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Summary

Microbial communities contribute greatly to ground-
water quality, but the impacts of land-use practices
on bacteria in groundwaters and groundwater-
dependent ecosystems remain poorly known. With
16S rRNA gene amplicon sequencing, we assessed
bacterial community composition at the
groundwater-surface water ecotone of boreal springs
impacted by urbanization and agriculture, using
spring water nitrate-N as a surrogate of contamina-
tion. We also measured the rate of a key ecosystem
process, organic matter decomposition. We docu-
mented a recurrent pattern across all major bacterial
phyla where diversity started to decrease at unex-
pectedly low nitrate-N concentrations (100–
300 μg L�1). At 400 NO3

�-N μg L�1, 25 bacterial exact
sequence variants showed a negative response,
resulting in a distinct threshold in bacterial commu-
nity composition. Chthonomonas, Acetobacterales
and Hyphomicrobium were the most sensitive taxa,
while only three taxa (Duganella, Undibacterium and
Thermoanaerobaculaceae) were enriched due to
increased contamination. Decomposition rate
responded unimodally to increasing nitrate-N con-
centration, with a peak rate at ~400 NO3

�-N μg L�1,
parallelly with a major shift in bacterial community
composition. Our results emphasize the utility of bac-
terial communities in the assessment of
groundwater-dependent ecosystems. They also call

for a careful reconsideration of threshold nitrate
values for defining groundwater ecosystem health
and protecting their microbial biodiversity.

Introduction

Subsurface ecosystems harbour up to 40% of the world’s
prokaryotic biomass (Whitman et al., 1998). Microbial
communities in groundwater consist of heterotrophs
adapted to the dark, cold and nutrient-poor environment
and of lithoautotrophs that fix carbon dioxide and oxidize
inorganic molecules for energy (Griebler and
Lueders, 2009). The belowground parts of the earth’s
crust are not untouched by human activities, as intensi-
fied land use accelerates the input of nutrients, metals
and other pollutants to groundwater, leading to deteriora-
tion of water quality and loss of biodiversity in groundwa-
ter and groundwater-dependent ecosystems (Hemme
et al., 2010; Kløve et al., 2013; Malaj et al., 2014). Previ-
ous research has focused primarily on the quantity of
groundwater supply, whereas the environmental risks
imposed on biological communities, and particularly
microbial organisms, in groundwater-dependent ecosys-
tems have remained less explored (Gleeson et al., 2012).

Springs are ecotones between groundwater, surface
water and the adjacent soil ecosystem. They are fed by a
continuous flux of groundwater that provides a thermally
stable habitat for a highly diverse aquatic biota. In addition,
groundwater provides a chemostatic environment with con-
stant chemical fluxes of nutrients, mineral weathering prod-
ucts and contaminants (Glazier, 2009). Springs and their
terrestrial surroundings are considered as hotspots for
regional biodiversity (Cantonati et al., 2012), but they are
globally threatened by multiple anthropogenic stressors,
such as habitat degradation, groundwater abstraction and
contamination (Cantonati et al., 2021). Groundwater con-
tamination is known to reduce local (α) diversity of
microbiomes and alter the key processes of groundwater-
dependent ecosystems (Sirisena et al., 2013; Korbel
et al., 2013; Lehosmaa et al., 2018).

Diversity of specific bacterial groups has been
observed to exhibit widely differing responses to the
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same stressor gradient (or, rather, subsidy-stressor gradi-
ent; see Wagenhoff et al., 2011), from U-shaped to
unimodal patterns (Horner-Devine et al., 2003).
Smith’s (2007) meta-analysis of 70 studies showed that
the unimodal pattern is relatively common (23%) in
aquatic microorganisms, although positive (28%) and
negative (35%) relationships are even more typical.
These studies focused on surface-water ecosystems,
while the occurrence (or lack of it) of a corresponding pat-
tern between a stressor gradient and microbial biodiver-
sity has not been previously tested for groundwater-
dependent ecosystems.

Biological communities often change continuously
along environmental gradients, with local communities
blending gradually into each other (Liautaud et al., 2019).
However, communities may also exhibit abrupt changes
at a distinct point of a gradient, and this can happen in
response to a relatively small change in the environment
(King and Baker, 2011). Detection of such ecological
thresholds provides critical information for environmental
managers and policy makers (King and Baker, 2014).
However, efforts for the detection and interpretation of
non-linearities in microbial responses to key environmen-
tal stressors have remained limited.

