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• We incubated plastic and natural sub-
strates in streams across the United States.

• Microbes on plastic were similar in type
and activity to natural surfaces.

• Microbes on substrates were more influ-
enced by incubation site than substrate
type.

• Understanding microbial growth on plas-
tic in streams is needed to predict its fate.
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 The fate of plastics in rivers is a key component of the global plastic cycle. Plastics entering freshwater ecosystems are
colonized by microbial biofilms, and microbe-plastic interactions can influence ecosystem processes and plastic fate.
While literature examining the role of geographic region on plastic biofilms is quickly expanding, research which
covers large (i.e., continental) spatial scales and includes freshwater ecosystems is warranted. In addition, most re-
search focuses on bacterial communities, while biofilm eukaryotes are less commonly studied.We assessed biofilmme-
tabolism and community structure on plastic (foamed polystyrene and polyvinyl chloride; PVC) and natural substrates
(unglazed ceramic tile) in urban streams spanning a nested geographic gradient in the continental United States. We
measured biofilm biomass, community respiration, and chlorophyll a, in addition to assessingmarker gene-based com-
munity diversity of bacterial, fungal, and algal assemblages. Results demonstrated some substrate-specific trends in
biofilm characteristics, including higher biofilm biomass on polystyrene across sites, and lower diversity of bacterial
assemblages on both types of plastic litter versus tile. However, there were no differences among substrates for chlo-
rophyll, respiration, and the abundance and diversity of algal and fungal assemblages. Thus, we concluded that the pri-
mary driver of biofilm metabolism and community composition were site characteristics, rather than substrate type.
Additional studies are needed to quantify which site-specific characteristics drive biofilm dynamics on plastic litter
in streams (e.g., water chemistry, light, seasonality, hydrology). These results add to the growing literature on the bio-
film ‘plastisphere’ in aquatic ecosystems, demonstrating that the factors which control the assembly and activity of bio-
film communities on plastic substrates (including bacteria, algal, and fungal assemblages together) in urban streams
are similar to those driving biofilm dynamics on natural substrates.
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1. Introduction

The accelerating rate of production and disposal of plastic since the
1950s has resulted in the accumulation of plastic litter in ecosystemsworld-
wide (Geyer et al., 2017). Designed to be durable and resist degradation,
plastic persists in the environment for long periods of time (Gewert et al.,
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2015). Negative interactions between plastic pollution and biota in-
clude ingestion, entanglement, and the dispersal of chemical additives
(e.g., flame retardants, dyes) (Barnes et al., 2009; Gewert et al., 2015).
Early research efforts emphasized the fate of plastic litter in oceans,
with freshwaters note as a key source of the material (Jambeck et al.,
2015; Rochman and Hoellein, 2020). Research on the input and distri-
bution of plastic within freshwaters is increasing, but the relationship
between plastic and freshwater biota is an understudied, yet critical,
part of the global ‘plastic cycle’ (Hoellein and Rochman, 2021;
Windsor et al., 2019).

Microbial biofilms, which consist of bacteria, algae, and fungi in a mu-
cilaginous matrix, are ubiquitous in aquatic ecosystems (Battin et al.,
2016). Biofilm communities on natural surfaces (e.g., leaf litter, wood,
sand, rocks) are key sites for ecosystem metabolism and nutrient cycling
in streams (Battin et al., 2016; Tank et al., 2010). Biofilms also form the
base of aquatic food webs, serving as a food resource for higher trophic
level organisms (Cross et al., 2007; Hall et al., 2000). Microbial communi-
ties in streams are sensitive to environmental heterogeneity, and changes
in discharge, light, and nutrients can alter biofilm community structure
and function (Battin et al., 2003; Cross et al., 2007). Biofilm communities
are also distinct in composition and activity on different types of surfaces,
such as leaf litter, rocks, and organic matter (Battin et al., 2016; Hoellein
et al., 2009). Given the widespread interest in plastic pollution, studies of
the activity and community dynamics of plastic-associated aquatic biofilms
are quickly emerging (Amaral-Zettler et al., 2020; Harrison et al., 2018;
Wright et al., 2021).

