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Abstract
There is now increasing evidence for the importance of microbial regulation of biogeochemical cycling in streams.

Resource availability shapes microbial community structure, but less is known about how landscape-mediated avail-
ability of nutrients and carbon can control microbial functions in streams. Using comparative metagenomics, we
examined the relationship between microbial functional genes and composition of dissolved organic matter (DOM),
nutrients, and suspended microbial communities in 11 streams, divided into three groups based on the predominant
land cover category (agriculture, forested, or wetland). Using weighted gene co-occurrence network analysis, we identi-
fied clusters of functions related to DOM composition, agricultural land use, and/or wetland and forest land cover.
Wetland-dominated streams were characterized by functions related to nitrogen metabolism and processing of aro-
matic carbon compounds, with strong positive correlations with dissolved organic carbon concentration and DOM
aromaticity. Forested streams were characterized by metabolic functions related to monomer uptake and carbohy-
drates, such as mannose and fructose metabolism. In agricultural streams, microbial functions were correlated with
more labile, protein-like DOM, PO4, and NO3, likely reflecting functional adaptation to labile DOM and higher nutri-
ent concentrations. Distinct changes in the functional composition and loss of functional diversity of microorganisms
became evident when comparing natural to agricultural catchments. Although all streams showed signs of functional
redundancy, loss of species richness per function in agricultural catchments suggests that microbial functions in natu-
ral catchments may be more resilient to disturbance. Our results provide new insight into microbial community func-
tions involved in nutrient and carbon biogeochemical cycles and their dependence on specific environmental settings.

Microbes are essential for regulating biogeochemical systems
such as the mineralization of organic matter and nutrient uptake
and transformation (Battin et al. 2003; Zhao et al. 2014; Vachon

et al. 2017). In stream ecosystems, microbial communities char-
acterized by their taxonomic composition and function are
essential to carry out processes in nutrient and carbon cycling.
Stream microbial communities are affected by stream water
chemistry which in turn is influenced by these same microbes
and their metabolic pathways. A stream’s chemical environment
is also profoundly influenced by the land use and land cover of
the surrounding landscape. A stream’s land use will dictate its
nutrient concentration, dissolved organic matter (DOM) quan-
tity and quality, water temperature, and hydrology (Wilson and
Xenopoulos 2008; Williams et al. 2010, 2016; Wilhelm et al.
2015) and, consequently, the metabolic functions of its micro-
bial communities (Williams et al. 2010; Comte et al. 2013a;
Wilhelm et al. 2013; Peter and Sommaruga 2016). In light of
changing climate and land use, the links between stream biogeo-
chemistry, microbial community composition, and metabolic
functions need to be better understood (Findlay 2010).
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The processing of nitrogen, phosphorus, and DOM are func-
tions that have been linked to specific microbial families
(Wilhelm et al. 2015; Traving et al. 2017; LeBrun et al. 2018). For
example, Cyanobacteria, Proteobacteria, and some Actinobacteria
are key players in the cycling of nitrogen in freshwater ecosys-
tems (Newton et al. 2011; Osman et al. 2017) because of their
ability to fix available CO2 and N2 via the nitrogenase enzyme
complex (Gtari et al. 2012; Delmont et al. 2018). However, phy-
logeny andmicrobial functions are not always directly linked as
functional redundancy on a species level or functional similarity
of communities may muddle our understanding of the relation-
ships between microbial community structure and functional/
metabolic responses (Allison and Martiny 2008; Comte et al.
2013a).

In order to better understand ecosystem function and how
organisms respond to environmental change, microbial traits
and function must be considered together with taxonomy
(Green et al. 2008; Dopheide et al. 2015; Osterholz et al. 2016).
Indeed, the dynamics of indicator genes involved inmajor path-
ways of carbon and nutrient cycling (e.g., in the case of nitro-
gen:nitrogen fixation, ammonia oxidation, nitrate and nitrite
reduction) depend on both species functional composition and
environmental conditions (Dopheide et al. 2015). Nevertheless,
the relationship between taxonomy and function is not always
clear and studies have shown that there is a complex mix of
influences. Some studies point to community history or taxon-
omy as important drivers of function (Langenheder et al. 2006).
On the other hand, environmental gradients have been shown
to be more important in driving functional composition of a
community (Ruiz-González et al. 2015). As an example, Ruiz-
González et al. (2015) found that a DOM quality gradient is cor-
related to functionalmicrobial traits but not the taxonomic pro-
file of the stream microbial community. As another example,
urbanization and the resulting changes in DOM quality
(Williams et al. 2016) have been linked to taxonomic composi-
tion of freshwater ecosystems resulting in the loss of keystone
taxa (Hosen et al. 2017) and changes in community structure
and metabolism (Medeiros et al. 2014). These examples under-
score current knowledge gaps with respect to trait distribution
and functional redundancy, and how they are linked to the
microbial taxonomic composition within their environment.
Understanding the relationship between microbial community
structure and functional specialization in response to resources
may shed new light on carbon and nutrients cycling (Battin
et al. 2008). These relationships between microbial structure
and function could then be used to better understand land use
change on biogeochemical processes.

Despite growing interest in uncovering how functional and/or
taxonomic traits relate to environmental conditions, there is still
a lack of research examining microbial genes and functions in
lotic ecosystems, especially across environmental gradients and
when compared to marine and lentic ecosystems (Zeglin 2015)
and also in relation to DOM quality. Here, we used a meta-
genomics approach to assess the distribution of microbial

functions and metabolic pathways as well as taxonomic groups
across streams differing in their land use and land cover composi-
tion. We investigated how functions are related to the stream’s
physico-chemical environment, how functional diversity
changes in response to nutrients and DOM composition, and
whether functional similarity between communities is present.
We anticipated metabolic plasticity across streams and expected
to observe differences in community functional profile with
respect to changes in catchment land use and subsequent
changes in nutrient concentration and DOM composition. We
hypothesized that agricultural streams have a greater proportion
of genes involved in nitrogen, phosphorus, and organic matter
transformation due to the greater input of nutrients and distinct
DOM quality compared to natural land cover (Wilson and
Xenopoulos 2009;Williams et al. 2016; Fuß et al. 2017).We iden-
tified clusters of functions related to specific DOM quality,
directly driven by the landscape. Through this approach, we can
better understand and evaluate the relationship between land
use andmicrobial functions.