We assessed the impacts of agricultural and urban
land use on the composition of bacterial communities in
64 southern Finnish springs encompassing a gradient
from ultraoligotrophic (<10 μg NO3-N L�1) to hyp-
ereutrophic (>8000 μg L�1) conditions (Wetzel, 2001).
The majority of Finnish aquifers and springs are in natural
condition, except those located in urban and agricultural
areas in the southernmost parts of the country (Lavapuro
et al., 2008). We used spring water nitrate nitrogen
(NO3

�-N) concentration as a surrogate (i.e. indicator) for
human-induced contamination, as nitrate concentrations
are known to correlate with groundwater pollution
(Chowdhury et al., 2003), and in urban and agricultural
groundwater nitrate-N occurs together with other contam-
inants (Nolan and Weber, 2015; Lehosmaa et al., 2018),
forming ‘cocktails of contaminants’ (Relyea, 2009). Using
a subset of 15 sites across the same gradient, we also
examined the impacts of nitrate-N contamination on
organic matter decomposition. We expected bacterial
community composition to reflect the land use gradient,
with all human-impacted springs deviating from the refer-
ence springs, and urban springs more so than agricultural
springs. We were further interested in whether (and how)
bacterial diversity responded to land use-induced con-
tamination. Specifically, we explored whether different
bacterial taxonomic groups exhibited the same, unimodal
or otherwise, diversity pattern across the gradient. Next,
we examined if our community data exhibited a gradual
change or an abrupt change at a certain point of the
gradient, and which bacterial taxa best indicated the

presence of such an ecological threshold. Finally, we
expected microbial activity, measured via cotton strip
decomposition assays (see Colas et al., 2019), to exhibit
a unimodal subsidy-stress response, with an initial
increase at low levels of enrichment, followed by a rapidly
decreasing decomposition rate after reaching a threshold
NO3

�-N concentration (see Woodward et al., 2012).

Results

Environmental conditions

Our sites spanned a gradient from 0.9 to 8000 μg L�1 in
NO3

�-N concentration, which was paralleled by corre-
spondingly wide ranges in, for example, electrical con-
ductivity (22.1–1007 μS cm�1) and DOC (0.5–
17.9 mg L�1) (Table S1). The land-use groups differed by
their environmental conditions (PERMANOVA F3,60 =

7.2, P = 0.001), (Fig. 1A; Fig. S2), particularly nitrate-N
concentration (ANOVA; F3,60 = 3.8, P = 0.014) and elec-
trical conductivity (F3,60 = 16.1, P < 0.001). Nitrate-N was
20-25-fold higher in disturbed than in reference sites
(Dunnett’s test, all P < 0.001; Fig. 1B). Similarly, electrical
conductivity was up to 7-fold higher in disturbed than in
reference sites (all P < 0.02; Fig. 1C, Table S1).

Diversity and composition of bacterial communities

Altogether ~3 M reads were produced; after filtering short
reads (< 100 bp) and primers, 1.04 M reads remained for
denoising. Of 709,000 denoised reads, 30% were
unassigned exact sequence variants (ESVs). A total of
1880 bacterial ESVs were assigned from the data, the
most common bacterial phyla (based on frequency of
occurrence) being Proteobacteria (30% of sites) and
Bacteroidetes (12%), followed by Patescibacteria,
Acidobacteria, Cyanobacteria, Firmicutes, Chloroflexi
and Planctomycetes (5%–10% each). In terms of relative
abundance, Proteobacteria (mean relative abundance:
50%) and Bacteroidetes (18%) dominated the bacterial
communities, followed by Patescibacteria and
Acidobacteria (4% each). Proteobacteria and Bacte-
roidetes were particularly abundant in all human-
disturbed spring groups (mean relative abundance 50%
and 19%, respectively), while in the reference group, they
were less abundant (36% and 10%, respectively). At the
class level, Betaproteobacteria was the largest group
(33%), followed by Alphaproteobacteria (10%), Bacteroidia
and Flavobacteria (both 6%).

The level of dominance in the data was very high, with
89% of ESVs having mean relative abundance below
0.1%. Seven out of the 14 core (defined as present in
>80% of sites; see Campbell et al., 2011) ESVs belonged
to Proteobacteria, whereas five core taxa belonged to
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Bacteroidetes, and one to Verrucomicrobia and Can-
didatus Omnitrophica each. ESVs classified in the family
Burkholderiaceae (9.5%) and the genus Flavobacterium
sp. (5%) had the highest mean relative abundances. Bur-
kholderiaceae were abundant in human disturbed sites
(>10%), and less abundant in reference conditions (3%).
Similarly, the mean relative abundance of Flavobacterium
sp. was highest in urban (7%) and lowest in reference
(1.5%) conditions. Parcubacteria and Microgenomates
(Patescibacteria superphylum) both had mean relative
abundances of 1%.
Bacterial ESV richness was lower than reference in

urban (GLM: t = �2.01, P = 0.048) and urban-agricultural
(t = �2.14, P = 0.032), but not in agricultural sites
(t = �1.63, P = 0.11) (Fig. S3). ESV composition differed
among site groups (PERMANOVA, F3,60 = 1.50,
P = 0.01), with disturbed springs harbouring different (all
P < 0.05) bacterial assemblages from those in reference
conditions (Fig. 2). The first two axes of distance-based
RDA explained 42% and 24% of total constrained varia-
tion, respectively, and stepwise inclusion of variables indi-
cated conductivity (F1,59 = 2.53, P = 0.001), dissolved
organic carbon (F1,59 = 2.26, P = 0.002) and nitrate-N
concentration (F1,59 = 1.70, P = 0.014) as the most impor-
tant factors correlating with bacterial communities (Fig. 2).