Biofilms in stream ecosystems are affected by urbanization. Human
population density, infrastructure (e.g., roads), stormwater runoff, waste-
water, and the input of a wide array of synthetic chemicals (e.g., plastic)
can influence the growth, dispersal, and activity of biofilm constituents
(Binh et al., 2016; Booth et al., 2016; Kolpin et al., 2004; Peterson et al.,
2011; Schade et al., 2011). Urban landscapes are considered ‘homogenized’
when human-induced environmental change selects for similar taxa or spe-
cies guilds at sites spanning large geographic distances (Groffman et al.,
2014; McKinney, 2006). For example, relative to biofilms in forested sys-
tems, urban streams support a distinct microbial ‘pool’ including taxa
fromwaste- and stormwater infrastructure, while rare, native taxa are inac-
tivated or extirpated (Hosen et al., 2017). Therefore, urban streams in dif-
ferent regions show similarity of microbial communities, and thus are
considered ‘homogenized’, even across large geographic distances.

In aquatic ecosystems, plastic particles are substrates for microbial bio-
film growth that share some properties with natural surfaces such as rocks
and wood (e.g., relatively recalcitrant, often hard surface), but with some
Fig. 1. A) Study sites included Gwynns Falls (Baltimore, Maryland), the Santa Cruz Rive
Illinois, Springbrook Creek (SC), Higgins Creek (HC), and the North Branch Chicago Riv

2

unique chemical and physical properties (e.g., leaching and adsorbed
chemicals, potential hydrophobicity) (Amaral-Zettler et al., 2020;
Harrison et al., 2018). The role of plastic-mediated selection of biofilm con-
stituents has been a subject of study in marine ecosystems. For example, an
experimental incubation of plastic and natural substrates at 4 globally dis-
tributed marine locations showed that bacterial community composition
was driven by site-specific characteristics rather than substrate type
(Coons et al., 2021). Recent reviews have also suggested that site character-
istics (e.g., water chemistry, temperature) may be more important than
substrate type for determining biofilm growth and activity, although com-
paring among studies with varied endpoints, contexts (i.e., laboratory vs
in situ), and experimental designs is challenging (Amaral-Zettler et al.,
2020; Oberbeckmann and Labrenz, 2020). In freshwaters, distinct micro-
bial assemblages and metabolic processes may occur on plastic relative to
natural substrata, especially for organic particles such as leaves and wood
(Hoellein et al., 2014, 2017); however, no studies have tested the role of
site relative to substrate type on biofilm assemblage in streams for bacterial,
algal, and fungal assemblages in parallel. Most studies have focused on bac-
teria, while the algal and fungal components of plastic-associated biofilms
are less commonly considered (Amaral-Zettler et al., 2020). More analyses
are needed that incorporate multiple taxa into biofilm studies, as all groups
are important components of aquatic biofilms that contribute to commu-
nity structure and function.

The aim of this study was to determine if plastic litter affects biofilm
community structure, function, and composition, including bacterial,
algal, and fungal assemblages, in urban streams spanning a nested geo-
graphic gradient.We hypothesized that the chemical and structural proper-
ties of plastic surfaces may select for similar communities of microbes in
different streams. Thus, we predicted plastic would select for “homoge-
nized” biofilms of reduced complexity and similar community composition
when incubated in streams in different biomes, regardless of the distance
among sites. In contrast, we expected biofilms on natural surfaces to host di-
verse and distinct assemblages with unique organisms for each biome.

2. Materials and methods

2.1. Study sites

The study sites were in densely populated areas with strong historical
records of ecological research, including 3 sites local to Chicago and 3
others across the United States, representing 4 different biomes (Fig. 1,
Table 1). The 3 streams in the Chicago-metropolitan region were the
North Branch Chicago River (Chicago, IL), Higgins Creek (Des Plaines,
r (Tucson, Arizona), Thorton Creek (Seattle, Washington), and B) 3 sites in Chicago,
er (NB).



Table 1
Summary of sampling dates, as well as the physical and chemical measurements for 6 study sites. N Br = North Branch, Cr. = Creek, R. = River, Temp. = Temperate,
Temp = temperature, Cond = specific conductivity.

