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A B S T R A C T

Slow sand filtration (SSF) is one of the oldest biofiltration methods for reducing pathogens and organic matter 
(OM) in water. Due to its efficiency, affordability, and operational simplicity, SSF remains a widely used 
approach for producing biologically stable drinking water. Although biological activity plays a role in the 
removal of OM during SSF, its contribution is poorly constrained. Here, we explored the utility of stable isotopes 
for investigating this role quantitatively on the scale of an operational filter. First, by combining measurements of 
concentrations and natural isotopic composition in relevant carbon pools (dissolved and solid, organic and 
inorganic), we found evidence for OM removal through both retention and subsequent mineralization. However, 
their relative contributions could not be constrained due to insufficient precision and continuity of available data 
and incomplete knowledge about the relevant isotope fractionation factors. In the other approach, we therefore 
used laboratory incubations of SSF cores with 13C-labeled glucose over 14 days and found rapid removal of the 
tracer by the biological community, exceeding the assimilable organic carbon loading rate of the operational 
filter by 18 times. The glucose removal was not limited to the upper part of the sand column, the schmutzdecke, 
but occurred throughout the entire sand column. Furthermore, the removal was dominated by bacterial uptake 
over mineralization, with a substantial part likely retained as carbon reserves. The residence time of the tracer 
exceeded the duration of the experiment, hampering our ability to estimate the rate of OM mineralization. 
Analysis of the meiofauna indicated that grazing and/or predation constitutes only a minor sink for the bacterial 
biomass in the studied filter. Overall, this study illustrates the potential of stable isotopes for studying biological 
processes in SSF systems, including OM removal under diverse conditions, maturation of new or recently cleaned 
filters, or interactions within the endogenous biological community. To fully utilize this potential, future work 
should employ isotope labeling experiments with a longer duration, and consider more systematic and precise 
monitoring of the concentrations and isotopic composition in the relevant carbon pools.

Abbreviations
SSF slow sand filtration
OM organic matter
EPS extracellular polymeric substances
SIL stable isotope labeling
DOC dissolved organic carbon
DIC dissolved inorganic carbon
AOC assimilable organic carbon
TSC total solid carbon
SIC solid inorganic carbon
SOC solid organic carbon

BAC bacteria
MEI meiofauna
PLFA phospholipid-derived fatty acids
IRMS isotope ratio mass spectrometer

1. Introduction

Slow sand filtration (SSF) is a widely used water treatment method 
due to its efficiency, affordability, and operational simplicity. SSF can 
effectively reduce organic matter and pathogens to safe levels, resulting 
in a desirable degree of biological stability of the produced drinking 
water (Collins et al., 1992; Hijnen et al., 2004; Seeger et al., 2016). As 
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revealed by numerous studies, key filtration mechanisms behind SSF 
include physical, chemical, and biological processes (Haig et al., 2015a; 
Hidayah et al., 2018; Weber-Shirk and Chan, 2007). While the physi
cochemical processes include adsorption, attachment, and straining, the 
biofiltration capabilities derive from the activity of organisms inhabiting 
the filters (Hammes et al., 2011), which include archaea, bacteria, 
protozoa, small invertebrates (meiofauna) and larger invertebrates 
(macrofauna), as well as viruses and phages (Bai et al., 2023; Bichai 
et al., 2011; Bomo et al., 2004).

The importance of biological processes in the performance of SSF is 
well documented (Haig et al., 2011; Hendel et al., 2001). The key bio
logical processes include (i) secretion of extracellular polymeric sub
stances (EPS) by microbes in the top few centimeters of the sand column, 
which alters the surface properties of the sand particles and changes the 
permeability of the filter, leading to enhanced adsorption and attach
ment of contaminants (Lubarsky et al., 2022); (ii) uptake and mineral
ization of organic matter, where the labile organic carbon load is utilized 
by the microbial community in the sand filter and thus effectively 
removed (Campos et al., 2002); and (iii) predation by protozoa, meio
fauna, and macrofauna, or inactivation by viruses and phages, which 
contributes to the removal of pathogens (Lloyd, 1973; Unger and 
Collins, 2008). Special attention had been given to the top few centi
meters of the sand filter, called the ‘schmutzdecke’ (a ”dirty layer”), 
which was considered the active biological layer (Maurya et al., 2020) 
and presumed to be essential for SSF functional operation (Ranjan and 
Prem, 2018). The time it takes for adequate biomass to build up in the 
schmutzdecke is called the ripening or maturation period, and this 
period can span up to several months until the filter is considered 
functional (Huisman and Wood, 1974). However, recent studies 
demonstrated that deeper sand layers also contribute to the filtration 
processes (Chan et al., 2018; Trikannad et al., 2023), challenging the 
earlier emphasis on the schmutzdecke. Thus, studying deeper layers is 
necessary to achieve a more complete understanding of SSF 
functionality.

Biological activity in a slow sand filter has been proposed to correlate 
with its purification performance (Hijnen et al., 2004). However, 
quantitative information about the biological activity and its role in the 
removal of organic matter through carbon assimilation, predation, and 
mineralization is scarce (Haig et al., 2011; Hammes et al., 2011). 
Currently, we lack information about (i) the contribution of minerali
zation through organic matter uptake and respiration to the removal of 
particulate (e.g., microbes and detritus) and dissolved (labile as well as 
recalcitrant) organic matter, (ii) the roles of the different biological 
compartments, including bacteria and meiofauna, in the removal of 
organic matter in SSF, and (iii) the vertical distribution of the biological 
activity, specifically the contribution of the schmutzdecke relative to the 
deeper parts of the sand column. These knowledge gaps exist due to the 
challenges encountered when constructing detailed carbon budgets in a 
slow sand filter, because the relevant carbon pools are usually very small 
or change very slowly. To overcome these challenges, new approaches 
need to be developed to better assess carbon dynamics in SSF.

Stable isotopes are a useful tool for studying the fate and fluxes of 
elements such as carbon and nitrogen between different pools within 
aquatic systems. One possible approach is based on studying natural- 
level isotope ratios, which vary among different pools due to preferen
tial utilization of specific isotopes by biological and chemical processes. 
For instance, microbial biomass is often enriched in 13C relative to the 
substrate it uses. This enrichment is attributed to the kinetic isotope 
effect during the decarboxylation of pyruvate, leading to the release of 
CO2 that is depleted in 13C relative to the substrate utilized. Accordingly, 
aerobic respiration preferentially releases 12C into the inorganic pool 
leading to the residual organic matter being more enriched in 13C 
(Ghashghaie et al., 2003; Lerch et al., 2011). These different mecha
nisms lead to predictable shifts in the carbon isotopic composition and 
can therefore aid in tracing carbon cycling pathways within the system 
(Wang et al., 2015). Another approach for studying biogeochemical 

processes that drive aquatic ecosystem dynamics is based on stable 
isotope labeling experiments, where stable isotopes are deliberately 
introduced into the studied system as tracers (Glibert et al., 2018). For 
example, 13C isotopes have been used as tracers to investigate how 
organic carbon is utilized, transformed, and transferred among different 
components of the system (Middelburg et al., 2000; Miyatake et al., 
2014), providing insights into the fate of contaminants (Fang et al., 
2000) or trophic interactions within food webs (Bergamino et al., 2011), 
and to quantify production and consumption rates (Evrard et al., 2010; 
van Oevelen et al., 2006a, 2006b). Although stable isotope experiments 
have been previously employed in water treatment methods and envi
ronmental research (Bridgeman et al., 2014; Haig et al., 2015b; Maqbool 
et al., 2020; Poberžnik et al., 2012), they have not been applied in the 
context of SSF to explore the role of biological activity in the removal of 
organic matter. Since stable isotope labeling experiments help link the 
catabolism and anabolism in living organisms (Glibert et al., 2018), data 
generated during such experiments can serve as a good quantitative 
indicator of the biological activity in SSF (Haig et al., 2015b).