Methods
Site characterization

We analyzed the microbial community taxonomic composi-
tion, functional genes, and DOM and nutrient composition in
11 streams located across Southern Ontario, Canada (Supporting
Information Fig. S1). Catchment sizes ranged from 18.1 to
354.3 km2with the surface geology composed of amixture of clay,
gravel, sand, and organic deposited soils. Land cover classifications
for the entire watershed and within a 100-m buffer along either
side upstream of the sampling site (riparian zone) have been previ-
ously determined (D’Amario and Xenopoulos 2015). DOM com-
position and nutrients in these streams are strongly correlated
with catchment-scale attributes (Wilson and Xenopoulos 2008,
2009;Williams et al. 2010).

Streams were grouped based on the type of land cover,
nutrient concentrations, and DOM composition using a clus-
ter analysis (hclust function in base R package; R Core Team
2017) and the robustness of clusters was tested using the anal-
ysis of similarity (anosim function in the Vegan package
(Oksanen et al. 2017). The streams were separated into three
categories (agriculture, forest, and wetland; one-way ANOSIM
test, R = 0.34, p < 0.05) based on whether their catchment was
predominantly covered by agriculture, forested land cover, or
wetland land cover. This separation was further determined
by the stream’s respective nutrient and carbon concentrations
with agriculture and wetland sites having the highest total dis-
solved phosphorus (TDP) and total dissolved nitrogen (TDN)
concentrations and forested sites having the lowest nutrient
and dissolved organic carbon (DOC) concentrations. DOM
composition was also important in clustering the sites with
wetland and forested sites having more aromatic DOM and
agricultural sites having more protein-like DOM (Fig. 1).
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DNA extraction and sequencing
Samples for DNA extraction were collected 10 cm below the

water’s surface at the thalweg of each stream in May 2016. For
each stream, approximately 5 L of water were collected and trans-
ported on ice to the lab for further processing. In the lab, meta-
zoans and larger particles were removed from the samples using
0.7 μmGF/F filters and the remaining planktonicmicrobial com-
munities were collected on a 0.2 μm membrane filter
(250–500 mL of water was filtered). Although no large colonial
cyanobacteria were visibly present at the time of sampling, pre-
filtering using 0.7 μm pore size may have excluded some of the
larger bacteria and cyanobacteria from further analysis. Filters
with the microbial community (> 0.2 μm but < 0.7 μm) were
stored in 2 mL of RNAlater (Nishimoto et al. 2007) and kept at
−20�Cuntil processing.Within 4 weeks, DNA extractionwas per-
formed following a protocol adapted from Zhou et al. (1996).
Briefly, cells were pelleted from the RNAlater solution and lysed
using Phenol-Chloroform-Isoamylalcohol (PCI), 20% sodium
dodecyl sulfate (SDS), and 0.7 mm zirconium beads. This solu-
tion was then heat shocked for 10 min at 60�C. Repeated centri-
fugation and PCI treatment were used to completely remove
cellular debris. DNA was then precipitated with 96% ethanol,
quantified through fluorometric quantification using the Qubit
2.0 fluorometer and subsequently stored in TE buffer at−80�C till
further analysis. Polymerase chain reaction (PCR) reactions for

the 16S rRNA gene were performed to confirm the presence
microbial DNA in these samples.

After extraction, the geneticmaterial was stored in TE buffer at
−80�C for 2 weeks. Following DNA extraction, samples were sent
for Illumina Sequencing (HiSeq 2X150 bp, MrDNA Lab, Texas,
U.S.A.). The libraries were prepared using Nextera DNA Sample
preparation kit (Illumina) following the manufacturer’s user
guide. The libraries were pooled and diluted (to 10 pmol L−1) and
sequenced paired end for 300 cycles using the HiSeq system
(Illumina). Low quality or short reads (Q < 15, length < 100 bp),
adapter sequences, and PhiX contaminations were removed
using the BBduk tool of the BBMap program package (Bushnell
2014). The data were analyzed within the MG-RAST pipeline
(Keegan et al. 2016) using the default parameters including qual-
ity and adapter trimming, removal of contaminant PhiX and
human sequences, identification and annotation of rRNA
sequences, and functional and taxonomic annotation of protein
coding sequences. Annotations with an E-value higher than10−5

were discarded. The total number of sequences submitted, and
the percent of those that were annotated are presented in
Supporting Information Table S2. Overall, more than 90% of the
sequences in each sample passed the MG-RAST quality control
and of these 80–96%were predicted have a function.Of the latter
36–56% (1.2–5.4 million sequences) could be assigned to known
functions or ribosomal RNA. We used the SEED database

Fig. 1. (a) Cluster analysis of the DOM and nutrient composition of all sites (n = 11). The height represents Euclidian distance. (b) Box-whisker plots of
DOM composition, DOC, TSS, TDN, and TDP per land cover category as defined by the cluster analysis (n = 3–4).
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(Overbeek et al. 2005) and generated a total number of assigned
functions of 7585 of which 5526 were used for further analyses,
after unclassified reads and eukaryoteswere excluded.

Individual assemblies generated using Spades v. 3.06
(Bankevich et al. 2012) were initially uploaded to the Integrated
Microbial Genomes (IMG) annotation server (Chen et al. 2016).
These assemblies while likely generated reliable information due
to the increased sequence length as compared to the raw data,
nevertheless provided a shallow overview of the community
structure and composition of each sample due to insufficient cov-
erage of all taxa in such diverse environments. Therefore, we
chose to use theMG-RAST annotationwhich better encompasses
the full extent of the data. Taxonomic information was derived
in twomanners. First, we used 16S rRNA genes as detected in the
metagenomic data for an accurate taxonomic identification of
the dominant microbial families in our samples. Since rRNA
genes are as abundant as any other gene inDNA-based data, these
do not describe the entire extent of the microbial community as
evidenced also by the low number (32) of families identified. As
such, to assign taxonomic identities to proteins used to deter-
mine the degree of functional redundancy, the RefSeq database
(implemented in MG-RAST, https://www.ncbi.nlm.nih.gov/
pubmed/17130148) was used. While using this database gener-
ated significantly more taxonomic information (233) families,
these data may be biased toward organisms for which genomic
data is available or for which specific proteins have been studied.
The data are available the European Nucleotide Archive (ENA;
Project number: PRJEB34059) (https://www.ebi.ac.uk/ena).