Fig. 2. Distance-based redundancy analysis (dbRDA) ordination of
bacterial ESV composition in springs under different land uses. The
arrows indicate the direction and significance of environmental vari-
ables and ellipses are 95% confidence intervals around group cen-
troids; TP (total phosphorus), DOC (dissolved organic carbon) and
EC (electrical conductivity).

Fig. 1. Environmental differences among site groups by land use type.
A. Principal component analysis (PCA) of the spring environment, with arrow length relative to variable importance. The ellipses are 95% confi-
dence ellipses around group centroids; TP (total phosphorus), DOC (dissolved organic carbon) and EC (electrical conductivity).
B. Nitrate-N concentration (mean � 95% CI).
C. Electrical conductivity in each site group.
All comparisons are made against the reference; significant differences are denoted by asterisks (Dunnett’s test, *P < 0.05; **P < 0.01;
***P < 0.001).
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Responses along the NO3
�-N gradient

Bacterial ESV richness showed a significant unimodal
response along the nitrate-N gradient, with richness first
increasing, then peaking already at ~100 μg L�1 and
decreasing below the reference at very high
(> 1000 μg L�1) NO3

�-N concentrations (Fig. 3A). A
corresponding unimodal pattern was seen in all major
bacterial phyla (Fig. 3B–E), with Proteobacteria (Fig. 3B)
and Bacteroidetes (Fig. 3C) showing the strongest
unimodal responses to NO3

�-N concentration.
Threshold indicator taxa analysis (TITAN) identified 25 bac-

terial ESVs with a decreasing response along the NO3
�-N

gradient, while only three ESVs showed an increasing
response. The majority of the negatively responding taxa
decreased sharply at relatively low (~ 400 μg L�1) NO3

�-N
levels, whereas no distinct threshold could be detected for
increasing bacterial ESVs (Fig. 4). The most sensitive nega-
tively responding bacterial taxa (lowest change point values)
were Chthonomonas sp. (phylum Armatimonadetes), an
uncultured Acetobacterales sp. (Acetobacteraceae) and
Hyphomicrobium sp. of the Proteobacterian order
Rhizobiales. The three positively responding ESVs belonged
to genera Duganella and Undibacterium of the class
Betaproteobacteria, and an ESV in Thermoanaerobaculaceae
Subgroup 10, affiliated to Acidobacteria (Fig. 5).

While taxonomic richness peaked at relatively low
NO3

�-N concentrations, several ESVs were found across

the whole gradient. Most such taxa represented the phylum
Proteobacteria (Fig. 6A–E) or Bacteroidetes (Fig. 6F–H),
with also one in the phylum Verrucomicrobia (Fig. 6I).

Cotton strip assays

The average tensile strength loss (TSL) of six- and
12-week incubations was 49% and varied between

Fig. 3. The relationships between nitrate-N concentration and taxonomic richness in A, all ESVs; B, Proteobacteria; C, Bacteroidetes; D,
Acidobacteria and E, Patescibacteria.

Fig. 4. TITAN-based cumulative values of increasing (sum of Z+)
and decreasing (Z�) taxa corresponding to all candidate change
points along the nitrate-N concentration gradient.
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23% and 74%, indicating efficient degradation of cellu-
lose by spring microorganisms. TSL values did not
differ from the reference in agricultural and urban-
agricultural sites, but were significantly higher in urban
compared to reference sites (t = 2.99, P = 0.012).
Decomposition rates were unimodally related to
NO3

�-N concentration (R2 = 0.38, P = 0.05); TSL
values increased rapidly with NO3

�-N, peaked at
around 400 μg L�1, and equalled the reference values
at the most NO3

�-N-enriched sites (Fig. 7).

Discussion

Global groundwater resources are rapidly deteriorating,
but land-use related impacts on bacterial communities in
groundwater and associated ecosystems are still poorly
known (Stephenson et al., 2013; Ben Maamar
et al., 2015). We explored how anthropogenic land uses
affect the taxonomic composition of bacterial communi-
ties in a specific type of groundwater-dependent

ecosystem, nonthermal springs. More specifically, we
were interested in examining if there is an abrupt change
in community composition at a certain point of the land
use-induced contamination gradient, using nitrate-N con-
centration as a surrogate. Our results showed that
despite different environmental settings in agricultural
vs. urban springs, bacterial communities in these two
types of human-disturbed springs were indistinguishable:
they both differed strongly from unimpacted reference
springs, and converged independently towards a shared
‘pollutant community’ (sensu Smith et al., 2018). This
result suggests that, although the specific stressors in
urban and agriculturally disturbed sites must be different
(e.g., fertilization vs. organic pollutants), NO3

�-N concen-
tration of the spring water is an appropriate surrogate for
groundwater quality, because it effectively encapsulates
similar trends in several other water quality parameters
(e.g., conductivity, DOC, tot-P).