This study aimed to test the utility of stable isotopes for quantifying 
the biological activity in a slow sand filter from an operational SSF 
utility. First, we tested whether the contributions of biological uptake 
and mineralization to organic carbon removal could be derived by 
measuring the concentration and natural isotopic signatures of relevant 
carbon pools within the influent and effluent water and the sand col
umn. Then, as a complementary approach, we performed a stable 
isotope labeling (SIL) experiment using 13C-labeled glucose as a sub
strate to trace carbon transformations within the SSF column over a 
period of 14 days. We chose 13C-glucose because it is a proxy for easily 
assimilable and biodegradable organic matter and can be incorporated 
into a wide range of phospholipid-derived fatty acids (PLFAs) (Webster 
et al., 2006). PLFAs are effective biomarkers because these cell mem
brane components are present in constant amounts in specific organ
isms, allowing for biomass calculations based on the concentrations of 
particular molecules (Boschker and Middelburg, 2002). Additionally, 
PLFAs have a rapid turnover and thus are representative of active living 
biomass rather than inactive organisms (Middelburg, 2014). Our general 
approach was based on previous SIL experiments conducted in marine 
intertidal sediments (Evrard et al., 2010; van Oevelen et al., 2006a, 
2006b), which we adapted for lab-scale sand columns. The relevant 
carbon pools that we monitored included dissolved organic carbon 
(DOC), dissolved inorganic carbon (DIC), total solid carbon (TSC), solid 
inorganic carbon (SIC), bacteria (BAC), and small invertebrates such as 
worms and arachnids, which we refer to here as meiofauna (MEI).

2. Materials and methods

2.1. Sample collection

Sand columns and water samples were obtained from the Dutch 
drinking water company Waternet at their production site Wees
perkarspel (Amsterdam, the Netherlands). At this location, seepage 
water from the Bethune polder is used as the main water source, which is 
first pretreated by coagulation and sedimentation and subsequently 
stored for 90 days in an uncovered reservoir. Prior to SSF, the reservoir 
water is treated by rapid sand filtration, ozone disinfection, softening, 
and activated carbon filtration. SSF is done at a vertical flow velocity of 
0.35 m h− 1 over an indoor sand bed with a surface area of 605 m2 and a 
height of 1.3 m (see Supplementary Table S1 for additional operational 
details).

Our sampling started six months after the filter’s schmutzdecke was 
cleaned by mechanically disturbing and flushing the top 2 cm sand layer 
and removing the suspended organic material. To test the approaches 
based on measuring carbon concentrations and assessing natural iso
topic compositions, water samples from the SSF influent and effluent 
were collected on multiple occasions between December 2020 and June 
2023 (Table 1). Due to access restrictions, water samples were collected 
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from three different slow sand filters but within the same water pro
duction site, referred to here as filters A, B, and C. Filters A and B were 
full-scale filters, while Filter C was a pilot-scale filter last cleaned three 
years before sampling. The sand columns used for the stable isotope 
labeling experiment were collected from filter B in September 2021, at 
the time when the filter was taken out of operation and drained. Sand 
columns were collected by inserting acrylic cores (inner diameter 10 cm, 
height 30 cm; Supplementary Fig. S1) into the sand bed until a depth of 
20 cm. Thus, the sand column had a height of 20 cm and the remaining 
10 cm above the sand was later filled with influent water. Subsequently, 
the cores were carefully capped to minimize disturbance to the sand 
column and transported to the laboratory at Utrecht University in a cool 
box for further analysis and experimentation.

2.2. Stable isotope labeling experiment

Twelve sand columns were filled with fresh SSF influent water, 
sealed, and a continuous percolation in the downward direction was 
started. The constant flow rate (60 ml min− 1, corresponding to the 
vertical water flow velocity of about 0.45 m h− 1) was achieved by using 
peristaltic pumps and platinum-cured silicone tubing. At all times, the 
bottom outlet was connected to the top inlet to recycle the percolated 
water (Fig. 1). After 16 h, 1 mL of 13C-glucose solution (concentration 
18.6 g glucose L− 1, 13C atom fraction 99%; Cambridge Laboratories) was 
injected into each core, corresponding to 0.6 mmol of glucose-derived 
13C added per core. To ensure an even distribution of the isotope label 
throughout the column, injections were performed in five steps sepa
rated by 10–15 min, each containing 200 μL of the 13C-glucose solution. 
Additionally, continuous circulation of the water at a flow rate of 0.45 m 
h⁻¹, corresponding to an average residence time of 20 min inside the 
sand column, was expected to exceed the glucose uptake rate. Therefore, 
we expect this approach has ensured homogeneous glucose distribution 
throughout the column. Although the continuous recycling does not 
accurately reflect the flow-through design implemented in SSF, it was 
necessary to keep the limited amount of added 13C tracer inside the 
experimental system and thus allow mass balance calculations. In
cubations were carried out in the dark at 18 ◦C to mimic the conditions 
of the full-scale SSF (Supplementary Table S1).

To unravel the fate of the added 13C-glucose, water and sand samples 
were collected at selected time points and preserved for the analyses of 
total C and 13C content in the relevant carbon pools. During the first 6 h 
after label addition, overlying water samples were collected through a 
sampling port from two dedicated cores for the analysis of glucose, DIC, 
13C-DIC, DOC, and 13C-DOC. For a more thorough analysis, water and 
sand samples were collected 6 h and 1, 2, 7, and 14 days after label 
addition. At each time point, duplicate cores were sacrificed. First, the 
cores were disconnected from the peristaltic pumps, and the overlying 
water was sampled for the analysis of DIC, 13C-DIC, DOC, and 13C-DOC. 
Then, the water was drained from the sand columns, and the sediment 
was sliced into three layers (0–2 cm, 2–5 cm, and 5–10 cm), homoge
nized by manual mixing, and prepared for the analysis of TSC, 13C-TSC, 
SIC, 13C-SIC, total C, and 13C in PLFA (phospholipid-derived fatty acids) 
and total C and 13C in meiofauna specimens. Two sand cores sacrificed at 
time point zero, i.e., without any contact with the 13C-glucose, were 
used as background controls for the natural (unlabeled) isotopic 
composition. The natural 13C content in the TSC pool was additionally 
determined from three other sand cores, two of which were percolated 
for 14 days without the injection of 13C-glucose, while the third one was 
collected and sliced one week before the SIL experiment (Supplementary 
Table S2).

2.3. Analytical procedures

Water samples for the analysis of DOC and DIC concentrations and 
their isotopic signatures were filtered through 0.2 μm nylon filters. The 
DIC and 13C-DIC samples were stored in gas-tight vials with no head
space. To stop the biological activity and ensure that no changes in the 
isotopic signatures occurred, the 13C-DOC samples (20 mL) were 
poisoned with ZnCl2 (10 µl of 50% w/v ZnCl2 per milliliter of water 
sample) and stored in glass vials. The vials were heated to 550 ◦C for two 
hours before use to ensure that they were free of organic residues.