Water quality and environmental variables
Specific conductivity, salinity, and temperature were directly

measured at each site using a handheld probe (YSI probePro30,
Yellow Springs, Ohio, U.S.A.). Dissolved oxygen (DO) was mea-
sured using a separate probe (HachHQ30D, Loveland, Colorado).
Flow velocity was measured at both the riffle and pool area of
each stream using a flowmeter (Marsh-McBirney Flo-Mate 2000,
Maryland, U.S.A.). Discharge was monitored using an acoustic
Doppler velocimeter (SonTek FlowTracker, SanDiego, California,
U.S.A.). For larger streams, flow data were obtained from the clos-
estWater Survey ofCanada hydrologicalmetering station on that
stream. Samples for TDP and TDN were collected at each site in
acid washed 50 mL Falcon tubes. Samples for dissolved nutrients
were collected by passing the water first through a 0.7 μm GF/F
filter and then, through 0.2 μm polycarbonate filters. Water
samples for DOC concentration and composition (DOM) analy-
sis were sterile-filtered (prerinsed 0.2 μm membrane filters:
Whatman, Mississauga, Ontario, Canada) and stored in amber
bottles (acid-rinsed and combusted at 450�C, 4 h) at 4�C until
analysis within 4 weeks. TDP concentrations were determined by
spectrophotometry (Varian Cary 50) using the molybdate color-
imetry method (APHA 1992). TDN and NO3 were digested using
persulfate prior to measurements by spectrophotometry (Cary-
50, Varian, Palo Alto, California, U.S.A.). DOC was measured by
heated persulfate wet oxidation using anOI Aurora TOC analyzer

(College Station, Texas, U.S.A.). To remove inorganic carbon,
each sample was acidified using hydrochloric acid and purged
with ultra-pure oxygen (Wilson and Xenopoulos 2008). Total
suspended solids (TSS) were determined by filtering 350 mL of
sample through precombusted GF/F filters, which were then
dried at 60�C, stored at 20�C, andweighed using amicrobalance.

DOM absorbance and fluorescence
For each DOM sample, absorbance spectra were generated

from 800 to 200 nm with an increment of 5 nm using a Cary
50 spectrophotometer (Agilent Technologies, Mississauga, ON,
Canada). Absorbance at 254 nmwas divided by theDOCconcen-
tration (mg C L−1) to determine the specific UV absorbance
(SUVA254). The SUVA254 was used as an indicator of DOMaroma-
ticity (Weishaar et al. 2003). The molar absorptivity (ε280), mea-
sured as the specific UV absorbance at 280 nm, was used as
an additional indicator of aromaticity (Weishaar et al. 2003).
Using fluorescence spectroscopy (Varian Cary Eclipse Fluores-
cence Spectrophotometer, Agilent), excitation-emission matrices
(EEMs) were generated by scanning fluorescence intensity over a
range of excitation (230–500 nm at 5-nm increments) and emis-
sion wavelengths (270–600 nm at 2-nm increments). EEMs were
corrected for the inner filter effect and second-order Raman and
Rayleigh scatter effects. All samples were blank-corrected by sub-
tracting the EEM of MilliQ water (Millipore) and subsequently
converted to Raman units (RU). Additional fluorescence indices
were calculated as well. The humification index (HIX) is directly
proportional to the humic content of DOM, with higher values
indicating more humic-like DOM (Zsolnay et al. 1999). The fluo-
rescence index is inversely related to the lignin content of DOM,
in which lower values (~ 1.3) suggest a more terrestrially derived
DOM source whereas higher values (~ 1.8) suggest microbial-
derived DOM (McKnight et al. 2001).Wemeasured the freshness
index (β/α) which indicates recent production of DOM, with β

representingmore recently derivedDOMand α representing rela-
tively more decomposed DOM (Wilson and Xenopoulos 2008).
Furthermore, we fitted the EEMs to the existing parallel factor
analysis (PARAFAC) (Stedmon and Bro 2008) model developed
by (Williams et al. 2013) using the DOMFluor Toolbox (1.7; con-
taining the N-Way toolbox, 3.1) (Andersson and Bro 2000) and
expressed the intensity of the components in relative terms (%
total fluorescence). Briefly, the model extracted seven compo-
nents which are C1: ubiquitous humic-like, C2 andC3: terrestrial
humic-like, C4: soil fulvic-like, C5: microbial humic-like, C6:
anthropogenic microbial humic-like, and C7: protein-like com-
ponent (Supporting Information Fig. S2).

Statistical analysis
MG-RAST annotated gene counts were normalized to the total

number of genes per metagenome to account for the variation in
metagenome sizes across streams. These relative gene abun-
dances were then used to identify gene functions related to the
environmental data. We calculated functional diversity using
Shannon H as a diversity index. Furthermore, we counted the
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number of unique functions per agriculture, forest, or wetland
category (functions that occur exclusively in each land use cate-
gory). Our taxonomic analysis was restricted here as the taxon-
omy data were derived from the functional dataset though the
MG-RAST pipeline (Keegan et al. 2016). However, this unique
data set allows the examination of functional diversity by com-
paring our taxonomic composition per function across sites.

Nonmetric multidimensional scaling analysis based on
Bray–Curtis dissimilarities was applied to illustrate differences
in microbial functional composition across land cover catego-
ries. To test for differences in the functional composition per
land cover category, we completed an ANOVA (Permutational
multivariate analysis of variance (PERMANOVA), using the
Adonis function in R Vegan package; Oksanen et al. 2017)
using distance Matrices (Bray–Curtis dissimilarity). All the sta-
tistical analyses were performed using the statistical environ-
ment R (R Core Team 2017) and the packages Vegan (Oksanen
et al. 2013) and weighted gene co-occurrence network analysis
(WGCNA) (Langfelder and Horvath 2008).

To identify microbial community functions that were
related to DOM composition and nutrients, we used WGCNA
(Langfelder and Horvath 2008). Briefly, genes were clustered
into gene modules (=genecluster) via unsigned co-occurrence
network (minimum of 20 genes per module). Automatic
block-wise module detection preclusters genes into large clus-
ters, referred to as blocks, using a variant of k-means cluster-
ing. Gene modules are then defined for each block by means
of hierarchical clustering and the modules with highly corre-
lated (r > 0.75) eigengenes are eventually merged. These gene
modules were summarized by their first principal component

(eigengene) and correlated to the DOM composition, PARA-
FAC components, and various nutrients (TDN, TDP, DO, and
DOC). Correlations and p values were obtained from a univari-
ate regression model between each module eigengene and
each environmental trait. Gene significance (GS) was calcu-
lated for each gene relative to a specific environmental vari-
able by taking the log of the p value. Nonzero values (positive
or negative) of GS indicated that the respective gene was well
related to the specific environmental factor. Last, module sig-
nificance is determined as the average absolute GS measure for
all genes in a module (Langfelder and Horvath 2008).

