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Abstract 

Dissolved organic matter (DOM) plays a central role in regulating productivity and nutrient 

cycling in freshwaters. It is therefore vital that we can representatively sample and preserve 

DOM in freshwaters for subsequent analysis. Here we investigated the effect of filtration, 

temperature (5 and 25 °C) and acidification (HCl) on the persistence of low molecular weight 

(MW) dissolved organic carbon (DOC), nitrogen (DON) and orthophosphate in oligotrophic 

and eutrophic freshwater environments. Our results showed the rapid loss of isotopically-

labelled glucose and amino acids from both filtered (0.22 and 0.45 µm) and unfiltered waters. 

We ascribe this substrate depletion in filtered samples to the activity of ultra-small (< 0.45 

µm) microorganisms (bacteria and archaea) present in the water. As expected, the rate of C, 

N and P loss was much greater at higher temperatures and was repressed by the addition of 

HCl. Based on our results and an evaluation of the protocols used in recently published 

studies, we conclude that current techniques used to sample water for low MW DOM 

characterisation are frequently inadequate and lack proper validation. In contrast to the high 

degree of analytical precision and rigorous statistical analysis of most studies, we argue that 

insufficient consideration is still given to the presence of ultra-small microorganisms and 

potential changes that can occur in the low MW fraction of DOM prior to analysis. 

 

Keywords Biodegradation  Metabolomics  Sampling method  Nutrients  

Ultramicrobacteria  Uptake kinetics 

 

 

 



1. Introduction 

Dissolved organic matter (DOM) represents a key source of nutrients and energy for plants 

and microorganisms living in pristine low nutrient status waters (Gardner et al., 1989; Lindell 

et al., 1996; Bernot et al., 2010; Durand et al., 2011; Stutter and Cains, 2015). Conversely, 

DOM can also be seen as undesirable in freshwaters due to its potential to make pollutants 

more bioavailable, its ability to affect the hormone balance of freshwater organisms, its 

ability to generate significant reductions in dissolved oxygen concentrations owing to its 

uptake by microbial populations, and its potential to lead to the formation of carcinogens 

during chlorination of drinking water (Steinberg et al., 2008; Durand et al., 2011; McIntyre 

and Gueguen, 2013). Understanding the origin, behaviour and fate of DOM in aquatic 

ecosystems is therefore important for predicting how it will influence primary productivity 

and overall water quality. It is clear from recent studies that DOM is composed of thousands 

of individual compounds which can be biologically processed within the river network 

leading to significant changes in the quality and quantity of DOM during passage from 

catchment to coast (Battin et al., 2003; Lusk and Toor, 2016). While some high molecular 

weight (MW) compounds (>1000 daltons (Da); Kujawinski, 2011) may be relatively 

recalcitrant to microbial breakdown, some low MW compounds are highly labile, making 

representative sampling difficult due to potential losses during transport and storage prior to 

analysis.  

 DOM is operationally defined as C-containing compounds that can pass through a 

0.45 µm filter (Thurman, 1985; Nimptsch et al., 2014), this limit being historically linked to 

the microbiological standard for drinking water (Goetz and Tsuneishi, 1951). This filtering 

process is designed to remove microorganisms and organic debris from the sample, although 

the passage of nano-particulate DOM is inevitable. It is now well established, however, that 

freshwaters contain a range of ultra-small organisms (e.g. viruses, bacteria, archaea) which 



can also readily pass through a 0.45 µm apertures (Fig. 1; Comolli et al., 2009; Maranger and 

Bird, 1995). While viruses can be considered to be biologically inert from a DOM standpoint, 

the remaining ultra-small bacteria and archaea are thought to be physiologically active in a 

planktonic state (Baker et al., 2010; Luef et al., 2015). Currently, the ecological significance 

of these nano-organisms in nutrient cycling and DOM processing in natural freshwaters 

remains unknown. In addition, they also have the potential to compromise the quality of 

DOM in filtered samples destined for laboratory analysis.  

One of the main approaches for assessing DOM concentrations in water is via manual 

grab sampling, during which samples are 0.45 µm filtered in situ or ex situ prior to storage in 

pre-washed bottles. Alternatively, automatic sampling systems may be employed to reduce 

the amount of time and resources required (Cassidy and Jordan, 2011). However, 

automatically collected samples present challenges as they are not filtered after collection and 

are rarely recovered from site on a daily basis; therefore samples may be subject to 

significant periods of storage during which DOM biodegradation can occur. In addition, the 

samples may be exposed to higher temperatures than those of the river, potentially increasing 

the rate of microbial activity and loss or transformation of DOM (Ahad et al., 2006; Johnston 

et al., 2009). Although preservatives can be used to minimise nutrient transformations, these 

may interfere with subsequent metabolomics, biochemical and microbiological analysis and 

are frequently not used (Ferguson, 1994; Kotlash and Chessman, 1998). 