For the analysis of DIC and 13C-DIC, 0.7 mL of water samples were 

Table 1 
Carbon concentrations and isotopic signatures in the influent and effluent of the 
slow sand filters obtained at the production site. September 2021 (SIL) refers to 
samples collected during the retrieval of sediment cores used in the SIL exper
iment. For these data, the influent values are shown as a mean value ± standard 
error (n=2). The rest of the data are shown as one measured value ± analytical 
error, when available. *Refers to effluent product collected from all sand filters 
at the production site.

Sampling 
period

DOC 
(mmol 
L− 1 )

δ13C- 
DOC 
(‰)

DIC 
(mmol 
L− 1 )

δ13C 
-DIC 
(‰)

AOC 
(μmol 
L− 1 )

December 
2020 
(Filter A)

Influent 0.384 
±0.02

-26.6 
±0.04

2.13 
±0.02

-6.99 
±0.01

N/A

Effluent 0.327 
±0.02

-26.3 
±0.04

3.12 
±0.02

-7.23 
±0.01

N/A

September 
2021  
(Filter B)

Influent 0.253 
±0.01

-26.9 
±0.04

3.11 
±0.07

-6.47 
±0.14

N/A

Effluent 0.210 
±0.01

-25.0 
±0.04

3.15 
±0.07

-7.51 
±0.14

N/A

September 
2021 
(SIL) 
(Filter B)

Influent 0.237 
±0.01

-24.9 
±0.50

2.45 
±0.03

-7.02 
±0.08

N/A

Effluent N/A N/A N/A N/A N/A

February 
2023

Influent N/A N/A N/A N/A 2.24
Effluent* N/A N/A N/A N/A 1.74

June 
2023 
(Filter C)

Influent 0.392 
±0.02

-30.0 
±0.02

3.38 
±0.06

-7.11 
±0.05

N/A

Effluent 0.345 
±0.02

-29.1 
±0.02

3.33 
±0.06

-7.61 
±0.05

N/A

Fig. 1. A flow-through core used during the stable isotope labeling experiment.
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added through a septum using a syringe to closed vials containing 0.1 
mL 85% H3PO4 and a helium-flushed headspace. The analysis was done 
using a Thermo Scientific GasBench II coupled with a Delta plus 
advantage isotope ratio mass spectrometer (IRMS). DOC concentrations 
were measured using a Shimadzu TOC-V analyzer (model CPH). 13C- 
DOC was measured at KU Leuven, Belgium, using an Aurora 1030W TOC 
analyzer coupled to a Delta XP IRMS via gasbench and cryofocusing. 
Glucose concentrations were determined by an enzymatic assay (R- 
Biopharm) based on the production of NADPH quantified by UV/Vis 
spectrophotometry at 340 nm (Henniger and Mascaro, 1985). Assimi
lable organic carbon (AOC) was measured at Het Waterlaboratorium, 
the Netherlands, based on van der Kooij (1992). The values of the 
Langelier saturation index (LSI), a measure for calcium carbonate 
saturation, were provided by Waternet.

TSC and 13C-TSC analyses were carried out on sand samples that 
were first freeze-dried and then ground using a ball mill grinder. Based 
on reports of calcite accumulation in SSF (Hammes et al., 2011), three 
sample pre-treatments were examined: (i) untreated sand, (ii) sand 
treated by standard decalcification, and (iii) sand washed with Milli-Q 
water (Supplementary Method S1). TSC and 13C-TSC analyses were 
then carried out using a Thermo Scientific EA IsoLink CN analyzer 
coupled with a Delta V Advantage IRMS.

For the analysis of SIC and 13C-SIC, freeze-dried and ground sand 
samples were placed in an exetainer vial, and the gas phase was replaced 
with helium by flushing for 5 min. Next, the samples were digested with 
100% H3PO4 at 70 ◦C for 105 min. The analyses of the produced CO2 
were carried out using a Thermo Scientific GasBench II coupled with a 
Delta plus advantage IRMS. Since the samples analyzed for TSC, 13C- 
TSC, SIC, and 13C-SIC originated from the same homogenized sand sli
ces, the corresponding amounts of solid organic carbon (SOC) and 13C- 
SOC in the samples were calculated using the following mass balances: 
SOC = TSC – SIC and 13C-SOC = 13C-TSC – 13C-SIC.

To extract the PLFA from the sand samples, a modified Bligh Dyer 
extraction method was used (Schouten et al., 2008) (Supplementary 
Method S2). Concentrations of individual fatty acids were quantified by 
Agilent gas chromatography (GC) equipped with a flame ionization 
detector (FID). For the measurement of the stable carbon isotopic 
composition of the individual fatty acids, Agilent GC single quad mass 
spectrometry for fatty acid identification and Thermo Scientific Delta V 
coupled to a Thermo Scientific Trace 1310 GC combustion isotope ratio 
monitoring MS (GC-C-IRMS) was used.

Meiofauna were extracted from the sand samples with a gradient 
centrifugation technique using colloidal silica polymer following a 
modified procedure by Somerfield and Warwick (2013) (Supplementary 
Method S3). The total C and 13C contents were measured using a Thermo 
Scientific EA IsoLink CN analyzer coupled with Delta V advantage IRMS.

2.4. Data processing and analyses

Carbon contents in the studied pools were calculated from the con
centrations measured in mol L− 1 (for solutes) and wt% (for solids). When 
calculating the amounts of DIC and DOC in the porewater of the sand 
column, we assumed a porosity of 0.4 (Supplementary Table S1), 
whereas we additionally accounted for the overlying water volume 
when calculating these quantities in the cores used for the SIL experi
ment. The porosity was estimated based on the mass difference between 
water-saturated and dry sand (see Supplementary Method S4). When 
calculating the amounts of TSC, SIC, and SOC from the measured wt%, 
we assumed a dry sand density of 2.6 g cm− 3. The values were calculated 
separately per sand layer as well as per entire 20 cm sand column in the 
core. In the latter step, concentrations determined for the 5–10 cm layer 
were assumed to be representative for the entire part of the core below 5 
cm. At the end, C pool sizes were converted to mol C m− 2 by accounting 
for the cross-section of the experimental cores (78.5 cm2; Supplementary 
Fig. S1).

Two alternative approaches were used to estimate the bacterial 

carbon concentrations from the measured PLFA concentrations (see 
Supplementary Method S5 for details). The first approach used weight- 
averaged concentrations of PLFAs with chain lengths below C19 and a 
conversion factor according to Leckie et al. (2004). The second approach 
followed the procedure described by Middelburg et al. (2000) using the 
concentrations of five bacterial-specific PLFAs (i14:0, i15:0, a15:0, 
i16:0, and 18:1 ω7c). Both methods introduce some uncertainty: the first 
one due to the possible inclusion of non-bacterial PLFA, and the second 
one due to the large conversion factor needed to go from the minor 
bacteria-specific PLFA to total cellular carbon content.

The isotopic composition in the studied carbon pools was quantified 
relative to the Vienna Pee Dee Belemnite (VPDB) standard and is pre
sented in the delta notation: δ13C (‰) = ( R

RVPDB
–1) 1000‰, where R 

refers to the 13C/12C isotope ratio in the sample and RVPDB = 0.0111802. 
The δ13C values were subsequently combined with the measured C 
contents (in TSC, SIC, SOC, BAC, and MEI pools) to quantify the transfer 
of 13C during the labeling experiment. Specifically, the amount of 13C- 
glucose derived carbon incorporated into a particular pool during a time 
interval from 0 to t was calculated according to Polerecky et al. (2021). 
Δ13C = xE

S ⋅C, where xE
S = (x − x0)/(xs − x0) is the source-normalized 13C 

excess atom fraction and C is the carbon content in the pool, both at time 
point t. In the expression for xE

S , x is the 13C atom fraction at time point t, 
calculated from the measured δ13C permil-value according to x =
R/(1+R), where R = (1 + δ13C/1000‰) ⋅ RVPDB. Furthermore, x0 and xs 
are the 13C atom fractions of the control (unlabeled) sample and 
13C-glucose (xs = 0.99), respectively.