We further showed that bacterial communities were
highly responsive to contamination, with a distinct com-
munity threshold at the low-end of the gradient at around

Fig. 5. Bootstrapping-based (n = 1000) probability density functions of the 25 negatively responding bacterial taxa (blue-grey) and the four posi-
tively responding taxa (red) along the nitrate concentration gradient. Only taxa with pure (purity ≥ 0.95) and reliable (reliability ≥ 0.95) responses
are plotted. Taxonomic identities are for order, family or genus level; more detailed taxonomic affiliations of the indicator taxa are presented in
Table S4.
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400 μg L�1, where also microbial activity, indicated by
organic matter decomposition rate, was sharply
reduced. Twenty-five bacterial ESVs, representing
seven phyla, responded negatively at very low NO3

�-N
concentrations, whereas only three taxa seemed to
benefit from increased contamination. Obviously, a
causal relationship between changes in structure and
function of bacterial communities cannot be confirmed
based on correlational data. Nevertheless, such con-
current responses have important implications for
groundwater management. While the EU Groundwater
Directive (European Commission, 2006) focuses on
potable water and ignores biological criteria, several

guidelines exist for corresponding thresholds in
surface-water assessment. For example, Finnish
national guidelines (Aroviita et al., 2012) dictate that
the threshold nitrate-N concentration for reference
streams approximates 450 μg L�1. Although this thresh-
old value was established for freshwaters ecosystems,
it corresponds well with the drastic change in bacterial
community composition and concurrent impairment of a
key ecosystem process in the springs in our study.
Importantly, however, this value is only appropriate for
springs, an ecotone between groundwater and surface-
water ecosystems, and may not hold for deeper
groundwater systems.

Fig. 6. Examples of core taxa (those occurring at >80% of sites) along the nitrate-N gradient.
A. Burkholderiaceae.
B. Haliangium.
C. Polaromonas.
D. Rhizorhapis.
E. Rhodoferax.
F. Chitinophagaceae.
G. Ferruginibacter.
H. Flavobacterium.
I. Lacunisphaera.
More detailed taxonomic affiliations of the core taxa are presented in Table S4. The lines depict the fits of local weighted regressions (LOESS).
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Based on the premise that species richness is the most
fundamental attribute of any ecosystem, Horner-Devine
and colleagues (2003) aimed to quantify the relationship
between system productivity and bacterial diversity in an
experiment, where nutrients were directly manipulated.
The main observation was that bacterial taxonomic
groups differed in their responses to nutrient enrichment,
with some groups showing the expected unimodal pat-
tern, while others displayed a U-shaped diversity-
enrichment relationship, and others showed no response
along the gradient. Conversely, field-based correlative
studies have often detected a linear relationship between
nutrients and bacterial richness (e.g., Jankowksi
et al., 2014; Kiersztyn et al., 2019), mainly because they
only encompass the initial stages of nutrient loading, and
therefore only the upward, often nearly linear, rise in bac-
terial diversity is detected (Smith, 2007). In contrast, our
study covered a wide contamination gradient, and
showed a recurrent unimodal pattern across all major
bacterial phyla, where ESV richness reached a plateau
and started to decrease at unexpectedly low nitrate-N
concentrations (100–300 μg L�1).
Our study adds to the extensive body of literature on

the dominance of the ‘rare biosphere’ in microbial com-
munities, as almost 90% of the total community consisted
of rare taxa (defined at 0.1% relative abundance:
e.g., Lynch and Neufeld, 2015). Although such rare taxa
may sometimes contribute importantly to ecosystem func-
tions (Campbell et al., 2011; Wilhelm et al., 2014; Shade
and Gilbert, 2015), a recent study showed that most of
the rare biosphere in lake bacterioplankton are taxa
whose occurrence is accidental and linked to passive
downstream dispersal. These taxa also tended to remain
temporally rare, whereas only a few taxa shifted between

the rare and abundant components of the community
(Niño-Garcia et al., 2017). It is easy to envisage a
corresponding pattern in springs sustained by a continu-
ous input of groundwater, thus providing a hydrologically-
mediated dispersal pathway for subsurface bacteria. Sur-
rounding soils provide another colonization source for
headwater stream bacteria (e.g., Besemer et al., 2012;
Niño-Garcia et al., 2017), and this certainly holds true for
springs, although the connection seems stronger for the
sediment than water-column communities (see Hosen
et al., 2017). Distinguishing the role of different bacterial
ESVs as constantly abundant core taxa, representative
of the rare biosphere, or ‘shifters’ (sensu Niño-Garcia
et al., 2017) whose spatial and temporal abundances are
decoupled, is of great importance, but necessitates tem-
porally replicated sampling of the same sites (see Niño-
Garcia et al., 2017).