The three most commonly measured macronutrients that contribute to the molecular 

structure of DOM, and are key water quality parameters are C, N and P. Although the exact 

composition of all the dissolved organic C, N and P compounds in the aquatic environment is 

largely undefined, DOM can be divided into a high and low MW DOM fraction. The low 

MW DOM (< 1000 Da) fraction includes a wide range of common metabolites in either a 

monomer or oligomer form (e.g. amino acids, peptides, sugars, organic acids; Helms et al., 



2008). As these compounds may be typically present at very low concentrations (< 500 nM), 

particularly in low nutrient-status waters, their significance is frequently overlooked relative 

to the more stable high MW humic DOM fraction (Kujawinski, 2011). However, when their 

rapid rate of formation and turnover are considered, the overall flux of low MW DOM 

through the aquatic biota may be significant (Meon and Amon, 2004). As these compounds 

are likely to have a quick rate of turnover in the aquatic environment, their detection can be 

challenging especially in non-sterile samples. The aim of this study was therefore to: (1) 

compare the rate of microbial uptake of three low MW DOM components over time in 

unfiltered (whole microbial community) and filtered (ultra-small microbial community) water 

samples; (2) determine the impact of temperature on the microbial utilization of low MW 

DOM; and (3) establish whether sample acidification provides an effective preservative for 

low MW DOM. The results of the study will be used to evaluate the significance of ultra-

small microorganisms in low MW DOM turnover and also to devise potential strategies to 

representatively sample this DOM fraction.  

 

2. Materials and methods  

2.1 Field site and sampling  

Samples were collected from two contrasting sub-catchments within the Conwy 

catchment, North Wales (Fig. 2; supplementary Fig. S2). The Hiraethlyn sub-catchment is an 

area of primarily lowland improved grassland used predominantly for agricultural livestock 

production (Cooper et al., 2014; Jones et al., 2016). It has an average elevation of 56 m a.s.l., 

an annual air temperature of 8.57 ± 0.04 °C and an annual rainfall of up to 1000 mm (Emmett 

et al. 2016). The Migneint sub-catchment is an area of upland blanket peat bog supporting 

acid heathland vegetation and low intensity sheep production. It has an approximate elevation 



of 400 m and a mean annual temperature of 6.42 ± 0.05 °C and annual rainfall of 200-2500 

mm (Emmett et al., 2016). 

 Samples were collected manually in high density polyethylene (HDPE) bottles in 

March, 2015. At each site, a sample of water was either, (1) left unfiltered, (2) filtered 

through a 0.45 µm cellulose nitrate filter (Whatman, Buckinghamshire, UK), (3) filtered 

through a 0.22 µm cellulose nitrate filter (Sartorius, Göttingen, Germany), or (4) unfiltered 

and acidified with 10 ml 0.1 M HCl. Filters were rinsed by passing 60 mL of sample water 

through before the sample was collected. During transportation back to the laboratory, 

samples (1 L) were kept cool and in the dark by placing them on ice (supplementary Fig. S1).  

 

2.2 Nutrient depletion experiment 

To evaluate C, N and P depletion in the different treatments, 3 different radioisotopes were 

used: 
14

C-[U]-glucose (Lot 3632475; PerkinElmer, MA, USA), a mixture of 16 individual 

14
C-[U]-amino acids (Lot 3590279; PerkinElmer) and H3

33
PO4 (Lot 01305; PerkinElmer). 

For each isotope, three replicate 25 mL aliquots for each of the 4 treatments (acidified, 

unfiltered, 0.22 μm and 0.45 μm filtered) from the Hiraethlyn and Migneint sampling sites 

were added to sterile 50 mL polypropylene centrifuge tubes (Corning, NY, USA) and spiked 

with 0.2 kBq mL
-1

 activity. The amount of isotope added was < 1 nM and therefore not 

expected to change the intrinsic concentration of the target compound within the samples. 

After sealing with sterile caps, the samples were subsequently incubated in the dark at either 

5 or 25 °C for the duration of the experiment.  

After incubation for 2, 5, 24, 48, 72, 144 or 168 h, 1 mL subsamples were taken, 

centrifuged to remove microbial cells (20,817 g, 5 min), and 0.5 mL of the supernatant placed 

in a scintillation vial. The subsamples were then acidified with 0.1 M HCl (50 µL), vortexed, 



left to stand for 3 h and then vortexed again to remove any dissolved CO2 present. The 

subsample was then mixed with Optiphase HiSafe scintillation cocktail (4 mL; PerkinElmer) 

and the 
14

C or 
33

P quantified on a Wallac 1404 liquid scintillation counter (Wallac EG&G, 

Milton Keynes, UK). 

 

2.3 Statistical analysis  

All data analyses were carried out using SPSS 22.0 (IBM UK Ltd, Portsmouth, UK). Two-

way mixed analysis of variance (ANOVA) was used to test for significant differences 

between treatments over time, with the significance level of the P-value being set at p ≤ 0.05. 

If the data did not meet the criteria of Mauchly’s test for sphericity, the Greenhouse-Geisser 

correction was applied to the P-value. 

Data were tested for normality and homogeneity of variance using the Shapiro-Wilk  

and Levene’s tests respectively. If the data met the required assumptions a one-way ANOVA 

was subsequently used to test for differences between treatments at specific time points. Post-

hoc multiple pairwise testing was carried out using Tukey’s post-hoc multiple pairwise 

testing. Where data did not meet the assumptions for a one-way ANOVA, a Welch's test was 

used. Post-hoc multiple pairwise testing with the Games-Howell test was then carried out. All 

values are presented as means ± the standard error of the mean (SEM) (n = 3).  

 

3. Results 

3.1 Water quality characteristics 

The water samples collected from the two sub-catchments differed greatly in their chemical 

properties (Table 1). Values for pH, EC and temperature were found to be significantly lower 



in water collected from the acid heathland (Migneint) sub-catchment. Higher concentrations 

of both inorganic and organic N and P species were found in the agriculturally intensive 

(Hiraethlyn) sub-catchment.  Higher concentrations of DOC were observed in samples from 

the Migneint sub-catchment, with a greater proportion of higher molecular weight DOC, than 

in the Hiraethlyn.  These trends reflect the peaty soils of the Mignient catchment and the N- 

and P-rich soils of the Hiraethlyn sub-catchment. 