Statistical analyses involved fitting the TSC, SIC, and SOC data with a 
linear mixed model using depth and time as fixed factors and addi
tionally considering the hierarchical structure of the data (i.e., nesting of 
depths within a core). The analyses were done in R (R Core Team, 2024) 
using the package nlme (Pinheiro et al., 2021), and the details are 
provided as Supplementary Materials. Quantities derived from replicate 
cores are reported as mean values ± standard error (SE) unless stated 
otherwise.

3. Results

3.1. Characterization of the dissolved and solid carbon pools

The concentration and isotopic composition of DOC in the influent 
and effluent of the slow sand filters at the water production site varied 
among the four sampling occasions (Table 1). The effluent had, how
ever, consistently lower DOC concentrations (on average by 0.049 ±
0.006 mmol L− 1) and δ13C-DOC values that reflect higher enrichment in 
13C (δ13C-DOC increased by 1.03 ± 0.66 ‰) compared to the influent. In 
contrast, the DIC in the effluent was consistently more depleted in 13C 
(δ13C-DIC values decreased by 0.59 ± 0.33 ‰) compared to the influent, 
while DIC concentrations were either higher in the effluent or the dif
ference was minimal and within the margin of analytical uncertainty. 
One measurement of AOC showed that AOC concentrations were 
roughly 100-fold lower than DOC concentrations and decreased by 
about 0.5 µmol L− 1 between the influent and effluent. The Langelier 
saturation index (LSI) for the effluent was 0.36, indicating that the water 
was over-saturated with respect to calcite.

The total carbon pool within the 20 cm sand column was vastly 
(>99%) dominated by solid substances over porewater constituents DIC 
and DOC (Fig. 2). The total solid carbon (TSC) content varied consid
erably among the replicate cores, averaging at 56 ± 2 mol C m− 2. About 
17% of this amount was contained in the schmutzdecke (top 2 cm), 
although the volume of this layer only comprises about 10% of the 
investigated sand column. This pattern was caused by about 2-fold 
greater TSC concentrations in the schmutzdecke (0.37 ± 0.03 wt%) 
compared to the deeper layers (0.20 ± 0.02 wt%) (Table 2). The TSC 
pool contained slightly more organic than inorganic carbon, and this 
relative proportion showed a significant vertical gradient within the 
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sand column, with the solid organic carbon (SOC) fraction decreasing 
from about 67% in the schmutzdecke to 59% in the bottom 15 cm 
(Supplementary Fig. S2 and Supplementary statistical analyses 1). The 
average SOC fraction across the top 20 cm of the sand column was 57%, 
which translates to the SOC content of about 32 ± 3 mol C m− 2. Esti
mates of the carbon content in the bacterial and meiofaunal pools 
amounted to roughly 5% and 0.2% of the SOC pool, respectively.

δ13C values in the SIC pool were about 0‰ throughout the sampled 
sand column, whereas in the TSC pool, δ13C values were negative and 
reflected an increase in the relative abundance of 13C with depth (from 
about –19‰ in the schmutzdecke to –15‰ in deeper layers). When 
combined with the carbon content data, this trend suggests that the SOC 
in the sand column has increased due to the retention of the input DOC 
pool. Specifically, by considering the observed vertical gradient in the 
relative fractions of SOC and SIC in the TSC pool (Supplementary 
Fig. S2), the observed value of δ13C-SIC = 0‰, and assuming the δ13C- 
SOC values to be in the range observed for the isotopic signature of the 
input DOC (between –30‰ and –25‰; Table 1), the predicted δ13C-TSC 
values match well with the measured ones (Supplementary Fig. S3).

Average δ13C values in the bacterial pool (corrected for fractionation 
as described by Monson and Hayes (1982) and Teece et al. (1999) and 
meiofaunal pool were around –25‰ and –26‰, respectively.

3.2. Stable isotope labeling experiment

Following the addition of 13C-glucose into the experimental cores 
(0.6 mmol 13C per core), glucose concentrations in the percolated water 
decreased approximately linearly (R2 = 0.91, x-intercept = 4.6) over the 
first 4 h and fell below the detection limit of 0.002 mmol glucose L− 1 

after 5 h of incubation (Fig. 3A). The average rate of 13C-glucose con
sumption, estimated using linear regression, was about 0.11 mmol 13C 
h− 1 per core. The addition and removal of 13C-glucose was reflected in 
the isotopic signature of the total DOC pool, which was highly enriched 
in 13C after 1 h of incubation (δ13C > 2.5×105 ‰) and decreased rapidly 
within the first 6 h and then more gradually during the remainder of the 
experiment (Fig. 3B) because of preferential use of the added glucose 
relative to the remaining dissolved organic compounds. DOC concen
trations did not change significantly during this time interval and 
remained at around 0.26 mmol L− 1 (Supplementary Fig. S4). These 
latter values are, however, unreliable since they do not show the ex
pected correlation with the concentrations of glucose. This discrepancy 
highlights the necessity of using complementary methods to accurately 
assess carbon uptake and ensure reliable experimental results. Conse
quently, we relied on glucose and δ¹³C-DOC measurements to assess 
glucose uptake in this study.

13C-glucose removal in the experimental cores was accompanied by a 
matching increase in δ13C-DIC (Fig. 4), indicative of biological activity 
within the sand column and particularly of its rapid response to glucose 

Fig. 2. Characteristics of the relevant carbon pools in the experimental sand columns. Values are normalized per area of a sand column with a height of 20 cm. The 
pie chart shows the relative contribution of each pool.

Table 2 
Characteristics of the relevant carbon pools in the studied sand columns. Shown are values from different depth intervals within the columns. Values for concentrations 
of TSC, SIC, and SOC are given in weight percent and are based on n=12 replicate samples, whereas the δ13C-TSC, δ13C-SIC, and δ13C-SOC values are based on duplicate 
samples (n=2).

Sampling 
period

Sand 
Depth

Total solid carbon (TSC) (wt 
%)

δ13C -TSC 
(‰)

Solid Inorganic carbon 
†

(SIC) (wt%)

δ13C-SIC†

(‰)
Solid organic carbon (SOC)‡ (wt 
%)

δ13C-SOC ‡

(‰)

September 2021 0–2 cm 0.37 ± 0.03 -18.6 ±
1.69

0.12 ± 0.01 0.07 ± 0.25 0.25 ± 0.03 -26.7 ±
1.88

2–5 cm 0.20 ± 0.02 -14.6 ±
1.20

0.07 ± 0.01 0.40 ± 0.25 0.12 ± 0.02 -29.7 ±
4.09

5–10 cm 0.20 ± 0.01 -14.9 ±
2.36

0.09 ± 0.01 -1.12 ±
0.53

0.11 ± 0.01 -31.6#

† Determined using GasBench II-IRMS.
‡ Estimated based on differences between TSC and SIC.
# Value derived from n=1 replicate sample.
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addition. The δ13C-DIC values first increased linearly (R2 = 0.99), 
reaching above 3000‰ after 6 h of incubation, then gradually decreased 
over the following days and reached approximately 250‰ at 14 days. 
During the first 24 h, DIC concentrations remained approximately con
stant at 2.4 mmol L− 1, whereas they dropped to about 1 mmol L− 1 on 
day 2, 7, 14. These latter values are, however, unreliable because the 
samples were stored for a few weeks before the analysis, during which 
CO2 could have escaped from the sampling vials. A similar drop in DIC 
concentration between the samples taken from the initial influent water 
and those collected after two days was also observed in control columns 
that were percolated for 14 days without the addition of 13C-glucose 
(Supplementary Table S3). The average rate of 13C-DIC production after 
glucose addition during the initial 5 h, estimated using linear regression, 
was 0.013 mmol 13C h− 1 per core. This rate is about 8.5-fold lower than 
the glucose consumption rate, indicating that, during this time interval, 
only about 12% of 13C-glucose removed within the sand column was 
mineralized to 13C-DIC while the rest was transferred to the solid carbon 
pool.

