016/
j.scitotenv.2008.11.013.

Coble, P. G. (1996), Characterization of marine and terrestrial DOM in
seawater using excitation emission matrix spectroscopy, Mar. Chem.,
51, 325–346, doi:10.1016/0304-4203(95)00062-3.

Cole, J. J., and N. F. Caraco (2001), Carbon in catchments: Connecting
terrestrial carbon losses with aquatic metabolism, Mar. Freshwater Res.,
52, 101–110, doi:10.1071/MF00084.

Cole, J. J., et al. (2007), Plumbing the global carbon cycle: Integrating
inland waters into the terrestrial carbon budget, Ecosystems, 10, 171–
184, doi:10.1007/s10021-006-9013-8.

Cory, R. M., D. M. McKnight, Y.-P. Chin, P. Miller, and C. L. Jaros (2007),
Chemical characteristics of fulvic acids from Arctic surface waters:
Microbial contributions and photochemical transformations,
J. Geophys. Res., 112, G04S51, doi:10.1029/2006JG000343.

Del Castillo, C. E., and P. G. Coble (2000), Seasonal variability of the
colored dissolved organic matter during the 1994–95 NE and SW Mon-
soons in the Arabian Sea, Deep Sea Res., Part II, 47, 1563–1579,
doi:10.1016/S0967-0645(99)00154-X.

Dore, J. E., T. Houlihan, D. V. Hebel, G. Tien, L. Tupas, and D. M. Karl
(1996), Freezing as a method of sample preservation for the analysis of
dissolved inorganic nutrients in seawater, Mar. Chem., 53, 173–185,
doi:10.1016/0304-4203(96)00004-7.

Fellman, J. B., D. V. D’Amore, and E. Hood (2008), An evaluation of
freezing as a preservation technique for analyzing dissolved organic C,
N and P in surface water samples, Sci. Total Environ., 392, 305–312,
doi:10.1016/j.scitotenv.2007.11.027.

Ferrari, G. M., M. D. Dowell, S. Grossi, and C. Traga (1996), Relationship
between the optical properties of chromophoric dissolved organic matter
and total concentration of dissolved organic carbon in the southern Baltic
Sea region, Mar. Chem., 55, 299–316, doi:10.1016/S0304-4203(96)
00061-8.

Gao, H., and R. G. Zepp (1998), Factors influencing photoreactions of
dissolved organic matter in a coastal river of the southeastern United
States, Environ. Sci. Technol., 32(19), 2940 – 2946, doi:10.1021/
es9803660.

Moran, M. A., W. M. Sheldon, and R. G. Zepp (2000), Carbon loss and
optical property change during long-term photochemical and biological
degradation of estuarine organic matter, Limnol. Oceanogr., 45(6), 1254–
1264.

Patel-Sorrentino, N., S. Mounier, Y. Lucas, and J. Y. Benaim (2004), Effects
of UV-visible irradiation on natural organic matter from the Amazon
basin, Sci. Total Environ., 321(1–3), 231–239, doi:10.1016/j.scitotenv.
2003.08.017.

Skoog, A., M. Wedborg, and E. Fogelqvist (1996), Photobleaching of fluo-
rescence and the organic carbon concentration in a coastal environment,
Mar. Chem., 55(3–4), 333–345, doi:10.1016/S0304-4203(96)00044-8.

Smith, E. M., and R. Benner (2005), Photochemical transformations of
riverine dissolved organicmatter: Effects on estuarine bacterial metabolism
and nutrient demand, Aquat. Microb. Ecol., 40(1), 37–50, doi:10.3354/
ame040037.

Spencer, R. G. M., L. Bolton, and A. Baker (2007), Freeze/thaw and pH
effects on freshwater dissolved organicmatter fluorescence and absorbance
properties from a number of UK locations, Water Res., 41, 2941–2950,
doi:10.1016/j.watres.2007.04.012.

Tranvik, L. J., and S. Bertilsson (2001), Contrasting effects of solar UV
radiation on dissolved organic sources for bacterial growth, Ecol. Lett., 4,
458–463, doi:10.1046/j.1461-0248.2001.00245.x.

�����������������������
A. Baker and N. Hudson, School of Geography, Earth, and Environ-

mental Sciences, University of Birmingham, Birmingham B15 2TT, UK.
(a.baker.2@bham.ac.uk)
C. Carliell-Marquet, School of Civil Engineering, University of

Birmingham, Birmingham B15 2TT, UK.
D. M. Reynolds, School of Life Sciences, University of the West of

England, Frenchay Campus, Coldharbour Lane, Bristol BS16 1QY, UK.
D. Ward, Safe Training Systems Ltd., Holly House, Maidenhead Road,

Wokingham RG40 5RR, UK.

G00F08 HUDSON ET AL.: ORGANIC MATTER FREEZING AND DEHYDRATION

11 of 11

G00F08



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