Location Latitude, longitude Biome Start date End date Incubation (days) Water temp. (°C) Cond. (μS cm−1)

Higgins Cr. Des Plaines, IL 42.01909, −87.93675 Temp. grassland 3-Jul-18 24-Jul-18 21 22.5 1048
N Br Chicago R. Chicago, IL 41.97774, −87.73949 Temp. grassland 10-Jul-18 28-Jul-19 18 22.2 1119
Springbrook Cr. Wheaton, IL 41.84074, −88.14643 Temp. grassland 3-Jul-18 23-Jul-18 20 21.9 966
Santa Cruz R. Tucson, AZ 32.35096, −111.09601 Desert 1-Jun-18 22-Jun-18 21 31.7 1198
Gwynns Falls Baltimore, MD 39.35173, −76.73990 Temp. deciduous forest 7-Jun-18 27-Jun-18 20 20.6 554
Thornton Cr. Seattle, WA 47.70111, −122.30733 Temp. rain forest 25-Jun-18 16-Jul-18 21 16.3 261
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IL), and Springbrook Creek (Wheaton, IL). The remaining sites were the
Santa Cruz River (desert; Tuscon, AZ), Gwynns Falls (temperate deciduous
forest; Baltimore, MD), and Thornton Creek (temperate rain forest; Seattle,
WA; Fig. 1).

2.2. Substrate preparation and incubation

Substrates with different physical and chemical properties were de-
ployed at each site. Foamedpolystyrene (i.e. Styrofoam), polyvinyl chloride
(PVC), and unglazed ceramic tile were arranged randomly in mesh bags
commonly used for leaf breakdown studies (3.3 mm pore size; Cady Bag,
Pearson, Georgia) (Hoellein et al., 2014). Ceramic tile is a commonly
used substrate in stream ecology as a surrogate for rock surface. Mesh
bags contained 12 individual pieces (N = 4 each of polystyrene, PVC,
and unglazed tile) secured with nylon zipties (Supplemental Fig. 1). Poly-
styrene containers (thickness = 2 mm) and sheets of PVC (thickness =
3.5 mm) were cut into 16 cm2 squares. Tile (thickness = 5 mm) was 23
cm2. Four bags were attached to iron rebar (Tucson, AZ) or concrete
cinderblocks (other sites) and submerged for 18–21 days (Hoellein et al.,
2014). Incubations occurred from June 1 to July 28 in summer 2018.

2.3. Biofilm respiration and substrate collection

Biofilm respiration was measured in situ during each collection event.
Triplicate samples of each substrate were carefully rinsed with stream
water to remove settled debris and macroinvertebrates, and placed in 160
mL specimen containers. We also prepared 3 controls withwater only to ac-
count for abiotic and water column effects on dissolved oxygen. All sample
containers (N=3 for each substrate) were filledwith streamwater to elim-
inate air bubbles, enclosed in a black plastic bag to prevent light exposure,
and submerged (Hoellein et al., 2009).Wemeasured dissolved oxygen (DO;
HQ40d portable meter, Hach, Loveland, CO, USA) at the beginning of a 3-
hour incubation, and in each specimen container following the incubation.
Afterwards, all substrates were wrapped in aluminum foil and stored on ice
for transport to the laboratory and frozen (−20 °C). At each site, we re-
corded water temperature and specific conductivity (μS; Yellow Springs In-
struments, Yellow Springs, Ohio) at the time of collection. We recorded
stream depth to the top of the substrate (cm). Future studies would benefit
from collection of additional site-specific characteristics (e.g., light, water
chemistry, and turbidity) that were not recorded here.

2.4. Biofilm biomass and chlorophyll-a

Wemeasured biofilm biomass using aqueous crystal violet (hexamethyl
pararosaniline chloride) dye and ethanol elution. Triplicates of each colo-
nized substrate and un-colonized ‘control’ substrates (N = 3 each of poly-
styrene, PVC, and unglazed tile) were rinsed with DI water and placed in
150 mL aluminum weigh pans to dry. We used 2 mL of 1% aqueous crystal
violet to stain the biofilm extracellular matrix on the surface of each sub-
strate (Burton et al., 2007). We waited 45 min to allow for adherence to
the biofilm. Substrates were rinsed with DI water to remove excess stain
and transferred to weigh dishes for ethanol (EtOH) elution. We added 15
mL of 95% EtOH to each weigh dish and agitated for 30 s to ensure com-
plete coverage. After 10 min, we decanted the EtOH and unbound stain
into 5 mL disposable glass test tubes (Kimble, DWK Life Sciences, Millville,
3

NJ), and we completed a 1:5 dilution prior to measuring absorbance. Opti-
cal density was measured at 595 nm using a spectrophotometer (Shimadzu
Pharmaspec 1700 UV–Vis Spectrophotometer, Shimadzu North America, Co-
lumbia MD). We corrected for background absorbance using uncolonized
controls.