Consistent with this expectation, a significant enrichment in 13C was 
observed in the TSC pool, whose δ13C-TSC values increased relative to 
those in the control cores on average by about 66‰ during 6 h of 

incubation (Fig. 5A). At this time point, we detected a significant 13C 
enrichment in the SIC (Fig. 5D) pool as well (Supplementary statistical 
analyses 2), but the increase relative to controls was only by about 1‰. 
Combining the δ13C values and carbon contents in the TSC and SIC 
pools, the calculated δ13C values in the SOC pool (Fig. 5G) increased by 
about 110‰ during 6 h of incubation. For all three pools, the observed 
increases in δ13C were similar for all depths in the sand column (Sup
plementary statistical analyses 2).

Although the δ13C values in the TSC, SIC and SOC pools showed clear 
differences between the control samples and samples incubated for 6 h 
or more, no such differences were detectable for the 13C contents 
calculated by combining the measured C contents and δ13C values 
(Supplementary Fig. S5), which prevented us from using 13C contents 
obtained in this way to directly estimate the amount of label transferred 
from 13C-glucose to the solid carbon pools. We hypothesized that this 
lack of sensitivity was due to large differences in the C content among 
the sediment cores used in the SIL experiment (Fig. 5B, E, H). To test this 
hypothesis, we fitted the observed C contents with linear mixed models, 
considering `time’ and `depth’ as fixed factors and `core’ as a random 
factor (see Supplementary statistical analyses 3 for details). These sta
tistical analyses revealed that the effect of ̀ time’ was not significant (p =

Fig. 3. Dynamics of the dissolved organic carbon pools in the cores during the stable isotope labeling experiment. (A) Concentrations of the added 13C-glucose (n=1). 
(B) Isotopic composition of DOC (n=2). Time 0 refers to a time point before glucose was injected into the core. Note the cut in the x and y axes. Error bars represent 
the range between duplicate cores.

Fig. 4. Dynamics of the dissolved inorganic carbon pool in the cores during the stable isotope labeling experiment. Symbols represent the mean value (n=2), error 
bars represent the corresponding range. Some error bars appear missing because they are smaller than the size of the symbols.
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Fig. 5. Dynamics of the solid carbon pools in the cores during the stable isotope labeling experiment. TSC and SIC data are measured, while SOC data are calculated 
according to SOC = TSC – SIC and 13C-SOC = 13C-TSC – 13C-SIC. (A,D,G) Average isotopic composition, expressed in δ13C notation relative to VPDB. (B,E,H) Carbon 
concentrations. Values are shown separately for each sand column to highlight inter-core variations. (C,F,I) Calculated amounts of excess 13C incorporated into the 
respective solid carbon pools per layer. Error bars, if present, represent the range based on duplicate cores.
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0.051), confirming that inter-core differences were the key source of 
variability in the C contents observed throughout the SIL experiment. In 
contrast, the effect of ̀ depth’ was highly significant (p < 0.0001), with a 
roughly 1.8-fold greater C content in the schmutzdecke compared to the 
deeper sand layers. Based on these results, we averaged C contents over 
all time points, but separately for each depth, and calculated the amount 
of 13C incorporated (i.e., excess 13C) into the different solid carbon pools 
by combining the δ13C values measured at each depth and time point 
with the corresponding time-averaged C content. A consequence of the 
C-content averaging, similar to van Oevelen et al. (2006a), is that the 
carbon dynamics in the SSF are evaluated on the 13C dynamics only, 
which represent a good proxy for short-term carbon cycling.

The average amount of 13C incorporated into the TSC pool was 
around 0.3 mmol 13C per core (Fig. 5C), which is roughly 50% of the 
amount of glucose-derived 13C added to each core. Due to the higher TSC 
concentration in the schmutzdecke, the concentration of 13C that ended 
up in this layer was almost two-fold higher than in the lower parts of the 
sand columns. Considering the thickness of this layer, however, 13C 
incorporated into the schmutzdecke comprised only 17% of the label 
incorporated per core. Although the amount of 13C-TSC incorporated in 
the schmutzdecke appeared to decrease beyond 6 h (Fig. 5C), this trend 
was not statistically significant. For the deeper parts of the sand 

columns, changes in 13C-TSC beyond 6 h were also not significant 
(Supplementary statistical analyses 4).

The average 13C that ended up in the SIC pool was 2.3 µmol 13C per 
core (Fig. 5F). This is less than 1% of the amount of 13C incorporated into 
the TSC pool, indicating that almost all of the 0.3 mmol 13C per core 
incorporated into the TSC pool ended up in the organic fraction (SOC) 
(Fig. 5I). Similar to TSC, variability in the amounts of 13C-SIC observed 
at time points beyond 6 h was not significant, but the concentration of 
13C-SOC that ended up in the schmutzdecke was significantly higher 
than in deeper layers (Supplementary statistical analyses 5).

Trends in the isotopic composition of bacterial lipids reflected those 
observed for TSC, with the weighted average of δ13C-PLFA values 
increasing to around 400‰ during the first 6 h and then remaining at 
similarly high levels (400–700‰) until the end of the experiment 
(Fig. 6A). Significant differences among depths in the sand column, or 
trends over time, could not be resolved due to a limited number of 
replicate measurements. However, we did detect a higher concentration 
of 13C taken up by the microbial biomass in the schmutzdecke in com
parison to deeper layers, caused by the higher PLFA concentration, i.e. 
biomass, in this layer (Fig. 6B). Combining the δ13C-PLFA values with 
the time-averaged bacterial biomass derived from the PLFA content in 
five replicate cores (13.6 mmol C core− 1), the average amount of 13C 

Fig. 6. Dynamics of specific biological carbon pools in the cores during the stable isotope labeling experiment. (A) Weighted averages of δ13C in bacterial PLFAs. (B) 
Bacterial carbon concentrations, derived from the measured concentrations of PLFAs based on a conversion factor by Leckie et al. (2004). (C) Calculated amounts of 
excess 13C incorporated into the bacterial pool. (D) Weighted averages of δ13C measured in meiofauna (MEI). (E) Average carbon concentrations in the meiofaunal 
pool. (F) Calculated amounts of excess 13C incorporated into the pool of meiofauna.
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taken up by bacteria was around 0.066 ± 0.004 mmol 13C per core 
(Fig. 6C). This amount accounts for about 22% of the estimated 13C 
incorporated into the SOC pool. Using the alternative PLFA to bacterial 
biomass conversion factor based on Middelburg et al. (2000) provided 
comparable results, with the average amount of 13C taken up by bacteria 
being around 0.073 ± 0.005 mmol 13C per core (Supplementary Fig. S6).