Ternary plots were used to visualize how the functional
community composition varied across the sites based on land
use and DOM composition. Although all functions (5526) are
shown, we focused on the 20 modules (containing 2343 func-
tions) which were correlated (r > 0.62) with DOM composition
and/or nutrient concentrations. Points close the corners of the
plot represent functions/taxa that are abundant in the respec-
tive land cover category. Microbial families (n = 32) and func-
tions (n = 2343) were classified as “specialized” for each
forested, wetland, or agricultural category if their relative abun-
dance within that category was greater than 60% (indicated by
the solid line within the plots), as an arbitrary threshold
(Wilhelm et al. 2015). All others were classified as generalists
(taxa) or functionally conserved (gene modules). Using this
threshold, we assigned 2086 generalist functions, and 549 spe-
cialist functions. We used a tree map to visualize the most
abundant functions per module, limiting the dataset to major
pathways related to carbon, nitrogen, and phosphorus cycling
(374 functions). This was done in order to identify “indicator

Fig. 2. (a) Non-metric multidimensional scaling (NMDS) of all functions (n = 5526) across land cover categories (agriculture, forest, and wetland)
(n = 11). (b) Functional diversity as the Shannon index [H] and (c) unique traits in percent across the landscape categories (n = 3–4).
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functions” for biogeochemical cycling in the respective land
cover category.

While the ternary plots relate agriculture, forest, and wetlands
to the functions via the DOMand nutrient gradient, we also used
an indicator species analysis to directly identify indicator traits
for each land cover category. To identify phylogenetically coher-
ent microbial traits within our three land cover categories, we
used the LefSE method (Linear discriminant analysis Effect Size),
(Segata et al. 2011). Nonparametric factorial Kruskal–Wallis sum
rank tests (α = 0.05) were used to detect different abundant fea-
tures (i.e., subsystems, functions) in each agriculture, forest, and
wetland categories. The phylogenetic consistency was tested
using pairwise Wilcoxon rank-sum tests (α = 0.05) and estimates
of effect size of each abundant feature using linear discriminant
analysis. All classes were compared (most stringent) and a value
of 2.0 of the logarithmic linear discriminant analysis score was
chosen as a threshold for discriminative features.

To investigate potential functional redundancy within our
sites, we visualized the microbial taxonomic composition related
to the individual functions identified as “specialized.”Only fami-
lies with a relative abundance above 5%per functionwere visual-
ized. We determined whether the same functions were related to
the same set of microbial taxa when the land cover category
changed or, alternatively, whether the function was found to be
related to a different community. In short, we were asking
whether the functional composition depends on the taxonomi-
cal community composition or whether the same functions can
be carried out by different communities in other land cover/land
use categories. To further examine whether function could be
linked to a large range of microbial families, we computed alpha
diversity of the remaining microbial taxonomic composition per
function using the inversed Simpson index using the R Vegan
package (Oksanen et al. 2017). To test for the similarity in the tax-
onomic composition of different functions, we computed a Prin-
cipal Coordinates Analysis (PCoA) based on the Bray–Curtis
dissimilarities per “specialist function” per land cover category
using the R Vegan package (Oksanen et al. 2017) (A PCoA of all
functions can be found in the Supporting Information). We also
tested the species richness related to the individual functions and
land cover category using corrected (Sokol and Rohlf 1995) paired
t-tests in order to better understand the potential resilience of
functions to disturbance and species loss. High species richness
per function would indicate an increased resilience of functions
to disturbance.

Results
DOM and nutrient composition

Across the sample sites, TDP and TDN varied from 7.56 to
78.2 μg L−1 and 0.15 to 2.56 mg L−1, respectively (Fig. 1). TDN,
TDP, and DOC concentrations were elevated in wetland-
dominated streams compared to forested sites (Fig. 1). DOC and
DOconcentrationswere also highly variable and ranged from2.11
to 30.0 mg L−1 and 3.89 to 15.6 mg L−1, respectively. DOM T
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composition varied between our three land cover categories
(Fig. 1). Wetland streams were characterized by DOM with rela-
tively higher humic composition (HIX) and aromaticity
(SUVA254). Forested streams were characterized by a relatively
more humic-like DOM, while agricultural streams were character-
ized by DOM of more recent microbial origin and elevated nutri-
ent concentrations (Fig. 1). We also found a wide range in humic-
like (C1, C2, C3), microbial like (C5), anthropogenic microbial
humic-like (C6), protein-like (C7), and soil-fulvic acid-like
(C4) DOM compounds based on our seven component PARAFAC
model (Supporting Information Table S1, Fig. S2). In general, C3

was the most abundant and most variable DOM component
across the sites, whereas C7 had the lowest relative abundance. C6
ranged between 10% and 23% across streams but was more pre-
dominant in streams draining agricultural catchments. C1 and C2
were both highly abundant (20–26% and 15–26%, respectively)
andwere relatively invariant across the streams.

Taxonomic composition
Proteobacteria and Bacteroidetes were most abundant across

all sites (Supporting Information Fig. S3). We found no signifi-
cant differences in taxonomic composition between sites

Fig. 3. (a) Ternary plots visualizing functions (n = 5526) across the three land cover categories. Colors indicate gene modules as identified by WGCNA
(Langfelder and Horvath 2008). Functions of which more than 60% were detected per land cover category were classified as being specialized to a certain land
cover or DOM composition (n = 549; indicated by the black lines). Circle size indicates relative abundance of the function and gray circles represent functions
contained in modules that were not significantly related to land cover. Significant correlations (as derived from the WGCNA analysis) are indicated within the
respective module; negative correlations are depicted by square brackets. Relative abundance of (b) gene modules (relationships with environmental variables
are indicated in the boxes and correspond to panel a) and (c) metabolism types that are specialized to the respective land cover category.
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(ANOVA, Bray–Curtis dissimilarity, r2 = 0.1, p > 0.05). How-
ever, ternary plots revealed that the number of specialist
microbial families decreased from natural to agricultural catch-
ments (Supporting Information Fig. S3). Streams in forested
catchments had the largest number of specialists (n = 7), con-
taining more specialists compared to agricultural and wetland
streams (n = 4 and n = 3, respectively). Families specialized to
forested catchments include Bacillaceae and Caulobacteraceae.
On the other hand, specialists found within wetland catch-
ments include, Geobacteraceae, Rhodocyclaceae, Lachnospiraceae,
and Nitrosomonadaceae. In contrast, agricultural streams were
dominated by Beijerinckiaceae and Sphingobacteriaceae.