We measured chlorophyll-a using a hot ethanol extraction. Triplicate
samples of each substrate were swabbed with sterile cotton swabs (Puritan
Products, Guilford, ME) and the swabs were placed in 15 mL centrifuge
tubes (VWR International, Radnor, PA) and frozen until 24 h before pro-
cessing. Clean cotton swabs (N = 3) were placed in 15 mL centrifuge
tubes to serve as laboratory controls. We added 5 mL of 95% EtOH to
each tube, inverted 4–5 times to mix, and placed in a 75 °C water bath for
15 min. Once removed from the bath, centrifuge tubes were left at room
temperature for 2 h in the dark. We decanted the extracted solution into
5 mL glass Kimble tubes (Kimble, DWK Life Sciences, Millville, NJ) and
allowed 15min for suspended particles to settle in the tubes. Then, wemea-
sured the absorbance of chlorophyll and phaeophytin at 750 and 650 nm
using a spectrophotometer (Thermo SPECTRONIC® 20 Genesys®, Spec-
trum Chemical, New Brunswick, NJ). Following the initial readings, all
samples were acidified with 0.2 mL of 0.25 M hydrochloric acid (HCl).
Absorbance by the acidified samples was re-measured at the same
wavelengths to assess phaeophytin absorbance. All measurements were
corrected by subtracting the average absorbance of the 3 swab controls.
The difference between pre- and post-acidification measurements allows
for calculation of chlorophyll according to standard methods (APHA,
1998).

2.5. Biofilm community assemblages

We swabbed triplicates of each substrate from each study site with ster-
ile cotton swabs (Puritan Products) and completed DNA extraction follow-
ing manufacturer instructions using Qiagen Power Soil DNA extraction kits
(Qiagen, Hilden, Germany). One blank swab per extractionwas included to
control for contamination. We also extracted 2 ‘kit’ controls (i.e., no swab)
to test for contamination. For bacteria, we conducted polymerase chain re-
action (PCR) with the 515F and 806R primers to amplify the V4 hypervar-
iable region of 16S rRNA gene (Caporaso et al., 2012). For fungi we used
the ITS1f and ITS2 primers for the ITS regions (Gardes and Bruns, 1993;
White et al., 1990). For algaeweused the p23SrV_f1 and p23SrV_r1 primers
for the plastid 23S rRNA gene in eukaryotic algae and cyanobacteria
(Sherwood and Presting, 2007). Successful DNA extraction and PCR ampli-
fication was confirmed by agarose gel electrophoresis. Amplified samples
were sequenced by the University of Illinois at Chicago Sequencing Core
using the Illumina MiSeq platform in 2 × 250 paired-end format.

Community assemblage data were processed in MOTHUR (version
1.40.0; (Schloss et al., 2009)) following the MiSeq standard operating pro-
cedure (Kozich et al., 2013). Sequenceswere assembled and demultiplexed,
and sequences with ambiguities or homopolymers >8 bases were removed
from the dataset. We aligned bacterial sequences against the SILVA ssu da-
tabase (updated 13Dec2017), algal sequences against the SILVA lsu data-
base (updated 17Dec2017), and the fungal sequences against the UNITE
ITS reference (updated 1Dec2017).We used Uchime to remove chimeric se-
quences (Edgar et al., 2011), and sequenceswere clustered according to 97%
similarity in operational taxonomic units (OTUs). Data sets were randomly
subsampled to 26,945 sequences per sample for bacterial assemblages,



Fig. 2. Mean (±SE) (A) optical density (cm−2) of crystal violet (biomass),
(B) respiration rate, and (C) chlorophyll on polystyrene, PVC, and tile incubated at 6
sites. Letters on (A) and (C) represent Tukey's Test results by site. On panel (B),
small letters are from 1-way ANOVA analyses among substrata for each site
individually, completed after a significant site x substrate interaction. Abbreviations:
N Br = North Branch, Cr. = Creek, R. = River.
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12,265 sequences per sample for the algal assemblages, and 5056 se-
quences per sample for the fungal assemblages. Procedures used for
microbial community analyses are consistent with previous analyses
from urban streams (Hoellein et al., 2014; McCormick et al., 2016).
All sequence data are available from the National Center for Biotech-
nology Information Sequence Read Archive, accession number
PRJNA823476.