Several bacterial ESVs, such as the genera
Chthonomonas, Hyphomicrobium and the class
Saccharimonadales were only found in reference
springs; when NO3

�-N concentration increased even
slightly, these taxa vanished rapidly. The type strain of
Chthonomonas, C. calidirosea, has been extracted from
geothermally heated soils with low nitrate concentrations
(Lee et al., 2011, 2016). Hyphomicrobium
(Alphaproteobacteria) strains are chemolithotrophs
known to be an important component of groundwater
ecosystems (Griebler and Lueders, 2009). They were
also recently identified as indicators for forested sites
along a river-basin urbanization gradient (Simonin
et al., 2019). Another reference-site indicator,
Saccharimonadales, belongs to the recently defined sup-
erphylum Patescibacteria. Taxa in this group have ultra-
small cell sizes, small genomes (Brown et al., 2015), sim-
plified membrane structure and highly reduced metabo-
lism; they also lack the CRISPR phage defence system
(Tian et al., 2020), and are considered as extracellular
obligate symbionts (Brown et al., 2015; Luef et al., 2015).
Patescibacteria are assumed to gain dominance in
groundwater, because their small genome size is benefi-
cial in such stable environments (Tian et al., 2020).
Because of the reduced metabolic potential and stress
response, Patescibacteria thrive in oligotrophic ground-
water, but may be competitively inferior in more produc-
tive environments. Tian and colleagues (2020) found
Patescibacteria to be highly sensitive to contamination,
which suggests that they might be strong indicators of
groundwater quality. However, although Patescibacteria
as a group were concentrated on relatively pristine, oligo-
trophic springs in our data, a few taxa were found across
most of the gradient, and TITAN detected only one strict
indicator of reference conditions in this group. Also, while
Patescibacteria were relatively common in our data, they
were far less dominant than in many previous studies on

Fig. 7. The relationships between nitrate-N concentration and
organic matter decomposition, expressed as cotton strip tensile
strength loss.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 6694–6706

6700 K. Lehosmaa et al.



deeper subsurface ecosystems, where the phylum may
contribute as much as 40% of total microbial biomass
(Bruno et al., 2017; Schwab et al., 2017; Tian
et al., 2020). It is possible that we may have missed a
large proportion of Patescibacteria, because most of
them would pass our 0.2 μm filter pore size. However, it
seems more likely that, being adapted to very stable,
low-productive groundwater conditions, Patescibacteria
that disperse passively to springs with upwelling ground-
water flows, might not thrive in the groundwater-surface
water ecotone of springs.

Very few bacterial taxa seemed to benefit from
increased contamination. Interestingly, the strongest pos-
itive indicator identified by TITAN for highly contaminated
sites was an ESV representing the family
Thermoanaerobaculaceae (Acidobacteria). The type
strain and the only described species of this family has
been isolated from a hot spring in Arizona, USA (Losey
et al., 2013). Another taxon that occurred across the
whole gradient (albeit not specifically as an indicator of
contaminated sites) was Flavobacterium, which is a den-
itrifying bacterium that often has a key role in nitrate-rich
wastewater treatment (Zhang et al., 2016).

Several ESVs in the Burkholderiaceae family
(Duganella, Polaromonas and Rhodoferax), all known as
denitrifying bacteria (Tomasek et al., 2017), were found
in relatively high nitrate-N concentrations. Also
Haliangium (Protobacteria), which was one of the core
taxa of the community and occurred consistently across
most of the gradient, has been identified as a key nitrify-
ing/denitrifying genus in wastewater treatment plants
(Chen et al., 2016). Overall, we found ESVs representing
several potential denitrifiers, especially in the Bur-
kholderiaceae family, in very high nitrate-N concentra-
tions in springs under intensive catchment land uses. A
similar observation was made by Ben Maamar and col-
leagues (2015) who suggested that anthropogenic pertur-
bation of the nitrogen cycle may alter microbial
communities in groundwater and result in low denitrifica-
tion capacity, eventually signalling low groundwater
remediation potential (Ben Maamar et al., 2015). Further-
more, degradation of pollutants is often catalysed by rare
taxa, and removal of such taxa may have greatly reduced
the microbial degradation capacity at our contaminated
sites (see Jousset et al., 2017).