Linking functional composition to DOM/nutrient
composition

Functions related to protein, carbohydrate, and amino acid
metabolism were most abundant across all streams (Supporting
Information Fig. S5). Microbial functions differed significantly
between stream sites (ANOVA using distance matrices, Bray–
Curtis dissimilarity, r2 = 0.3, p < 0.05, Fig. 2a). Functional diver-
sity was highest in forested streams and the number of unique
functions was highest in forested and wetland streams ranging
from0.6% to 1.7% (Fig. 2b,c, Table 1).

WGCNA identified 53 modules containing anywhere from
20 to 816 functional genes. From these modules, 20 were related
to DOM composition and/or nutrient concentrations (r > 0.62,
p < 0.05; Supporting Information Fig. S6). Each of these modules
was associated with 20–175 functional genes. For each gene in a
module, module membership and GS were used to identify

which genes are important within themodule and have themost
relevance to nutrients andDOMcomposition.

We were able to identify a core set of functions that were not
related to any of our agriculture, forested, or wetland categories,
but rather were found in all three land cover types. Examples
include functions related to DNA metabolism (e.g., DNA repair),
protein folding, and biosynthesis (e.g., protein chaperones, uni-
versal GTPases), aswell as biosynthesis of amino acids and deriva-
tives (arginine biosynthesis, histidine biosynthesis) and central
carbohydrate metabolism (e.g., glyoxylate bypass, pentose phos-
phate pathway, and glycolysis and gluconeogenesis). Although
most microbial traits were found in all streams, we found several
less abundant traits thatwere specialized to the individual ecosys-
tems (Fig. 3a).

We identified clusters of traits related to specific DOM com-
position, directly driven by the respective land cover category.
For instance, we observed higher abundances of phosphorus
metabolism and membrane transport genes in agricultural
streams which were characterized by microbially processed,
protein-like DOM and higher nutrient concentrations. Fur-
thermore, gene modules in agricultural streams were related to
the synthesis and processing of DOM and proteins. Agricul-
tural sites were further characterized by higher relative contri-
bution of modules related to NO3, TDP, and protein-like,
freshly produced DOM (Fig. 3b). Within these modules, func-
tions responsible for monomer uptake (e.g., mannose metabo-
lism, l-arabinose utilization) and functions related to
phosphorus cycling (e.g., phosphonate metabolism) were
dominant (Fig. 4).

Fig. 4. Contribution of modules that are related to C, N, and P cycling and are specialized to the respective land cover category (374 individual func-
tions). Significant correlations (as derived from the WGCNA analysis) are indicated within the respective module; square brackets indicate negative corre-
lations. Module size indicates relative abundance within the respective land cover category, the color corresponds to the color derived from the WGCNA
analysis. Modules and functions less abundant than 0.5% are abbreviated and listed in Supporting Information Table S4.
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Streams draining wetlands were characterized by functions
related to nitrogen metabolism and metabolism related to aro-
matic compounds, while forested streams were characterized by
functions related to monomer uptake and photosynthesis
(Fig. 3c). Streamswith a greater abundance of humic-like and aro-
matic DOM, as is typical for wetlands, had a greater abundance of
gene functions related to the metabolism of aromatic com-
pounds (e.g., anaerobic toluene and ethylbenzene degradation,
anaerobic benzoate metabolism, and anaerobic toluene metabo-
lism). For instance, genes active in the processing and synthesis
of aromatic/organic compounds (as indicated by HIX, SUVA254,
and ε280) were more abundant in wetland streams. Functional
modules specific to wetland streams were related to SUVA254,
HIX, terrestrial humic-like fluorescence, TSS, DOC, TDN, and
TDP (p < 0.05).

In forested streams, only 29% of the genes most abundant
in these catchments (above the 60% threshold) were signifi-
cantly related to our measured environmental variables, while
this number increased to 55% in agricultural and wetland
catchments. The indicator species analysis identified indicator

functions for each of the land cover categories (Supporting
Information Fig. S7). These functions were largely coherent
with the ones identified by the ternary plots. For instance,
functions related to the metabolism of monosaccharides were
abundant in agricultural streams, while nitrogen fixation was
identified as an indicator function for wetland streams.

Functional redundancy
We found that the most abundant functions specialized to

either forested, agriculture, or wetland streams were present in a
diverse groupofmicroorganisms (Fig. 5). For instance, the potential
for nitrogen fixation in wetlands is present in many relatively low
abundance groups (< 5%) and fewdominant ones,while in agricul-
tural streams this function is dominatedby two relatively abundant
families, Burkholderiaceae and Bradyrhizobiaceae. As a second exam-
ple, glycogen metabolism, a function related to energy storage, is
dominated by Cytophagaceae and Optitauaceae in agricultural
streams, and, Burkholderiaceae and Pseudomonadaceae in forested
and wetland streams with a large contribution of microbial groups
of low relative abundance. (Supporting Information Table S3).

Fig. 5. The taxonomic composition per selected “specialist function” (n = 15) per land cover category (F: forest, A: agriculture, W: wetland). The
inversed Simpson index is indicated in white for the families with a relative abundance below 5% (gray bars).
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Functions related to the anaerobic degradation of toluene and eth-
ylbenzene degradation) were only found in wetland-dominated
streams.Other functions (e.g., phosphonatemetabolismand treha-
lose uptake and utilization) were relatively conserved in their taxo-
nomic composition in forested and wetland streams. There was no
clear pattern in alpha diversity (as determined using the inversed
Simpson index) between the taxonomic composition of generalist
and specialist functions (Supporting Information Fig. S8). The taxo-
nomic composition that was linked to a certain function varied in
diversity within and across all land cover categories (Fig. 5). How-
ever, taxonomic richness per function was lowest in agricultural
streams, compared to forested and wetland dominated streams
where the richness was on average 1.38 and twofold higher per
function, respectively (paired t-test, n = 168, corrected
p value < 0.001). PCoA shows that microbial community composi-
tion linked to the same function often differed substantially
between land cover categories, that is, different taxa perform the
same function in different environments (Figs. 5, 6 and Supporting
Information Fig. S9). In contrast, different functions sometimes
exhibited a higher taxonomic similarity within the same land
cover category, that is, the same organisms performmultiple func-
tions. (Figs. 5, 6 and Supporting Information Fig. S9). For instance,
the taxonomic composition that was linked to anaerobic benzoate
metabolism differed between the three land cover categories, and
instead was similar to the taxonomic compositions linked to other
functions within agricultural streams (e.g., L-arabinose utilization).
On the other hand, a similar taxonomic community was linked
to lactose and galactose uptake and utilization in wetland and
forested streams. Thus, for some functions, the similarity of the
microbial taxonomic compositions of different functions within a
land cover category was higher than within the same function
(e.g., nitrogenmetabolism).