For the meiofauna pool, δ13C values increased during the initial 6 h 
of the SIL experiment, indicative of a direct 13C-glucose uptake by the 
meiofauna (Fig. 6D). The δ13C values trends increased over time with 
variations among depths in the sand column. In the schmutzdecke, the 
values steadily increased, reaching maximum values of around 470‰, 
and in deeper layers, the maximum was around 40‰. Due to a limited 
number of replicate measurements and high variability in the data, we 
could not test for significant differences in the δ13C values observed over 
time after 6 h. To estimate the amount of 13C incorporated into meio
fauna, we therefore combined the δ13C values with the time-averaged C 
content for the total meiofauna (Fig. 6E) and summed the contributions 
across all layers and all meiofaunal groups. The estimated values of 0.8 
μmol 13C in meiofauna per core (Fig. 6F) were at least 100-fold lower 
than the amount of 13C assimilated by bacteria. The detailed results 
concerning individual meiofaunal species will be presented in a separate 
publication.

3.3. Effect of decalcification and washing

For sand samples collected during the SIL experiment, the standard 
decalcification treatment and washing with Milli-Q water had con
trasting effects on the C and 13C contents. On the one hand, the standard 
decalcification treatment decreased the carbon content on average by 
about 51% in the schmutzdecke and 45% in the sand bed (Fig. 7A), while 
the corresponding δ13C values increased on average by 17‰ and 5‰, 
respectively (Fig. 7B). These results are consistent with those derived 
from independent analyses of the sand samples collected during the SIL 
experiment, which showed that the TSC pool contains a relatively large 
fraction of SIC (Supplementary Fig. S2) with δ13C values ranging be
tween 0–1.5‰ (Fig. 5D), and so the removal of such a pool should lead to 
an increase in the δ13C value of the remaining carbon.

In contrast, washing with Milli-Q water did not decrease the carbon 
content in the samples, but it did lead to a notable decrease in the δ13C 
values on average by 17‰. This decrease translates to a reduction in the 
solid-bound 13C content and implies that the TSC pool contained a small 
but highly 13C enriched fraction that could relatively easily be washed 
out by Milli-Q water.

4. Discussion

In the Netherlands, slow sand filtration (SSF) is used as one of the last 
steps in the process of drinking water production. Its main purpose is to 
remove organic matter that has not been removed during the previous 
water treatment steps and thus ensure that the effluent water meets the 
required quality and safety standards (van der Kooij et al., 2017). In 
general, two classes of organic matter are relevant in the context of SSF: 
dissolved organic carbon (DOC), for which the easily assimilable organic 
carbon (AOC) is of key concern, and particulate organic carbon (POC), 
which includes components such as detritus and bacteria (Collins et al., 
1992; Hijnen et al., 2004; Zheng et al., 2010). Organic matter removal in 
SSF is done through a combination of physical and biological processes 
(Weber-Shirk and Dick, 1997a, 1997b). This study aimed to explore the 
utility of stable isotopes for estimating the contribution of the biological 
activity (uptake and mineralization) in the removal of DOC, including 
AOC, in an operational slow sand filter.

4.1. Approaches based on concentration measurements

One way to estimate the role of biological activity in the removal of 
DOC is by quantifying the DOC fluxes in the influent and effluent waters 

of a slow sand filter and comparing their difference to the build-up of 
solid organic carbon (SOC) in the sand column. Our measurements 
revealed that the difference between the influent and effluent DOC 
concentrations was similar among the four sampling events (with an 
average of 0.049 mmol L− 1), although the concentrations themselves 
varied considerably (by about 40%; Table 1). Assuming that the water 
flow velocity of the studied full-scale filter is constant (0.35 m h-1; 
Supplementary Table S1), this concentration difference translates to an 
organic carbon retention rate of about 61 mol C m− 2 over a 6 month 
period. When measuring the SOC content in the sand column, which was 
done 6 months after the schmutzdecke had been cleaned, we found that 
about 32 mol C m− 2 was present in the top 20 cm, out of which about 6.5 
mol C m− 2 was in the schmutzdecke (top 2 cm). Furthermore, TSC 
concentration was about 1.8-fold higher in the schmutzdecke than in 

Fig. 7. Effects of sample preparation on the concentration (A) and isotopic 
composition (B) of the total solid carbon pool in sediment samples collected at 
the end of the stable isotope labeling experiment. The effects are shown sepa
rately for the schmutzdecke (0–2 cm) and the underlying sand layer (2–5 cm). 
`Untreated’ refers to unaltered samples, `decalcified’ refers to samples treated 
with 1M HCl, and `washed’ refers to samples washed with MilliQ water (see 
Supplementary Methods S1 for further details). Error bars represent the range 
based on duplicate cores.
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deeper layers. Thus, assuming that DOC removal occurred mainly in the 
most active layer, the schmutzdecke, which is a common assumption in 
SSF utilities and studies (Chen et al., 2021; Maurya et al., 2020; Ranjan 
and Prem, 2018), these data would indicate that up to 10% of the DOC 
removed over the 6-month period was retained in the developing 
schmutzdecke while the remaining 90% was mineralized. However, if 
DOC removal also occurred in deeper layers, as observed in previous 
studies on mature filters (Chan et al., 2018; Trikannad et al., 2024), the 
relative contribution of mineralization would be substantially lower. 
How much lower cannot be, however, presently resolved due to the lack 
of more detailed (historical) information about the SOC content in the 
studied filter and the corresponding influent and effluent DOC concen
trations. Regular monitoring of these parameters over longer time scales 
and throughout the entire sand column could be a strategy to alleviate 
this limitation.

Another approach to estimate the contribution of mineralization to 
DOC removal is by measuring the increase in DIC concentrations be
tween the effluent and influent. Indeed, the difference in DIC concen
trations multiplied with the flow velocity directly yields the areal rate of 
mineralization (Worrall et al., 2005), if contributions of processes such 
as CO2 stripping, carbonate precipitation, or dissolution can be neglec
ted. Our measurements showed, however, that the DIC concentrations 
were more than one order of magnitude higher than those of DOC 
(Table 1), implying that high-precision DIC measurements (Su et al., 
2019) would be required to resolve the relatively small differences in 
DIC concentrations (<0.04 mmol L− 1) expected to result from the 
observed differences in DOC concentrations.

4.2. Approaches based on measurements of natural isotopic composition

Our data suggest that DOC retention and removal in a slow sand filter 
could potentially be estimated by quantifying the natural isotopic 
composition of relevant carbon pools. With respect to DOC retention, we 
observed a vertical gradient in the δ13C values of the total solid carbon 
(TSC) pool, increasing from about − 19‰ in the schmutzdecke to − 15‰ 
in deeper layers, reflecting a larger enrichment in 13C with depth 
(Table 2). Interestingly, this gradient could be explained by assuming 
that the TSC pool is a mixture of solid-bound inorganic carbon (SIC, δ13C 
≈ 0‰) and SOC with the same isotopic composition as the influent DOC 
(δ13C ≈ − 26‰), with the mixing ratios consistent with the observed 
SOC:SIC ratios, which decreased from about 2:1 in the schmutzdecke to 
about 1:1 in deeper layers (Supplementary Fig. S2). This agreement 
points to physical processes (e.g., adsorption or straining) or biological 
uptake as key mechanisms of DOC retention in the sand column 
(Boström et al., 2007). It also illustrates that although the concentration 
of retained DOC is higher in the schmutzdecke, deeper sand layers are 
also important (Chan et al., 2018; Trikannad et al., 2024), even more so 
when considering the amount of organic carbon retained per unit area. 
Finally, the agreement suggests that DOC retention in the sand filter 
could possibly be estimated through monitoring the spatial-temporal 
variation in the δ13C values of the TSC pool.