Conclusions

We showed that agricultural and urban land uses and
associated groundwater contamination reduce diversity
and modify the structure of bacteriobiome at the
groundwater-surface water ecotone of boreal springs.
This result is similar to that of Kraemer and col-
leagues (2020) for lake bacterioplankton in Eastern

Canada, where bacterial diversity and community compo-
sition were strongly correlated with the intensity of agri-
culture and urbanization within the watershed. More
specifically, we documented a distinct threshold in bacte-
rial community composition at nitrate-N concentrations
usually considered indicative of reference conditions.
Thus, at around 400 μg L�1 of nitrate-N in spring water,
25 bacterial ESVs showed a concurrent negative
response to nutrient enrichment. From a groundwater
management perspective, the relevance of this observa-
tion is reinforced by almost parallel changes in bacterial
biodiversity and a key ecosystem function. Our results
thus call for careful reconsideration of threshold values
for defining groundwater impairment and, second, they
clearly demonstrate the utility of bacterial communities as
a tool in the ecological assessment of groundwater-
dependent ecosystems. As springs are usually small and
isolated water bodies at the upmost parts of riverine net-
works, they are highly vulnerable to anthropogenic land
uses (Lehosmaa et al., 2018) and therefore in need of
immediate conservation concern (Cantonati et al., 2021).

Experimental procedures

Site selection and land use classification

We sampled bacteria and measured environmental vari-
ables in 64 southern Finnish (66.72�–69.07�N; 27.82�–
49.86�E) springs (Fig. S5) during early June 2015
(n = 19) and 2017 (n = 45). The studied systems were
shallow glacifluvial aquifers, with size varying between
0.18 and 48.8 km2. The disturbed sites were selected
based on our previous data from the study area
(Lehosmaa et al., 2018), property map surveys and
national groundwater database maintained by Finnish
Environment Institute (SYKE). Intensity of land use was
characterized by calculating the proportions of main land
use types (%built, %fields, %forests) within a 2-km buffer
around a spring source using CORINE 2012 land use
data in ArcMap 10.6. A great majority (84%) of the sam-
pling sites were within or very close to aquifers delin-
eated by environmental authorities, and land use (%built,
%fields, %forests) intensity within a buffer corresponded
well (r = 0.73–0.83) with the overall land use within the
boundaries of the respective aquifer (Table S1). Based
on the CORINE land use data, we divided the sites into
three land use categories, each representing a section of
the agriculture-to-urban gradient. This division resulted in
sites with predominantly agricultural land use (hereafter,
Agricultural, N = 18), sites with a mixture of agricultural
and urban land use (Urban-agricultural, N = 18) and sites
with mainly urban land use (Urban, N = 18) (Fig. S5). We
also selected nine sites with minimal anthropogenic dis-
turbance to represent forest-dominated near-natural
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reference conditions (Reference) (Fig. S2). Each spring
represented a separate aquifer, except a few very large
aquifers which supported 2–3 springs each, at least 5 km
apart. Preliminary agglomerative clustering of bacterial
assemblages showed that springs from the same aquifer
mostly clustered separately (results not shown).

Environmental data

In each spring, we used a handheld thermal camera
(Flir® C2, FLIR Systems, Wilsonville, Oregon, USA) to
identify the exact location of the groundwater inflow.
Water in each spring was sampled into 500 ml plastic
bottles (bottle lowered into the water) and the samples
were analysed for dissolved organic carbon (DOC,
mg L�1), total phosphorus (TP, μg L�1), ammonium
(NH4

+, μg L�1) and nitrate nitrogen (NO3
�-N, μg L�1)

using Finnish national standards (National Board of
Waters, 1981). Electrical conductivity (μS cm�1; surro-
gate for chloride), pH and water temperature (�C) were
measured with a field meter (WTW Multi 350i meter).
Groundwater contribution at each site was estimated as
the ratio of 18O to 16O stable isotope (δ18O) of the spring
water (see Lehosmaa et al., 2017) using cavity ringdown
spectroscopy with a Picarro L2120-i analyzer (Picarro,
Santa Clara, CA, USA). The δ18O values
(mean � standard error = �12.3 � 0.06) corresponded
well with those observed across multiple southern Finn-
ish groundwater wells (mean of �12.6; Kortelainen and
Karhu, 2004), indicating that groundwater was the domi-
nant component of water at all study sites.