Discussion
Our study uncovers patterns of stream microbial functional

and taxonomic diversity in catchments ranging from natural
(forest, wetland) to human-disturbed (croplands).We found that
the number of specialist microbial families increased from agri-
culture to natural catchments. We also found that functional
diversity and the number of uniquely occurring functions is
higher in natural catchments, likely driven by specialized func-
tions that are needed to capture the range in DOM composition
andnutrients found in thewetland and forested streams.

DOM composition ranged from relatively humic-like, more
complex DOM (C3) of high aromaticity in forested and wetland
streams to more anthropogenic microbial humic-like DOM con-
tributions in agricultural streams (C6). This may explain, the
comparatively lower functional diversity, but nonetheless dis-
tinct functional composition driven by elevated inputs of nutri-
ents and freshly produced, more microbial-like DOM. This
freshly produced and more microbial-like DOM is considered to
be chemically less complex in quality compared to aromatic
DOM which may constrain microbial functional diversity, lead-
ing to limited microbial resource niche differentiation (Hunting
et al. 2017). In contrast, in natural (forest and wetland) catch-
ments, it is likely that higher concentrations of complex humic-
like DOM allow for a greater extent of niche differentiation and
specialization and thus higher microbial functional diversity
(Wilhelm et al. 2015). Altogether, our findings are consistent
with the ecological theory that proposes that resource diversity
can impact specialization and may increase species richness
(Kassen 2002; Evans et al. 2005).

We found distinct functions that differed among agriculture,
forested, andwetland-rich catchments, but nonetheless a consid-
erable number of microbial traits were also conserved across the

Fig. 6. PCoA based on a Bray–Curtis dissimilarity of the community composition per selected “specialist function” (n = 15) per land cover category
(a PCoA of all functions can be found in the Supporting Information) (n = 3).
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landscape. In fact, genes involved in some of the core pathways
were similarly abundant across all sampling sites. For example,
we found that energy obtaining metabolic pathways of universal
functions related to aerobic respiration and central carbohydrate
metabolism (e.g., ATP-dependent Clp protease, ATP-binding sub-
unit, glycolysis, and gluconeogenesis) were prevalent across all
land cover categories. This core set of microbial functions is
linked to biogeochemical cycles of carbon, nitrogen, oxygen, and
sulfur and thus determines the structure of many microbial eco-
systems (Falkowski et al. 2008). This similarity in functional gene
composition across sites with differing environmental features
may suggest the existence of functional redundancy to some
extent. Thus, in the likely event an ecosystembecomes disturbed,
there may be a potential for its key ecological processes to be
restored by the reservoir of availablemicrobes. However, the pres-
ence of functional genes does not necessarily mean that these
genes are actively expressed. To confirm whether this is the case,
further research is needed, which likely involves the simulta-
neous collection of data on gene occurrence, gene expression,
and enzymatic activity.

Linking functional composition to DOM/nutrient
composition

We identified specific links between DOM composition, nutri-
ent concentrations, and the functional composition of themicro-
bial community, highlighting the role of environmental forcing
in shaping microbial functional traits. Nitrogen and phosphorus
concentrations in agriculture- or wetland-dominated streams
were strongly correlated to themicrobial functional composition.
Streamswith highN andP concentrations also hadhigher relative
abundances of genes involved in nutrient processing metabolic
pathways such as the phosphonate metabolism and denitrifica-
tion. Similarly, nutrient processing functions are well docu-
mented in agricultural streams (Opdyke et al. 2006; Ulén et al.
2007). Related to this, in catchments with high proportions of
agriculture, we found gene modules that were positively corre-
lated to microbially processed DOM (components C5 and C6).
Microbially processed DOM has previously been shown to be
related to human-dominated environments (Williams et al. 2016)
and was found in high contributions in our agricultural streams
(Wilson andXenopoulos 2009;Williams et al. 2010).

Our study is an attempt to investigate the involvement and
role of functional genes in carbon cycling andDOMcomposition
in streams across land cover categories. We found linkages
between DOM composition and functional genes. Proteins that
were involved in the synthesis of amino acids were correlated
with protein-like DOM (C7), an indication that they may play a
role in its synthesis. Protein-like DOM (C7) fluorophores have
been previously shown to increase microbial activity in the same
study streams (Williams et al. 2010), andwere hypothesized to be
produced from extracellular peptide hydrolysis, or to provide a
substrate that promotes extracellular aminopeptidase enzyme
synthesis and activity (Williams et al. 2010). Additionally, genes
involved in the processing of amino acids, specifically

tryptophan halogenase PrnA, were observed in all our study
streams but were particularly abundant in the agriculture
streams. The tryptophan halogenase enzyme is essential in the
biosynthesis of pyrrolnitrin (an antifungal antibiotic) by catalyz-
ing the regio-selective chlorination of the 7-position of trypto-
phan, an amino acid that has the spectral signature of PARAFAC
compound C7 (Dong et al. 2005; Williams et al. 2013;
Karabencheva-Christova et al. 2017). Due to protein-like DOM
being rich in nitrogen, microorganisms prefer to utilize these
compounds to meet their energy and nutrient demands
(Williams et al. 2010; Fuß et al. 2017). In fact, theremay be a high
turnover rate of these protein-like compounds, which have been
linked to a higher abundance of bioavailable DOC (Guillemette
and del Giorgio 2012). In contrast, C1, C2, and C3, which are
more humic in nature, are more resistant to decomposition due
to the extensive presence of condensed aromatic moieties and
the highC:N ratios. Thus, they are a less preferential source of car-
bon for microbes than protein-rich compounds (McKnight et al.
2001; Guillemette and del Giorgio 2011). These humic-like com-
ponents (e.g., C3) were instead associated with functions related
to the metabolism of aromatic compounds (e.g., anaerobic tolu-
ene and ethylbenzene degradation).