With respect to DOC removal, we consistently observed higher δ13C- 
DOC and lower δ13C-DIC values in the effluent compared with the 
influent (Table 1). These results are consistent with trends expected 
from the effects of kinetic isotope fractionation associated with organic 
matter mineralization (e.g., by aerobic respiration), where 12C is pref
erentially released into the inorganic pool while the remaining organic 
pool becomes progressively enriched in 13C (Wang et al., 2015). How
ever, by applying a simple Rayleigh distillation model and assuming one 
set of kinetic fractionation factors for relevant processes including 
mineralization, adsorption, and uptake, we could not consistently 
reproduce the observed differences in the concentrations and δ13C 
values for the effluent and influent DOC and DIC pools (see Supple
mentary modeling for details). These difficulties could be related to 
insufficient quality of our measurements or due to the DOC pool being 
comprised of constituents with a range of isotopic signatures, adsorption 

affinities, and labilities. Indeed, δ13C values in DOC can change 
depending on the extent of adsorption (Kaiser et al., 2001) or due to a 
preferential uptake or mineralization of components in the complex 
DOC pool with a range of isotopic signatures (Vogt et al., 2016). Hence, 
isotope analyses of the DOC and DIC pools could help determine the 
contribution of microbial degradation to DOC removal, but the distri
bution of δ13C values among the constituents comprising the influent 
and effluent DOC pools, as well as the isotope fractionation effects of the 
relevant processes within the sand column, need to be constrained first 
in dedicated measurements and experiments.

4.3. Approach based on stable isotope labeling

Our SIL experiment used 13C-glucose as a proxy for easily degradable 
carbon. On the one hand, we recognize that glucose and its removal are 
not representative of all bioavailable organic compounds and their 
removal rates (Hammes et al., 2006). Indeed, uptake rates of low mo
lecular weight substrates are diverse (Amon and Benner, 1996), and for 
instance, in soils, they can differ by an order of magnitude (Gunina et al., 
2017). On the other hand, glucose removal can still be used as a valuable 
indicator of the biological community’s potential to eliminate easily 
biodegradable organic compounds. Furthermore, monitoring the fate of 
glucose-derived 13C can enhance our understanding of the mechanisms 
involved in the transformations of easily biodegradable organic com
pounds within the studied slow sand filter, as discussed in the following.

The rapid decrease in the concentration of glucose during the initial 
~6 h of the experiment (Fig. 3A) reflects the capacity of the studied sand 
filter to remove easily degradable organic compounds via biological 
processes. For a sand column height of 20 cm, glucose removal occurred 
at a rate of about 14 mmol C m− 2 h− 1, which by far exceeds the AOC 
loading of the studied sand filter (about 0.78 mmol C m− 2 h− 1, estimated 
based on the influent AOC concentrations and flow rates; Tables 1 and 
Supplementary Table S1). Furthermore, the rate of glucose removal was 
independent of glucose concentrations in the investigated concentration 
range. Assuming that glucose removal follows Michaelis-Menten ki
netics, this observed zero-order behavior suggests that, at the tested 
glucose concentrations, the removal rate was approaching the maximum 
rate (vmax) (Michaelis et al., 2011).

The initial removal of 13C-glucose was accompanied by a notable 
increase in δ13C values in the SOC and DIC pools, showing the impor
tance of biological activity (through uptake and respiration) in the 
removal of the added glucose. Based on the amounts of excess 13C 
accumulated in the SOC and DIC pools during the initial 6 h of the 
experiment, the estimated rate of glucose uptake was about 14 mmol 13C 
m− 2 h− 1, while the rate of glucose mineralization accompanying this 
uptake was about 1.7 mmol 13C m− 2 h− 1. These estimates indicate that 
about 47±5% of the added 13C-glucose was taken up by the organisms in 
the sand column, while approximately 12% was mineralized into DIC as 
a direct consequence of this uptake. However, these values do not add up 
to 100%, indicating that a substantial fraction of the added 13C tracer 
could not be accounted for (see below for possible reasons). Neverthe
less, these data show that as long as glucose was available, its removal 
was dominated by biological uptake over mineralization.

A comparison between the amounts of excess 13C recovered in the 
pools of TSC and bacterial biomass suggests that, during the initial 6 h of 
the experiment, a major part of the glucose taken up by the bacteria was 
retained in the form of storage compounds or carbon reserves rather 
than used for growth (e.g., by synthesizing structural biomass). While 
the amount of excess 13C estimated for the bacterial biomass was around 
0.07 mmol 13C per core, the amount estimated for the TSC pool was 
about 4-fold greater (Figs. 5C and 6C). Although the δ13C values in the 
meiofauna, which are part of the TSC pool, did increase after 6 h of 
incubation, the corresponding amount of excess 13C was insufficient (<1 
μmol 13C) to explain this discrepancy. A possible reason for this 
discrepancy could be that the conversion factors of Leckie et al. (2004)
and Middelburg et al. (2000), which we applied to estimate bacterial 
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biomass from the detected amounts of bacterial fatty acids, were not 
representative of the bacterial community in the studied sand column. 
Another possibility is that our measurements did not cover all bacterial 
PLFAs, or that excess 13C derived from the measured values of 
δ13C-PLFA was not representative of all bacterial carbon synthesized 
during the initial 6 h (Evrard et al., 2010). A more likely explanation is, 
however, that bacteria allocated a fraction of the taken up 13C-glucose to 
build up their carbon or energy reserves (van Loosdrecht et al., 1997), 
such as in the form of a carbon-rich energy storage compound glycogen 
(Sekar et al., 2020; Wang et al., 2020; Wang and Wise, 2011). Bacteria 
can accumulate more than 50% of their biomass in the form of glycogen 
(Levine et al., 1953). In our columns, we estimate the total bacterial 
biomass content to be 13 mmol C (Fig. 2). As the difference between the 
incorporation of 13C in TSC and bacterial biomass is only 0.23 mmol C 
and assuming that biomass is typically 50% carbon (Houghton et al., 
2009), carbon storage would be sufficient to explain the observed 
discrepancy. Another possible explanation is that glucose attached to or 
became incorporated into EPS, which can also act as a carbon reserve 
(Costa et al., 2018; Wingender et al., 1999). The incorporation of 13C 
into storage compounds or EPS is consistent with the observed decrease 
in δ13C-TSC upon washing with Milli-Q water (Fig. 7B). The washing 
process may have led to the removal of EPS, along with the associated 
13C, and the detachment of bacteria embedded within the EPS. Conse
quently, the unprotected bacteria may have released water-soluble 
storage compounds, such as glycogen, which could further explain the 
selective loss of 13C from the TSC pool upon washing. Adsorption of 
glucose to the sand could also offer a potential explanation for the 
observed excess 13C in the TSC pool compared to the estimated amounts 
in microbial biomass. However, complementary glucose adsorption ex
periments conducted with both autoclaved and bioactive sand (Sup
plementary Methods S6; Supplementary Fig. S7) demonstrated that the 
contribution of abiotic processes to glucose removal was negligible.