Molecular analyses

Bacteria were extracted from a 250-ml water sample
taken into a sterile plastic bottle at each site. Such a
sample likely represents unattached allochthonous
groundwater bacteria that are largely independent of
aquifer biofilm communities, and should therefore repre-
sent optimal microbial indicators for contamination of
groundwater-dependent ecosystems (Scharping and
Garey 2021; see also Guðmundsdottir et al., 2019). Sam-
ples were filtered with sterilized 0.2 μm MicroFunnel™
Disposable Filter Funnels and extracted with Qiagen’s
Dnase PowerWater DNA Isolation Kit following the manu-
facturer’s recommendations. 16S rRNA V4-V5 gene
region was amplified using 519F and R926 primers
(Quince et al., 2011). Triplicate 20-μl PCR reactions con-
tained 10 ng of template DNA, 1 � Phusion GC buffer,
0.5 μM of forward and reverse primers, 0.2 mM dNTP’s
and 0.4 U of Phusion high-fidelity DNA polymerase
(Thermo Scientific, Waltham, MA, USA). The amplifica-
tion protocol consisted of an initial denaturation step of
98�C for 3 min, 30 cycles of denaturation at 98�C for

10 s, annealing at 64�C for 30 s, extension at 72�C
for 20 s and a final extension step at 72�C for 5 min.
PCR products were verified through 1% agarose gel
electrophoresis run at 100 V for 20 min. The PCR
amplicons were pooled and cleaned with the AMPureXP
PCR purification reagent (Agencourt Bioscience, CA,
USA) and quantified using Bioanalyzer DNA-1000 chips
(Agilent Technologies, Palo Alto, CA, USA). An equiva-
lent amount of amplicon was pooled for each sample and
purified with AmpureXP purification reagent. Prior to
sequencing, each sample was quantified with the
PicoGreen dsDNA assay kit (ThermoFisher, Carlsbad,
CA, USA) and diluted to an appropriate concentration.
Ion Torrent sequencing was applied using Ion Torrent
Hi-Q OT2 kit, Ion Torrent Hi-Q View Sequencing kit and
316 v2 chip (ThermoFisher, Carlsbad, CA, USA).

Cotton strip assays

We used standardized cotton-strip assays (see Tiegs
et al., 2013) to measure microbe-mediated organic matter
(cellulose) decomposition in a subset of 15 sites selected
to represent a gradient in land use intensity and associ-
ated water chemistry. Cotton strip assays are becoming
a standard approach in freshwater ecology (Colas
et al., 2019) and are a useful indicator of the activity of
groundwater microorganisms (Lategan et al., 2010). For
the preparation of cotton strips, we followed the standard
methodology of Tiegs and colleagues (2013) and used
unprimed 12-oz. heavyweight cotton fabric for strip prep-
aration. We attached three pre-weighed replicates of
2.5 � 8 cm cotton strips evenly along each of two 80-cm
nylon threads (i.e. six strips in total), which were placed
within 1 m from the groundwater discharge point (see
above) and anchored to the deepest point of the spring
pool using a house brick. The first set of strips (n = 3 per
site, randomly selected) were incubated in early summer
(June to July) 2017 for 6 weeks and the other set for
another 6 weeks until early September. The strips were
retrieved and gently washed, and decomposition was ter-
minated by submerging the strips into 96% ethanol for
60 s. In the laboratory, the strips were dried for 48 h in
50�C and re-weighed. Tensile strength loss
(i.e., catabolism of cellulose, a surrogate for decomposi-
tion rate) was measured as Newtons (N) by placing
1-cm-long tip of the strip in the grips of a tensiometer
(Zwick/Roell Z010, Germany) mounted on a motorized
test stand; the strip was then pulled at a fixed rate of
2 cm min�1 until the strip tore. The initial tensile strength
was determined as an average of 10 control strips that
were wetted in tap water, dried in an oven and stored in
a desiccator before being processed identically to the
treatment strips. Tensile-strength loss (TSL) was
expressed as percent of the initial tensile strength (Tiegs
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et al., 2013). Average values of six and 12 week incuba-
tions were used for calculation of site-specific TSL, which
was expressed as percent of the initial tensile strength
(Tiegs et al., 2013). We recorded water temperature at
each site during the incubation period with temperature
loggers (iButton, Thermochron; Maxim Integrated, San
Jose, CA, USA) at 60-min intervals. The sums of mean
daily temperatures did not differ significantly among the
land use types and therefore decomposition rates were
not corrected for water temperature.

Bioinformatics and statistical analyses

The sequences were processed with QIIME2 (v2018.11)
next-generation microbiome bioinformatics platform
(Bolyen et al., 2018) following pipeline default algorithms.
Short reads < 100 bp were trimmed and demultiplexed
according to sample-specific barcodes. Demultiplexed
single-end sequences were processed using DADA2
denoise-pyro option with truncate length of 250 (Callahan
et al., 2016). Exact sequence variants (ESVs) were
aligned to the SILVA 16S version 132 Gene Database
(Quast et al., 2013), with primer trimmed (mean size of
the reads 14,690, range 6012–44,999) and trained classi-
fier to determine genus ranks of ESVs. Prior to further
analyses sequences were rarefied to 4816 sequence
level. The sequence data have been submitted to
GenBank database under BioProject ID PRJNA690715.