 

3.2 Microbial uptake of 
14

C-labelled amino acids 

Significant interactions between treatment (acidified, unfiltered, 0.22 µm and 0.45 µm 

filtered) and time for samples incubated at 5 °C and 25 °C for both sample sites were 

observed for samples spiked with a mixture of 
14

C-labelled amino acids, (two-way mixed 

ANOVA, P < 0.001; Table 2; Fig. 3). 

In the samples from the agricultural catchment (Hiraethlyn) incubated at 5 °C, the 

amount of amino acids remaining in the unfiltered treatment by 24 h was significantly lower 

than in the acidified, 0.22 µm or 0.45 µm filtered treatments (one-way ANOVA, F3,8 = 

207.32, P < 0.001; Fig. 3a). The latter two treatments however did not differ significantly 

from each other. In the acidified samples, the majority (91.4 ± 1.5 %) of the 
14

C-amino acid 

still remained in solution at the end of the experiment (7 d). Although filtering did slow the 

rate of amino acid depletion, there was no difference in the amount of amino acid remaining 

in solution in the filtered and unfiltered samples after 7 d. When incubated at 25 °C, the rate 

of depletion was much faster than at 5 °C across all treatments, with 81.2 ± 0.4 % amino 

acids removed from the filtered and unfiltered water samples by 24 h (Fig. 3b). Increasing the 

incubation temperature to 25 °C decreased the half-lives of the unfiltered 0.45 µm and 0.22 

µm filtered treatments from 17, 50 and 62 h to 4, 16, 17 h respectively. At 25 °C significant 



amounts of amino acid loss were also observed in the acidified samples after 3 d although the 

amount removed after 7 d was significantly less than observed in the other three treatments 

(one-way ANOVA, F3,7 = 2847.27, P < 0.001).  

In contrast to the Hiraethlyn, the rate of amino acid depletion was much slower in 

water obtained from the Migneint sub-catchment (Fig. 3). Despite this, the trends in amino 

loss were broadly similar. Acidification largely prevented the loss of amino acids from 

solution, while filtering temporarily slowed, but did not prevent, amino acid depletion (Table 

2). The rate of depletion was also much greater at 25 °C than in water incubated at 5 °C (one-

way ANOVA, F3,7 = 2847.27, P < 0.001). The increase in incubation temperature to 25 °C 

decreased the half-life of the unfiltered treatment from 139 h to 56 h. Half-lives could not be 

calculated for the filtered treatments at 5 °C, but were 70 and 90 h for 0.22 µm and 0.45 µm 

filtered treatments respectively. 

 

3.3 Microbial uptake of 
14

C-labelled glucose 

The trends in 
14

C-labelled glucose depletion from water were very similar to those observed 

for the 
14

C-labelled amino acids (Fig. 4). Again, significant interactions between treatment 

and time for samples incubated at 5 °C, 25 °C and for both the agricultural (Hiraethlyn) and 

acid heathland (Migneint) sub-catchments were observed (two-way mixed ANOVA, P < 

0.001; Table 2; Fig. 4).  

Acidification with HCl largely prevented glucose uptake at 5 °C and greatly repressed 

its use at 25 °C, relative to the unfiltered control. Passing the water through a 0.22 or 0.45 µm 

filter also slowed the microbial immobilisation of 
14

C-glucose.  

The half-life of glucose in the unfiltered Hiraethlyn water held at 5 °C was 18 h, while 

filtering to pass 0.45 or 0.22 µm extended this to 55 h and 65 h respectively. At 25 °C, the 



half-life for the unfiltered and 0.45 and 0.22 µm filtered samples was 5 h, 14 h and 15 h 

respectively. Although half-lives could not be calculated for the Migneint samples held at 5 

°C, the half-life of glucose at 25 °C was 54 h for the unfiltered samples and 59 h and 77 h for 

the 0.45 µm and 0.22 µm filtered samples respectively. 

 

3.4 Microbial uptake of 
33

P-labelled orthophosphate 

Although there was notable similarity in trends observed between the two 
14

C-labelled 

substrates, the results for 
33

P-labelled orthophosphate followed a different pattern. A 

significant interaction between treatment and time was found for samples kept at 5 °C from 

the Migneint and 25 °C from the Hiraethlyn sub-catchments (two-way mixed ANOVA, P < 

0.001; Table 2; Fig. 5).  This was observed to a lesser extent in samples incubated at 5 °C 

from the Hiraethlyn sub-catchment (two-way mixed ANOVA, P = 0.001; Fig. 5) and 25 °C 

Migneint (two-way mixed ANOVA, P = 0.026; Fig. 5). 

At 5 °C, the amount of 
33

P in the water from the Hiraethlyn sub-catchment did not 

drop below 91.5 ± 0.7 % for any treatment (Fig. 5). At 25 °C, no significant differences were 

initially found between treatments (one-way ANOVA, F3,8 = 4.39, P = 0.05). However, after 

24 h a progressive depletion was observed in the 0.45 and 0.22 µm filtered and unfiltered 

water relative to the acidified treatment (one-way ANOVA, F3,8 = 10.69, P = 0.025).  