With respect to meiofauna, our SIL experiment provided only limited 
insights into their role in the studied slow sand filter. The rapid increase 
in meiofaunal δ13C during the initial 6 h indicates that they can directly 
utilize the added glucose, while the gradual increase in δ13C observed 
subsequently was likely due to the uptake of 13C previously assimilated 
by bacteria (van Oevelen et al., 2006a, 2006b). This uptake could occur 
via direct predation or ingestion of dead and labile material of bacterial 
origin (Schratzberger and Ingels, 2018). Overall, the slow increase in 
meiofaunal δ13C suggests that the SSF’s heterotrophic bacterial com
munity plays only a minor role in the meiofauna’s diet. Furthermore, the 
amount of excess 13C in meiofauna after 14 days (Fig. 6F) was at least 
100-fold smaller compared to that in bacteria (Fig. 6C), indicating a 
minor role of meiofauna in the label uptake during the experiment. 
However, meiofauna have a broad diet (Majdi et al., 2020), including 
detrital material, which can pass the previous steps of drinking water 
production and become retained in the slow sand filter. Hence, it is 
possible that the net effect of meiofauna activity is to support microbial 
growth by digesting detrital organic material and making it more 
accessible to bacteria (Coull, 2009). For instance, earthworms can play a 
vital role in sand filters, as their activity facilitates the degradation of 
complex and recalcitrant organic matter and mitigates clogging (Oh 
et al., 2018; Wang et al., 2010; Wubbels et al., 2014).

δ13C values in the TSC pool as well as in the bacterial and meiofaunal 
biomass measured 6 h after label addition increased across the different 
depths in the experimental cores (Figs. 5A, 6A, D), showing that the 
biological removal of easily degradable organic carbon is not limited to 
the schmutzdecke but extends at least 20 cm deep into the slow sand 
filter. Because the concentration of organic carbon in the schmutzdecke 
was about 2-fold higher than in the deeper layers of the sand columns, 
the concentration of the taken up 13C-glucose was correspondingly 
higher as well. However, as the schmutzdecke only comprised 10% of 
the height of the experimental sand columns, the absolute amount of 
glucose taken up in the schmutzdecke only accounted for less than 20% 
of the glucose uptake per 20 cm sand column. These findings are 

consistent with earlier studies suggesting that biological activity can 
extend as deep as 40 cm into the sand bed (Ellis and Aydin, 1995; 
Huisman and Wood, 1974). They also support observations that DOC 
reduction in the deeper layers of slow sand filters indicates the microbial 
community’s ability to degrade biodegradable dissolved organic carbon 
(BDOC) throughout the filter’s depth (Trikannad et al., 2024). Taken 
together, our results and previous research emphasize the critical role of 
biological activity not only in the schmutzdecke but also in the deeper 
layers of slow sand filters.

An unexpected finding of our SIL experiment was the notably long 
residence time of 13C in the experimental cores (much longer than 14 
days). As a result, we were unable to estimate the mineralization rate of 
the 13C-glucose after it had been taken up by the bacterial community. 
One way to constrain this rate would be by following the decline in the 
amount of excess 13C in the organic carbon pools (SOC and PLFA). 
However, although the excess 13C in these pools did vary among the 
cores sacrificed at different time points (Figs. 5I, 6C), the variation re
flected mainly inter-core differences and showed no notable change over 
time. Another approach to estimate the mineralization rate of the taken 
up glucose would be by measuring the increase in excess 13C in the DIC 
pool. However, these values gradually decreased after 6 h of incubation 
rather than increased (Fig. 4). We attribute this decrease to isotope ex
change with atmospheric CO2 through the tubing used in our experi
ments, which was apparently too permeable (CO2 permeability 

coefficient was 1.89 (cm3⋅mm)
(cm2 ⋅s⋅Pa)×10− 10 ) to keep the 13C content in the system 

constant during the entire experiment. We rule out carbonate precipi
tation as a sink for 13C-DIC because the amount of excess 13C accumu
lated in the SIC pool was too small to explain this trend. Another option 
is that the observed decrease in δ13C-DIC resulted from a dilution of the 
13C-DIC pool by the excess production of 12C-DIC associated with the 
mineralization of SOC or dissolution of SIC in the sand column, which is 
possible because both SOC and SIC had lower δ13C values than the DIC 
pool between days 1 and 14. However, the estimated excess 12C-DIC 
production required to account for the observed decrease in δ13C-DIC 
over the period of 14 days would be about 12–15 mmol 12C L− 1, which is 
sufficiently high to be detectable as an increase in DIC concentrations 
within the experimental cores. Since such a substantial increase was not 
observed during our labeling experiment, this second option can also be 
ruled out. This decrease in respiration may also be attributed to the 
recirculation of water, as each pass through the sand likely depleted 
other essential nutrients required for mineralization. Irrespective of the 
precise mechanism behind the long-term decrease in δ13C-DIC, it is 
certain that once the added glucose was taken up, mineralization of this 
glucose-derived carbon occurred at a much lower rate than glucose 
mineralization directly associated with glucose uptake (i.e., during the 
initial 6 h).

The design of future isotope labeling experiments needs to consider 
specific circumstances that were unforeseen in this study. First, tubing 
with a much lower permeability towards CO2 gas needs to be used to 
minimize isotope exchange with atmospheric CO2. This precaution will 
make it possible to estimate the possibly very slow mineralization of the 
added isotopically labeled probe thus reconstruct a more accurate car
bon balance within the sand core. Second, the 13C-labelled substrate 
should reflect more accurately the conditions typically encountered in 
SSF (possibly acetate). Furthermore, the label should be added at con
centrations sufficiently high to maximize labeling across the microbial 
community while avoiding excessive concentrations that could result in 
unwarranted or undesirable physiological responses of the organisms 
involved (e.g., accumulation and long-term retention of storage re
serves). Overall, due to generally low biological activity in the filter, the 
entire experiment needs to be done over longer time scales to better 
constrain the fate of assimilated carbon and its use within the food web.
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5. Conclusions

Stable isotopes are a valuable tool for elucidating the role of bio
logical activity in the removal of organic carbon during slow sand 
filtration. The contribution of biological uptake and respiration can be 
estimated based on measurements of the concentration and natural 
isotopic composition of DOC and DIC in the influent and effluent waters. 
For this approach to be practical, regular monitoring of these parameters 
and with sufficient precision, is required. Additionally, dedicated ex
periments targeting kinetic isotope fractionation effects of the relevant 
processes within the sand filter are necessary to aid quantitative inter
pretation of the isotope data. Another promising approach involves 
stable isotope labeling (SIL) experiments using 13C-labeled assimilable 
carbon source as a tracer. Findings from the SIL experiment reveal that 
about 12% of the glucose added was directly mineralized during uptake, 
while the majority was taken up and used for growth or allocated into 
storage reserves. The uptake of glucose was dominated by bacteria. In 
contrast, meiofauna only accounted for a small fraction of the glucose 
uptake. Moreover, the biological activity extends well beyond the 
schmutzdecke layer, indicating that lengthy ripening periods may not be 
required to restore filter efficiency after routine cleaning. Instead, the 
biological activity in the deeper layers of the filter is likely sufficient to 
sustain effective organic carbon removal. For future application, SIL 
could be used to compare the potential removal efficiencies of easily 
degradable organic carbon in filters operating under different condi
tions, monitor the removal efficiency in a maturing filter, or contrast the 
removal efficiencies in the schmutzdecke versus deeper filter layers.
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