2.6. Data analysis

We used 2-way analysis of variance (ANOVA) to compare heterotro-
phic respiration rates (mg O2 cm−2 h−1) among polystyrene, PVC, and
tile substrates at our six study streams. Following a significant interac-
tion between sites and substrates, we used 1-way ANOVA to compare
respiration among substrates at each site individually. We used a
Bonferroni correction to account for multiple comparisons (α = 0.05/
6 = 0.008). Biofilm biomass (optical density cm−2) and autotroph
abundance (chlorophyll cm−2) were compared among sites and sub-
strates using 2-way ANOVA. We used Tukey's multiple comparison test
to identify differences among seasons or habitats following a significant
P-value (≤0.05).

We used MOTHUR to assess bacterial diversity based on observed
OTUs and the Shannon-Weiner (H′) index. Differences in OTU richness
and Shannon diversity among sites and substrates were identified using
2-way ANOVA and Tukey's post-hoc test. We generated a Bray-Curtis
dissimilarity index and subsequent distance matrix in MOTHUR to as-
sess differences in community assemblage among sites and substrates.
Distance matrices were visualized using nonmetric multi-dimensional
scaling (nMDS). Differences in bacterial assemblage among sites and
substrates were identified using analysis of similarity (ANOSIM). All
data were assessed to meet the statistical assumptions. Analyses were
completed using MOTHUR and SYSTAT 13 (SYSTAT Software, Crane
Software International, Chicago, IL, USA). For algal and fungal assem-
blages, all the corresponding statistical analyses as for the bacterial as-
semblage were performed in R v4.0.4.

3. Results

3.1. Biomass, respiration, and chlorophyll

Biofilm biomass, measured as optical density (cm−2) was different
among substrates (2-way ANOVA F2 = 8.16, P = 0.001) and sites (2-way
ANOVA F5 = 10.21, P ≤ 0.001), with no significant interaction (F10 =
1.03, P = 0.441; Fig. 2A). Optical density was highest on polystyrene,
with no difference between tile and PVC. Among sites, biomass was highest
at the North Branch Chicago River, while streams in Arizona, Maryland,
and Washington were intermediate, and Higgins Creek and Springbrook
Creek were lowest (Fig. 2A).

Biofilm respiration was variable among sites and substrates (Fig. 2B).
Respiration was greater at Higgins Creek and the Santa Cruz River relative
to the other sites. Due to a significant interaction between site and substrate
(2-way ANOVA F10 = 8.60, P ≤ 0.001), we analyzed differences among
substrates for each site individually, using a Bonferonni-corrected P-value
of 0.05/6 = 0.008. At Higgins Creek, respiration rates were highest for
biofilms on polystyrene, tile was intermediate, and PVC was lowest (1-
way ANOVA P = 0.006; Fig. 2B). Springbrook Creek showed a different
pattern, where respiration on tile was highest, followed by PVC and poly-
styrene. There were no differences among substrates at the other 4 sites
(Fig. 2B).

Chlorophyll concentration differed among sites (2-way F5 = 10.25,
ANOVA P = 0.001), but there were no significant differences among sub-
strates (2-wayANOVA F2=2.59, P=0.089) and no significant interaction
(2-way ANOVA F10 = 2.09, P = 0.052; Fig. 2C). Chicago-area sites and
Thornton Creek (Washington) showed the highest chlorophyll, Gwynns
Falls (Maryland) was intermediate, and the Santa Cruz River (Arizona)
was lowest (Fig. 2C).
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3.2. Biofilm assemblages: richness and diversity