In contrast to the Hiraethlyn, a significant loss of 
33

P was observed from the unfiltered 

water over 7 d in water from the Migneint (Fig. 5). This depletion was largely eliminated by 

passing the water through either a 0.22 or 0.45 µm filter prior to the addition of 
33

P at 5 °C. 

At 25 °C the pattern of microbial 
33

P immobilization were similar to those seen for the 
14

C-

labelled substrates. Overall, filtering slightly reduced the rate of 
33

P loss during the first 24 h, 

however, few differences were observed between the filtered and unfiltered water beyond this 



time. A small amount of 
33

P depletion was also observed in the acidified treatment, however, 

this only became apparent after 72 h and was much less than in the non-acidified treatments. 

 

4. Discussion  

4.1 Role of ultra-small organisms in the processing of low MW DOM 

Although 0.22 µm filters are often used and marketed as a method for water sterilisation, 

there have been studies indicating that microbes can even pass through 0.1 µm filters (Wang 

et al. 2007). Until recently, the identity of these organisms remained unknown, however, 

recent sequencing efforts have revealed them to contain a diverse range of taxa (Luef et al., 

2015; Wu et al., 2016; Wurch et al., 2016). In addition, genome sequencing has indicated that 

these ultra-small organisms may contain genes which have the potential to facilitate a wide 

range of metabolic processes (Wu et al., 2016). This emerging area of research, however, 

remains highly controversial (Cisar et al., 2000; Martel et al., 2014; Abrol et al., 2015). Here, 

we present strong evidence to suggest that organisms < 0.45 µm can take up sugars, amino 

acids and inorganic P from solution. In most cases, there was a lag-phase of ca. 24 h in 

substrate use in the filtered samples, indicative that the population may have become more 

active (e.g. broken from dormancy) or grown in size. Although we cannot discount the 

abiotic hydrolysis or precipitation of glucose and amino acids in solution, we expected these 

loss pathways to be minimal in our study. Firstly, the substrates are neutrally charged at the 

pH values used here and do not readily react with metals or particles that may sediment 

during the final centrifugation step. Secondly, abiotic cleavage would typically lead to the 

formation of by-products (e.g. keto acids) which would remain in solution rather than being 

completely mineralized. Thirdly, the patterns of inorganic 
33

P depletion were similar to those 



observed for the organic substrates, and in prior studies on the bulk P chemistry (Johnes and 

Hodgkinson, 1998).  

Major differences in the rates of nutrient depletion were observed between the two 

sampling sites. Overall, DOC and DON depletion were much faster in water obtained from 

the intensive agricultural sub-catchment (Hiraethlyn). In contrast, much faster P depletion 

was observed in the acid heathland (Migneint) sub-catchment. As large amounts of inorganic 

N was present in the Hiraethlyn samples, we conclude that the amino acids were being used 

predominantly as a source of C rather than for the N they contain (Jones et al., 2004). The 

lower rate of glucose use in water from the Migneint probably reflects its lower intrinsic 

microbial population relative to the Hiraethlyn (Emmett et al., 2016), rather than a 

suppression of glucose uptake by the recalcitrant DOC already present in the sample. This 

intrinsic DOC requires photo-irradiation to promote its microbial use (Jones et al. 2016). The 

greater use of P in the water from the Migneint are consistent with very low levels of 

bioavailable P in these humic waters, in contrast to the inorganic P enriched waters at the 

Hiraethlyn site (Table 1).   

Across the different treatments and land-use types, the 20 
o
C increase in temperature 

led to an increase in the rate of nutrient depletion by a factor of 3.6 ± 0.2. This would 

approximately equate to a Q10 value of 1.81, which is similar to values found for freshwaters 

and sediments in previous studies (Bergström and Jansson, 2000; Fischer et al., 2002). 

 

4.2 Filtering as a method to preserve low MW DOM 

While most studies typically measure bulk DOM in samples, advancements in analytical 

chemistry (e.g. FT-ICRMS) have seen an increasing trend towards the molecular separation 

and characterisation of individual low MW DOM compounds in freshwaters (Osborne et al., 



2013; Hertkorn et al., 2016). Typically, the waters collected in these studies are transported 

back to the laboratory prior to filtering. Our results clearly show that even short periods of 

storage will result in a loss of low MW DOC and DON from the samples, potentially 

compromising any subsequent interpretation. This contrasts with some inorganic nutrient 

species such as nitrate (though not orthophosphate) which may be stable in solution for many 

days prior to analysis provided they are stored at 4
 
°C in the dark (Johnes and Burt, 1991; 

Pearce, 1991). Although incubation at 5 
o
C reduced the rate of sugar and amino acid loss by 

ca. 50 %, it did not prevent microbial activity and the loss of low MW DOM from the 

samples. Similarly, as discussed above, filtering failed to eliminate microbial transformation 

of low MW DOM, even in the short term. In addition, filtration may also increase microbial 

activity due to the removal of larger predator species (Gasol and Moran, 1999). Our findings 

conflict to some extent with Kaplan (1994) who suggested that filtering was sufficient to 

preserve DOM for 24 h. This apparent contradiction can be explained by the typical 

dominance of high MW DOM in natural waters which is relatively recalcitrant to microbial 

attack, masking the loss of the low MW DOM fraction (Jones et al., 2016). In most cases, the 

depletion of 
14

C-labelled nutrients occurred at a similar rate in the 0.45 and 0.22 µm filtered 

treatments suggesting that either can be used to partially supress microbial activity. This is in 

agreement with Fellman et al. (2008) and Nimptsch et al. (2014) who found little influence of 

filter pore size (0.2 to 0.7 µm) on DOM concentrations in a range of freshwaters.  