Microbial traits differ between landscapes
The functional composition of the stream microbes differed

distinctly between agriculture, forested, and wetland streams
(Fig. 2). For instance, genes involved in the synthesis and
processing of aromatic compounds (e.g., anaerobic toluene and
ethylbenzene degradation, anaerobic benzoatemetabolism)were
prevalent in wetland streams which were characterized by
humic-like and aromatic DOM (Supporting Information -
Table S4). Wetland-dominated streams had high relative abun-
dances of functions related to fermentation which are likely a
result of anoxic/hypoxic conditions in parts of the wetland
streams (Supporting Information Fig. S7). Additionally, in the
presence of low oxygen conditions, we found that functions
involved in nitrogen fixation (e.g., nitrogenase stabilizing/pro-
tective protein NifW, nitrogenase cofactor carrier protein NafY,
probable iron binding protein from the HesB_IscA_SufA family
in Nif operon), a process often associated with wetlands (Roger
and Ladha 1992) were abundant in wetland streams. Other func-
tions which we found to dominate in wetland streams include
those related to potassium metabolism which may indicate
microbial adaptation to high salinity as we observed in the
wetland-dominated streams. Potassium metabolism was also
identified as an indicator function for wetland streams using the
LefSEmethod (Supporting Information Fig. S7).

Despite the extensive diversity in functional genes in for-
ested catchments, 76% of the most abundant genes were not
significantly related to any of our measured environmental
variables. This may be because specialized functions were sim-
ply not related to any limnological variables that we mea-
sured. Two interesting findings are noticeable in the forest
streams. First, we found elevated number of genes involved in

Fasching et al. Stream microbial community function and DOM

S81



monomer uptake, sugar alcohols, and carbohydrate metabo-
lism in our forested streams. These streams were characterized
by low DOC concentrations, but high proportion of humic
and refractory DOM and we postulate that microbial commu-
nities likely had more copies of carbohydrate processing genes
to utilize the dominant DOM form efficiently. Second, we
found that photosynthesis was a major metabolic function in
forested and also wetland-dominated streams. There could be
several reasons for this increase in photosynthetic genes
related to either low or high light conditions both of which
are possible in forested streams. Shading by trees would cause
lower light availability but the relatively nonturbid nature of
forested stream water (compared to our agriculture streams
from long-term data; M. A. Xenopoulos unpubl.) would
increase light availability. Both conditions could increase cop-
ies of photosynthetic genes required for either light utilization
efficiency (under low light) or to take advantage of the high
light conditions to increase photosynthetic rates. We further
found functions related to sulfur metabolism to dominate in
our forested streams, specifically the assimilation of inorganic
sulfur, which may be a result of the low availability of organic
matter (Fig. 1) and the resulting need to assimilate inorganic
sulfur. Since sulfate is relatively rare in freshwaters, the enrich-
ment in genes for the assimilation of inorganic sulfur may
point to infiltration of sulfate-rich groundwaters to the forest
streams.

We found that genes that correlated with microbially
processed humic-like DOM (C6), and with P and N were less
abundant in natural catchments as opposed to agricultural
streams. This is not surprising as agricultural streams are richer
in nutrients, have structurally less complex DOM and higher
bacterial production (Wilson and Xenopoulos 2009; Bernot
et al. 2010; Williams et al. 2010; Fuß et al. 2017). In line with
our findings, high nutrient environments typically translate
to high numbers of nutrient processing genes. For example,
Medeiros et al. (2014) found the molecular markers napA,
amoA, and nfrA accumulated in nitrogen-rich urban streams
likely caused by the higher content of nutrients metabolized
by these enzymes. Similarly, increased inputs of nutrients may
explain the higher abundance of functions related to phos-
phorus metabolism in our agricultural streams. Also abundant
in our agriculture streams was the DOM component C6 which
was previously found to be highly correlated with population
density and anthropogenic catchments (Williams et al. 2016).
Interestingly in our study, C6 was correlated with a large num-
ber of functions related to urban activity. These functions
include the vibrio core oligosaccharide biosynthesis and
Heme, hemin uptake, and utilization systems in gram-posi-
tives. This may also indicate the potential import of microbes
from environments with urban activity.

In agricultural streams, we found high abundance of functions
related to monomer uptake which may reflect the availability of
relatively labile and fresh DOMor indicate the absence of special-
ized functions. A higher proportion of generalist functions like

nutrient and monomer uptake may result from the large fluctua-
tion in nutrient and temperature regimes, which tend to support
the dominance of generalists (Townsend 1989; Kassen 2002).
These fluctuations can occur in agricultural streams (Petry et al.
2002; Fasching et al. 2018), particularly when fertilizers are
applied or during storm events. Furthermore, our agricultural
streams have flashier discharge hydrographs, thus potentially
increasing stress on the microbes. Accordingly, genes involved in
stress response and glycogen metabolism were more abundant in
agricultural streams possibly indicating a microbial response to
the environmental pressures (e.g., as an energy reserve to cope
with environmental fluctuations). The fact that we predomi-
nantly observed generalists traits in agricultural streamsmay indi-
cate that these traits are an adaptive response of streammicrobial
communities to maintain productivity and stability in these
highly disturbed streams (Evans et al. 2005;Matias et al. 2013).

Taxonomic composition
Overall, we found that forested streams had a greater num-

ber of specialists, both in taxonomy and gene functionality in
comparison to agricultural catchments which hold a greater
number of generalists indicating that there is a loss of biodi-
versity in streams with increasing anthropogenic activity. The
families Cryomorphaceae, Comamonadaceae, Flavobacteriaceae,
and Legionellaceae were the most abundant across all sample
sites. These family encompass a wide range of functionally
diverse microbes that are found in various aquatic ecosystems
relatively rich in organic carbon due to their ability to main-
tain community productivity and stability (Bowman 2014;
Lory 2014; McBride 2014; Willems 2014). Many of these fami-
lies, such as Comamonadaceae, have previously been identified
as generalists within stream communities (Wilhelm et al.
2015). Generalists are better equipped to cope with noticeable
changes in the environment, such as changes in land use for
example and resource availability (Kassen 2002; Wilhelm et al.
2015). This universal ability to cope with fluctuations in the
environment seems to be caused by mechanisms of rapid
functional adaptation such as horizontal gene transfers. Fur-
thermore, such mechanisms may result in the rapid evolution
of microorganisms and may explain the presence of specific
species, even after streams have been subjected to changes fol-
lowing urbanization for example.