Environmental gradients were visualized with Principal
Component Analysis and among-group differences in
environmental conditions were tested with permutational
multivariate analysis of variance (PERMANOVA;
Anderson, 2006) using adonis function in vegan
(Oksanen et al., 2018) package in R statistical software
(R Core Team, 2019). PERMANOVA was run with 9999
permutations using the Euclidean distances calculated
on data standardized to zero mean and unit variance. Dif-
ferences among the land use groups in nitrate-N concen-
tration and electrical conductivity (both log10-transformed)
were tested with analysis of variance (ANOVA), followed
by Dunnett’s test for pairwise comparisons against the
reference using the DescTools R package (Signoll
et al., 2017). Differences in taxonomic richness between
reference springs and different land-use groups were
tested using generalized linear models (GLMs) with a
quasipoisson link function (overdispersed data). The level
of overdispersion was evaluated using the dispersion test
function of the AER R package (Kleiber and
Zeileis, 2008).

Least-squares linear regression models were used to
examine the relationships between NO3

�-N concentration
and taxonomic richness and nitrate-N and TSL. Nitrate-N
was log10-transformed prior to analysis and both linear
and quadratic terms were added as candidate

explanatory variables to a preliminary model to assess
whether the response variable showed a monotonic or
unimodal response to NO3

�-N gradient. Model outcomes
(ESV and phylum richness, and cotton strip tensile-
strength loss) and parameters are reported in Table S6.
Quadratic term was included only if it improved the fit, as
indicated by a change of more than 2.0 in Akaike’s Infor-
mation Criterion (AIC; Burnham and Anderson, 1998).
Differences in taxonomic composition among the land
use groups were examined using PERMANOVA with
Bray–Curtis dissimilarity coefficient on non-transformed
relative abundance data (9999 permutations). After a
global test, pairwise differences among the land use
groups were tested with separate PERMANOVAs. We
used distance-based redundancy analysis (dbRDA) to
test the significance of environmental variables (tempera-
ture, pH, conductivity, NO3

�-N, total P, DOC, fields%,
built areas%, forests%, latitude, longitude and SI ratios of
hydrogen (δ2H) and oxygen (δ18O)) in structuring ground-
water bacterial assemblages, based on Bray–Curtis dis-
similarity on square-root transformed relative abundance
data. To focus on the most influential environmental vari-
ables we used a permutation-based ordistep function in
vegan R package to omit variables with no significant
(P > 0.05) contribution.

Bacterial community change along the NO3
�-N gradi-

ent was analysed using TITAN analysis (TITAN 2.1 R
package; Baker et al., 2015). TITAN combines indicator
species analysis (Dufrêne and Legendre, 1997) with non-
parametric change-point analysis (King and Baker, 2014)
and enables identification of change points in the fre-
quency and abundance of individual taxa. Further, it
examines if multiple taxa have synchronous responses
along an environmental gradient. TITAN calculates indi-
cator values (IndVal) for all taxa and all possible change
points along the gradient and uses permutation tests to
assess the level of uncertainty in these scores. Permuted
IndVal scores are standardized as Z scores and summed
for positive (‘Z+’) and negative (‘Z�’) response values
for each possible change point. Potential peaks in
Z-values highlight points in the environmental gradient
(here, nitrate-N concentration) around which a dispropor-
tionate number of taxa exhibits changes in occurrence
and relative abundance, thus representing potential com-
munity thresholds (for details, see Baker and
King, 2010). We used bootstrapping (n = 1000) to esti-
mate uncertainty around the environmental change points
for each indicator taxa. A taxon was assigned as a posi-
tive or negative responder if: (i) ≥ 95% of bootstrapped
runs were significantly different from random distribution
(at P ≤ 0.05, high reliability), and (ii) if the change in fre-
quency and abundance of the taxon was in the same
direction for ≥ 95% of the bootstrapped runs (at P < 0.05,
high purity).
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lower and upper whiskers denote minimum and maximum
values, respectively. Sites sharing a letter do not differ signif-
icantly according to Tukey’s post hoc tests (P < 0.05).
Fig. S3. Bacterial ESV richness (mean � 95% CI) in the four
land use groups. All comparisons are made against the ref-
erence; significant differences are denoted by asterisks
(GLM; *P < 0.05).
Fig. S5. Locations of the study sites in southern Finland.
Table S1. Averages and ranges of the measured water
chemistry variables and proportions of various land uses
within a 2-km buffer and entire aquifer around a spring.
Table S4. Taxonomical identities of increasing and decreas-
ing taxa in TITAN, assigned with SILVA 16S version
132 Gene Database (Quast et al. 2013). Also taxonomies
(from phylum to genus ranks) for the core taxa (defined as
present in >80% of sites; see Campbell et al., 20112011) of
the bacterial assemblages are presented.
Table S6 Model outcomes with parameters; ESV richness,
phylum richness and cotton strip tensile-strength loss.
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