 

4.3 Acidification as a preservative for low MW DOM 

Acidification is routinely employed in the analysis of metal species in water samples to 

prevent complexation with DOM compounds (McCleskey et al., 2004). In our study, 

acidification was found to halt nutrient depletion for the majority of samples kept at 5 °C, 



however, at 25 °C some nutrient depletion still occurred after 72 h. These findings are in 

agreement with Tupas et al. (1994), where acidification was found to preserve DOC samples 

best when samples were stored at 4 °C. It should be noted, however, that the use of some 

acids (e.g. HNO3) may lead to the oxidation or depolymerisation of DOM during long-term 

storage (Kaplan, 1994), and preclude the subsequent analysis of these samples for DON 

owing to the resultant N contamination.  The suitability of acidification therefore also 

depends on the parameter to be measured and the analytical procedure being used 

(McCleskey et al., 2004). 

 

4.4 Recommendations for sampling low MW DOM 

Maintaining sample integrity has been a recurring theme in aquatic science since the onset of 

water quality monitoring and formulation of legislation for environmental protection. Our 

study specifically focused on the persistence of common low MW metabolites produced and 

consumed by freshwater organisms. Based on our results, we recommend that if the rivers are 

located away from the laboratory then samples be directly filtered through pre-washed 0.45 

µm filters in the field, refrigerated, and rapidly processed in the laboratory (< 3 h). Where 

possible, the samples should also be treated with an antimicrobial agent to limit subsequent 

transformation (e.g. HCl, H3PO4; Tupas et al., 1994), though phosphoric acid should clearly 

be avoided if subsequent determination of P species and fractions is planned. Alternatively, 

samples should be passed through pre-concentration cartridges in the field rather than waiting 

to get back to the laboratory. Freezing the samples in situ with liquid N2 may also stabilise 

the samples, although freezing and thawing may induce unwanted and variable changes in the 

molecular structure of high MW DOM and in the N speciation and P fractionation if samples 

are unfiltered when frozen (Santos et al., 2010; Peacock et al., 2015). In the case of 



automated water samplers, our results strongly suggest that refrigeration and addition of a 

biocide to a filtered sample should be used during transport and storage. Whichever method 

is employed, we also recommend that low (10-100 nM) concentrations of internal standards 

(common metabolites) be added to the samples at the point of sampling to ensure that the loss 

of low MW compounds is minimal prior to their ultimate analysis. This validation process 

will be facilitated by the use of singly or dual labelled isotopically-labelled compounds (
15

N, 

13
C, 

14
C, 

33
P). It is clear from reviewing numerous studies in this area that great effort is made 

to obtaining analytical precision when quantifying DOM. In contrast, almost no attention is 

paid to ensuring that the sample is truly representative of the place from which it originated. 

While current approaches may be very satisfactory for relatively recalcitrant high MW DOM, 

our research strongly suggests that greater care is needed when sampling labile low MW 

DOM. 

 

5. Acknowledgements  

This work was carried out under the DOMAINE project, which is funded by the UK Natural 

Environment Research Council (NERC) (large grant NE/K010689/1). 

 

6. References  

Abrol N, Panda A, Kekre NS, Devasia A (2015) Nanobacteria in the pathogenesis of 

urolithiasis: Myth or reality? Ind. J. Urology 31: 3-7 

Ahad JME, Ganeshram R, Spencer RGM, Uher G, Gulliver P, Bryant PL (2006) Evidence for 

anthropogenic 
14

C-enrichment in estuarine waters adjacent to the North Sea. Geophys. Res. 

Lett. 33: L08608 



Baker BJ, Comolli LR, Dick GJ, Hauser LJ, Hyatt D, Dill BD, Land ML, VerBerkmoes NC, 

Hettich RL, Banfield JF (2010) Enigmatic, ultrasmall, uncultivated Archaea. Proc. Natl. 

Acad. Sci. U.S.A. 107: 8806-8811 

Battin TJ, Kaplan LA, Newbold JD, Hansen CM (2003) Contributions of microbial biofilms 

to ecosystem processes in stream mesocosms. Nature 426: 439-442 

Bergström AK and Jansson  M (2000) Bacterioplankton production in humic Lake  Örträsket 

in relation to input of bacterial cells and input of allochthonous organic carbon. Microb. Ecol. 

39: 101-115 

Bernot MJ, Martin EC, Bernot RJ (2010) The influence of trophic complexity on preferential 

uptake of dissolved inorganic and organic nitrogen: a laboratory microcosm experiment. J. N. 

Am. Benthol. Soc. 29: 1199-1211  

Cassidy R, Jordan P (2011) Limitations of instantaneous water quality sampling in surface-

water catchments: Comparison with near-continuous phosphorus time-series data. J. Hydrol. 

405: 182-193 

Cisar JO, Xu DQ, Thompson J, Swaim W, Hu L, Kopecko, DJ (2000) An alternative 

interpretation of nanobacteria-induced biomineralization. Proc. Natl. Acad. Sci. U.S.A. 97: 

11511-11515 

Comolli LR, Baker BJ, Downing KH, Siegerist CE, Banfield JF (2009) Three-dimensional 

analysis of the structure and ecology of a novel ultra-small archaeon. ISME J. 3: 159-167 

Cooper DM, Evans CD, Norris D, Thacker S, Pereira MG (2014) Application of a simple 

multiplicative spatio-temporal stream water quality model to the river Conwy North Wales. 