Noteworthy families potentially specialized to our forested cat-
chments include Lachnospiraceae, Peptococcaceae, and Bacillaceae.
The Lachnospiraceae family consists of anaerobic, fermentative, and
chemoorganotrophic members with strong capability of hydrolyz-
ing various organic compounds such as pectin, α- and ß-galactose,
α-amylose, andmannose (Stackebrandt 2014a;Haas andBlanchard
2017). This appears to further reaffirm our results (Fig. 5) thatman-
nosemetabolism is dominant in forested catchments and has been
shown to be present in the soils of forested catchments. Further-
more, Peptococcaceae is a phylogenetically heterogenous family
which contains many members involved in the assimilation and
subsequent reduction of inorganic sulfur (e.g., sulfate, sulfite, and
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thiosulfate) (Stackebrandt 2014b). In line with this, functions
related to sulfur metabolism were elevated in our forested streams
whichmay be also caused by the abundance of Peptococcaceae. Last,
Bacillaceae has been shown to be a functionally diverse family,
detected in a broad range of habitats from freshwaters to oceans,
involved in the breakdown of cellulose, hemicellulose, and pectin,
suggesting that they contribute in the degradation andmineraliza-
tion of plant and humic materials and overall biogeochemical
cycling of carbon (Maki et al. 2012;Mandic-Mulec et al. 2016).

In our study, wetland-dominated streams included several
microbial specialists such as Nitrosomonadaceae, Rhodocyclaceae,
and Geobacteraceae. These streams were also characterized by a
higher proportion of the humic-like C3 DOM component which
may explain the presence of Rhodocyclaceae known to degrade
aromatic organic compounds. Within the Rhodocyclaceae, the
genus Azospira is able to use humic acids as electron donors in
agricultural soils (Van Trump et al. 2011). Additionally, the Geo-
bacteraceae family has been shown to utilize small organic acids
and alcohols with several species capable of oxidizing aromatic
hydrocarbons, such as toluene and benzene (Röling 2014). Also
abundant in our wetland sites, Nitrosomonadaceae—a phyloge-
netic group that has widely been associated with increased
anthropogenic nitrogen loading (Medeiros et al. 2014). In
our wetland catchments, we found slightly elevated TDN con-
centrations, which may explain the higher abundance of
Nitrosomonadaceae. Many members are lithoautotrophic ammo-
nia oxidizers converting ammonia to nitrite, which is then subse-
quently oxidized to nitrate by othermicrobes. Thus, this family is
essential to nitrification/denitrification and the nitrogen cycle as
awhole in freshwater ecosystems (Prosser et al. 2014).

We found lower abundance of specialist microbial families in
agricultural streams relative to forested catchments which may
be linked to the stream channel homogeneity and flashier dis-
charge, as previously discussed. In agricultural catchments,many
microbial familiesmay bewashed into the streams from soils dur-
ing high flows when agricultural soils are susceptible to erosion
(Meyer and Harmon 1984) which may explain why we find a
greater number of soil-related taxa. Agricultural streams were
dominated by families such as Acidimicrobiaceae which previ-
ously were reported to play a key role in the oxidation of ammo-
nium or iron (Stackebrandt 2014c; Huang and Jaffé 2018).
Although the Acidimicrobiaceae family is generally associated
with wetland catchments due to their preference for acidic envi-
ronments, functions related to the acquisition and metabolism
of iron were predominant within our agricultural streams and
may be linked to the occurrence of this family (Fig. 3c). The fam-
ily Beijerinckiaceae, abundant in acidic soils, consists of members
which are chemo-organotrophic ormethanotrophic and aerobic,
but may also utilize a broad spectrum of organic compounds
(Marín and Arahal 2014). Another abundant family in our agri-
culture streams, Sphingobacteriaceae, have also been widely
observed in soils and compost and are believed to be deeply
involved in carbon cycling and the degradation and conversion
of organicmolecules (Lambiase 2014).

Functional redundancy
Our results indicate that functional redundancy may be

important for stream ecosystems in amixed land use setting. The
degree of functional redundancymay vary based on the environ-
mental conditions and the functions considered (Louca et al.
2018). We found evidence for functional redundancy across all
land cover categories as several microbial taxa were linked to the
same function, while species richness per functionwas highest in
natural catchments. This may indicate that functions of natural
catchments are potentially more resilient to disturbance and spe-
cies loss. Additionally, microbial community composition linked
to specific functions often differed substantially between land
cover categories indicating that there is potential for functional
similarity (Allison and Martiny 2008) between communities
from different land cover categories. However, while some
functions were dominated by different microbial families (e.g.,
anaerobic benzoate metabolism), others remained relatively con-
served in their community composition (e.g., phosphonate
metabolism, trehalose uptake, and utilization). These contrasting
findings are in line with previous studies showing functional
redundancy appears to be dependent on various environmental
factors (Comte et al. 2013b; Peter and Sommaruga 2016), while
metabolic plasticity can be an intrinsic property of bacterial com-
munities (Comte et al. 2013b). In contrast, other studies found a
lack of functional redundancy in freshwater systems (Delgado-
Baquerizo et al. 2016). Lending support to this finding, Peter
et al. (2011) propose that species identity and community com-
position rather than richness is more important for microbial
processes. Emerging patterns of functional redundancy may
result from biotic interactions as well as environmental and spa-
tial processes (Louca et al. 2018). This notion is supported by our
results showing different degrees of functional redundancy.
Microbial functional redundancy seemed to be prevalent for
functions related to energymetabolism, like the uptake of simple
sugars, which was an abundant function in forested and agricul-
tural streams. Indeed, metabolic pathways involved in energy
metabolism can be strongly coupled with certain environmental
factors (Raes et al. 2011), and may be decoupled from the taxo-
nomical composition (Louca et al. 2017). Since our results show
the loss of functional diversity in agriculture streams, it appears
that functional diversity to ensure important ecosystem pro-
cesses can only be kept to an extent.

Conclusion
Our results highlight the impact of the environment on

microbial community structure and function. Althoughwe show
evidence for distinct changes in microbial functionality and the
loss of functional diversity when comparing natural to agricul-
tural streams, there is a certain degree of functional similarity
across all streams whichmay allow communities tomaintain key
functions for the biogeochemical cycling of C, N, and
P. However, this may not be the case for all functions, as indi-
cated by the loss of functional diversity in agricultural
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catchments. The high taxonomical richness per function innatu-
ral catchments may indicate that these catchments are poten-
tially more resilient to disturbance and species loss. Species
richness may be important for ecosystem functioning as it pro-
vides a pool of species with potentially relevant traits (Fetzer
et al. 2015).

Our findings provide detailed insights into the relationship
between microbial functions and biogeochemical processes in
streams and how these biogeochemical processes are reflected by
specific microbial communities. This knowledge forms a basis to
better evaluate biogeochemical changes resulting fromanthropo-
genic activities. This evaluation is needed for sustainable land
management, especially to define thresholds at which ecosys-
tems maintain resistance to environmental stress and do not
move to another unwanted state with yet unknown ecological
and biogeochemical implications.
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