Environ. Sci. Processes Impacts 16: 1600-1607  



Durand P, Breur L, Johnes PJ, van Grinsven H, Butturini A, Billen G, Garnier J, Maberley S, 

Carvalho L, Reay D, Curtis C (2011) Nitrogen turnover processes and effects in aquatic 

ecosystems. In: Sutton, M.A. (Ed.), The European Nitrogen Assessment: Sources, Effects, 

and Policy Perspectives. Cambridge University Press, Cambridge.  

Emmett BA, Cooper D, Smart S, Jackson B, Thomas A, Cosby B, Evans C, Glanville H, 

McDonald JE, Malham SK, Marshall M, Jarvis S, Rajko-Nenow P, Webb GP, Ward S, Rowe 

E, Jones L, Vanbergen AJ, Keith A, Carter H, Pereira MG, Hughes S, Lebron I, Wade A, 

Jones DL (2016) Spatial patterns and environmental constraints on ecosystem services at a 

catchment scale. Sci. Tot. Environ. 572:1586-1600 

Fellman JB, D'Amore DV, Hood E (2008) An evaluation of freezing as a preservation 

technique for analyzing dissolved organic C, N and P in surface water samples. Sci. Tot. 

Environ. 392: 305-312. 

Ferguson CM (1994) Refrigerated autosampling for the assessment of bacteriological water-

quality. Wat. Res. 28: 841-847 

Fischer H, Sachse A, Steinberg EW, Pusch M (2002) Differential retention and utilization of 

dissolved organic carbon by bacteria in river sediments. Liminol. Oceanogr. 47: 1702-1711 

Gardner WS, Chandler JF, Laird GA (1989) Organic nitrogen mineralization and substrate 

limitation of bacteria in Lake Michigan. Limnol. Oceanogr. 34: 478-485  

Gasol JM, Moran XAG (1999) Effects of filtration on bacterial activity and picoplankton 

community structure as assessed by flow cytometry. Aquat. Microb. Ecol. 16: 251-264 

Goetz A, Tsuneishi N (1951) Application of molecular filter membranes to the 

bacteriological analysis of water. J. Am. Waterworks Assoc. 43: 943-984 



Hertkorn N, Harir M, Cawley KM, Schmitt-Kopplin P (2016) Molecular characterization of 

dissolved organic matter from subtropical wetlands: a comparative study through the analysis 

of optical properties NMR and FTICR/MS. Biogeosci. 13: 2257-2277  

Helms JR, Stubbins A, Ritchie JD, Minor EC, Kieber DJ, Mopper K (2008) Absorption 

spectral slopes and slope ratios as indicators of molecular weight, source, and photobleaching 

of chromophoric dissolved organic matter. Limnol. Oceanogr. 53: 955-969 

Johnes PJ, Burt TP, (1991) Water quality trends and land use effects in the Windrush 

catchment: nitrogen speciation and sediment interactions. IAHS 203: 349–357 

Johnes PJ, Hodgkinson RA (1998) Phosphorus loss from agricultural catchments: pathways 

and implications for management. Soil Use Manage. 14: 175-185 

Johnston AC, Acreman MC, Dunbar MJ, Feist SW, Giacomello AM, Gozlan RE, Hinsley 

SA, Ibbotson AT, Jarvie HP, Jones JI, Longshaw M, Maberly SC, March TJ, Neal C, 

Newman JR, Nunn MA, Pickup RW, Reynard NS, Sullivan CA, Sumpter JP, Williams RJ 

(2009) The British river of the future: how climate change and human activity might affect 

two contrasting river ecosystems in England. Sci. Tot. Environ. 407: 4787-4798 

Jones DL, Shannon D, Murphy DV, Farrar J (2004) Role of dissolved organic nitrogen 

(DON) in soil N cycling in grassland soils. Soil Biol. Biochem. 36: 749-756  

Jones TG, Evans CD, Jones DL, Hill PW, Freeman C (2016) Transformations in DOC along 

a source to sea continuum, impacts of photo-degradation biological processes and mixing. 

Aquat. Sci. 78: 433-446  

Kaplan LA (1994) A field and laboratory procedure to collect process and preserve fresh-

water samples for dissolved organic-carbon analysis. Limnol. Oceanogr. 39: 1470-1476  



Kotlash AR, Chessman BC (1998) Effects of water sample preservation and storage on 

nitrogen and phosphorus determinations: Implications for the use of automated sampling 

equipment. Wat. Res. 32: 3731-3737  

Kujawinski EB (2011) The impact of microbial metabolism on dissolved organic matter. 

Annu. Rev. Mar. Sci. 3: 567-599 

Lindell MJ, Granéli HW, Tranvik .J (1996) Effects of sunlight on bacterial growth in lakes of 

different humic content. Aquat. Microb. Ecol. 11: 135–141 

Luef B, Frischkorn KR, Wrighton KC, Holman HYN, Birarda G, Thomas BC, Singh A, 

Williams KH, Siegerist CE, Tringe SG, Downing KH (2015) Diverse uncultivated ultra-small 

bacterial cells in groundwater. Nat. Comm. 6: 6372 

Lusk MG, Toor GS (2016) Dissolved organic nitrogen in urban streams: Biodegradability 

and molecular composition studies. Wat. Res. 96, 225-235  

Maranger R, Bird DF (1995) Viral abundance in aquatic systems - a comparison between 

marine and fresh-waters. Mar. Ecol. Prog. Ser. 121: 217-226  

Martel J, Peng HH, Young D, Wu CY, Young JD (2014) Of nanobacteria nanoparticles 

biofilms and their role in health and disease: facts fancy and future. Nanomedicine 9: 483-

499  

McCleskey RB, Nordstrom DK, Maest AS (2004) Preservation of water samples for arsenic 

(III/V) determinations: an evaluation of the literature and new analytical results. Appl. 

Geochem. 19: 995-1009  

McIntyre AM, Gueguen C (2013) Binding interactions of algal-derived dissolved organic 

matter with metal ions. Chemosphere 90: 620-626 



Meon B, Amon RMW (2004) Heterotrophic bacterial activity and fluxes of dissolved free 

amino acids and glucose in the Arctic rivers Ob Yenisei and the adjacent Kara Sea. Aquat. 

Microb. Ecol. 37: 121-135 

Nimptsch J, Woelfl S, Kronvang B, Giesecke R, Gonzales HE, Caputo L, Gelbrecht J, von 

Tuempling W, Graeber D (2014) Does filter type and pore size influence spectroscopic 

analysis of freshwater chromophoric DOM composition? Limnologica 48: 57-64 

Osborne DM, Podgorski DC, Bronk DA, Roberts Q, Sipler RE, Austin D, Bays JS, Cooper 

WT (2013) Molecular‐level characterization of reactive and refractory dissolved natural 

organic nitrogen compounds by atmospheric pressure photoionization coupled to Fourier 

transform ion cyclotron resonance mass spectrometry. Rapid Commun. Mass Spectrom. 27: 

851-858 

Peacock M, Freeman C, Gauci V, Lebron I, Evans CD. (2015) Investigations of freezing and 

cold storage for the analysis of peatland dissolved organic carbon (DOC) and absorbance 

properties.  Environ. Sci. Process Impacts 17: 1290-1301 

Pearce FM (1991) The use of ICP-MS for the analysis of natural-waters and an evaluation of 

sampling techniques. Environ. Geochem. Health 13: 50-55  

Santos PSM, Otero M, Santos EBH, Duarte AC (2010) Molecular fluorescence analysis of 

rainwater: Effects of sample preservation. Talanta 82: 1616-1621  

Steinberg CEW, Meinelt T, Timofeyev MA, Bittner M, Menzel R (2008) Humic substances. 

Environ. Sci. Pollut. Res. 15: 128-135  

Stutter MI, Cains J (2015) The mineralisation of dissolved organic matter recovered from 

temperate waterbodies during summer. Aquat. Sci. 78: 1-16 



Thurman EM (1985) Organic geochemistry of natural waters. Martinus Nijhoff/Dr W. Junk, 

Boston 

Tupas LM, Popp BN, Karl DM (1994) Dissolved organic carbon in oligotrophic waters: 

experiments on sample preservation, storage and analysis. Mar. Chem. 45: 207-216 

Wang Y, Hammes F, Boon N, Egli T (2007) Quantification of the filterability of freshwater 

bacteria through 0.45, 0.22, and 0.1 μm pore size filters and shape-dependent enrichment of 

filterable bacterial communities. Environ. Sci. Technol. 41: 7080-7086 

Worsfold PJ, Gimbert LJ, Mankasingh U, Ndukaku Omaka O, Hanrahan G, Garolinski 

PCFC, Haygarth, PM, Turner BL, Keith-Roach MJ, McKelvie ID (2005) Sampling, sample 

treatment and quality assurance issues for the determination of phosphorus species in natural 

waters and soil. Talanta 66: 273–93 

Wu X, Holmfeldt K, Hubalek V, Lundin D, Åström M, Bertlisson S, Dopson M (2016) 

Microbial metagenomes from three aquifers in the Fennoscandian shield terrestrial deep 

biosphere reveal metabolic partitioning among populations. ISME J. 10: 1192-1203 

Wurch L, Giannone RJ, Belisle BS, Swift C, Utturkar S, Hettich RL, Reysenbach AL, Podar 

M (2016) Genomics-informed isolation and characterization of a symbiotic Nanoarchaeota 

system from a terrestrial geothermal environment. Nat Comm. 7: 12115  

Yates C, Johnes P, Spencer R (2016) Assessing the drivers of dissolved organic matter export 

from two contrasting lowland catchments, U.K. Sci. Tot. Environ. 569–570, 1330-1340 



 

Fig. 1 Relative size of dissolved organic matter (DOM) and particulate organic matter (POM) 

components in comparison to bacteria, archaea and viruses. POM > 0.45 µm > DOM. 

0.45/0.22 µm filter cut-offs indicated by a dashed line. * Some giant viruses >1 µm exist. 
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Fig. 2 Land use map of the Conwy catchment with upland peat bog (Migneint) and lowland 

improved grassland (Hiraethlyn) sub-catchments outlined in red.  



 

Fig. 3 Effect of filtering (0.45 or 0.2 µm) and acidification on the loss of 
14

C-labelled amino 

acids for: a) Hiraethlyn sub-catchment 5 °C, b) Hiraethlyn sub-catchment 25 °C, c) Migneint 

sub-catchment 5 °C, d) Migneint sub-catchment 25 °C. Values represent means ± SEM (n = 

3). The legend is the same for all panels. 
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Fig. 4  Effect of filtering (0.45 or 0.2 µm) and acidification on the loss of 
14

C-labelled 

glucose for: a) Hiraethlyn sub-catchment 5 °C, b) Hiraethlyn sub-catchment 25 °C, c) 

Migneint sub-catchment 5 °C, d) Migneint sub-catchment 25 °C. Values represent means ± 

SEM (n = 3). The legend is the same for all panels. 

  

c)

Time (h)

0 24 48 72 96 120 144 168

G
lu

co
se

 d
ep

le
ti

o
n
 (

%
 i

n
it

ia
l 

1
4
C

 a
ct

iv
it

y
 a

d
d
ed

)

0

20

40

60

80

100

a)

0

20

40

60

80

100

Acidified 

Unfiltered (control)

0.45 m filtered 

0.22 m filtered 

d)

0 24 48 72 96 120 144 168

b)



 

 

 

Fig. 5  Effect of filtering (0.45 or 0.2 µm) and acidification on the loss of 
33

P-labelled 

orthophosphate for: a) Hiraethlyn sub-catchment 5 °C, b) Hiraethlyn sub-catchment 25 °C, c) 

Migneint sub-catchment 5 °C, d) Migneint sub-catchment 25 °C. Values represent means ± 

SEM (n = 3). The legend is the same for all panels. 
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Table 1 Chemical properties of water from the Hiraethlyn and Migneint sub-catchments used 

in the substrate mineralisation experiments. Values represent annual mean data ± SEM (n=66, 

except for low molecular weight fractionation parameters where n=3). 

 

Determinand   Hiraethlyn    Migneint 

pH  7.46 ± 0.09 5.36 ± 0.13 

Electrical conductivity (μS cm
-1

 )  229 ± 25.3 35.9 ± 1.90 

Temperature (°C)  11.0 ± 0.35 11.3 ± 0.50 

Dissolved organic carbon DOC (mg C L
-1

) 3.81 ± 0.24 11.7 ± 0.88 

Absorbance at 254 nm (AU cm
-1

) 0.27 ± 0.02 0.51 ± 0.00 

Nitrate NO3
-
 (mg N L

-1
) 2.64 ± 0.11 0.07 ± 0.03 

Ammonium NH4
+
 (mg N L

-1
) 0.05 ± 0.01 0.01 ± 0.00 

Dissolved organic nitrogen DON (mg N L
-1

) 0.64 ± 0.09 0.44 ± 0.02 

Particulate organic nitrogen PON (mg N L
-1

) 0.12 ± 0.06 0.03 ± 0.01 

Orthophosphate (mg P L
-1

) 0.04 ± 0.00 0.01 ± 0.00 

Dissolved organic phosphorus DOP (mg P L
-1

) 0.01 ± 0.00 0.01 ± 0.00 

Particulate phosphorus (mg P L
-1

) 0.02 ± 0.01 0.01 ± 0.00 

Percentage low molecular weight DOC (% <1 kDa) 99.7 ± 11.8 54.9 ± 4.06 

Percentage low molecular weight aromatic compounds (% <1 kDa) 59.0 ± 7.81 31.2 ± 1.15 
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Table 2 Results from a two-way mixed ANOVA for each isotopically-labelled nutrient, sub-catchment and temperature.  

* Denotes a significant P-value. The significance level was set at P < 0.05.
  

 

 

 

Sub-catchment Nutrient Temperature 

(°C ) 

Simple effect of time  Interaction time × treatment 

F P -value  F P -value 

Hiraethlyn 
14

C amino acid mix  5 2156 <0.001*  276 <0.001* 

Hiraethlyn 
14

C amino acid mix  25 826
 

<0.001*  61 <0.001* 

Migneint 
14

C amino acid mix  5 332
 

<0.001*  114 <0.001* 

Migneint 
14

C amino acid mix  25 2103 <0.001*  164 <0.001* 

Hiraethlyn 
14

C glucose 5 4441
 

<0.001*  657 <0.001* 

Hiraethlyn 
14

C glucose 25 1730
 

<0.001*  140 <0.001* 

Migneint 
14

C glucose 5 139
 

<0.001*  52 <0.001* 

Migneint 
14

C glucose 25 481
 

<0.001*  57 <0.001* 

Hiraethlyn 
33

P orthophosphate 5 15 <0.001*  4   0.001* 

Hiraethlyn 
33

P orthophosphate 25 211
 

<0.001*  42  <0.001* 

Migneint 
33

P orthophosphate 5 279
 

<0.001*  134 <0.001* 

Migneint 
33

P orthophosphate 25 43
 

<0.001*  5   0.026* 
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Fig. S1 Temperature of river water samples collected in 1 L HDPE bottles. Samples 

were collected in the field and immediately stored on ice for 4 h (representing the 

transportation time from the field to the laboratory). The samples were then removed 

from the ice and held at room temperature for 1 h (to represent dispensing time prior to 

spiking with either 
14

C or 
33

P-labelled nutrients). The 5 hour time point therefore 

equates to the start of the labelling experiment. Samples were then stored at 10 °C 

immediately after being spiked with the labelled isotopes. Temperature was recorded 

every minute using a Tinytag Talk 2 datalogger (Gemini, UK). 
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Fig. S2 Images of a) the Hiraethlyn (lowland improved grassland) and b) Migneint 

(upland blanket peat bog) sub-catchments. 

 

a) b) 