Bacterial assemblage patterns varied across substrate types and sites.
The mean number of observed OTUs was significantly higher on tile, rel-
ative to polystyrene and PVC (2-way ANOVA F2 = 6.47, P = 0.004;
Fig. 3A). Among sites, OTU richness was highest at Higgins Creek
(4255± 148), while Gwynns Falls, Santa Cruz River, North Branch Chi-
cago River, and Springbrook Creek were intermediate, and Thornton
Creek was lowest (1281 ± 47, 2-way ANOVA, F5 = 152.64, P ≤
0.001; Fig. 3A). For Shannon diversity of bacterial assemblages, the in-
teraction between substrate and site was significant (2-way ANOVA
F10 = 2.39, P = 0.027, Fig. 4A). Thus, we used a 1-way ANOVA among
substrates, for each site individually (with Bonferonni-correction of P =
0.008 for significant differences) and found that biofilm diversity among
substrates was different only at Higgins Creek (1-way ANOVA F2 =
18.69, P = 0.003) and Gwynns Falls (1-way ANOVA F2 = 13.48, P =
0.006). In both streams, polystyrene had the least diverse community rela-
tive to PVC and tile (Fig. 4A).

Algal community metrics showed differences among sites but not
among substrates. Algal OTU richness was highest in Gwynns Falls (Mary-
land) and lowest in Thornton Creek (Washington) (2-way ANOVA F5 =
33.02, P < 0.001), with no difference among substrates (2-way ANOVA,
F2 = 0.36, P = 0.509; Fig. 4B). Algal Shannon diversity was highest in
Gwynns Falls and the Santa Cruz River (Arizona) compared to other sites



Fig. 3. Mean (±SE) number of observed operational taxonomic units (OTUs) for
assemblages of (A) bacteria (16S rRNA gene), (B) algae (23S rRNA gene), and
(C) fungi (ITS region) on polystyrene, PVC, and tile incubated at 6 different sites.
Letters represent Tukey's Test results by site. Abbreviations: N Br = North Branch,
Crk. = Creek, R. = River.

Fig. 4. Mean (±SE) Shannon-Weiner diversity index (H′) for assemblages of
(A) bacteria (16S rRNA gene), (B) algae (23S rRNA gene), and (C) fungi (ITS
region) on polystyrene, PVC, and tile at 6 different sites. Letters on (B) represent
Tukey's Test results by site. On panel (A) and (C), small letters are from 1-way
ANOVA analyses among substrata for each site individually, after a significant
site x substrate interaction. Abbreviations: N Br = North Branch, Crk. = Creek,
R. = River.
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(2-way ANOVA F5= 32.78, P < 0.001) with no differences by substrate (2-
way ANOVA, F2 = 0.81, P = 0.454; Fig. 4B).

Fungal OTU richness and diversity across substrates and streams
showed different patterns. Fungal OTU richness was significantly higher
at Gwynns Falls compared to other sites (2-way ANOVA F5 = 60.26, P <
0.001), and there was no difference among substrates (2-way ANOVA
F2=0.28, P=0.758; Fig. 3C). However, fungal Shannon diversity showed
a significant interaction of substrate and site (2-way ANOVA F10 = 3.02,
P=0.007), so we compared across substrates for each stream individually
(using a Bonferonni-corrected P-value). The Santa Cruz River was the only
site with a significant difference among substrates (1-way ANOVA F2 =
16.01, P = 0.004), where fungal taxa diversity was higher on tile than
PVC and polystyrene (Fig. 4C). With respect to site, fungal diversity was
highest at Gwynns Falls, Thornton Creek, and Santa Cruz River, and lowest
at the three Chicago sites.

3.3. Biofilm assemblages: community composition

We analyzed the 16S rRNA sequence results using NMDS and ANOSIM
to assess differences by geographic scale and substrate type. Analysis of sim-
ilarity showed the bacterial community composition across sites was signif-
icantly different, where each of the 6 sites was representative of a distinct
assemblage of OTUs (ANOSIM P ≤ 0.001 for all pairwise comparisons;
5

Table 2). In contrast, there were no differences in community composition
when comparing among tile, polystyrene, and PVC substrata at each site.
The 6 study sites formed distinct clusters on the nMDS, showing the differ-
ences among streams (Fig. 5A). The three Chicago-area sites were spread
across the x-axis of the NMDS, so variation in biofilm community composi-
tion among the 3 streams in close proximity was in equal proportion to the
variation among streams from different biomes in the United States. In con-
trast, differences in community composition among substrates were much
smaller than among sites, and there is little clustering of substrate-specific
biofilm communities within each site (Fig. 5A).

Similar to the bacterial assemblages, theOTU-based composition for the
algal assemblages significantly differed across each site (ANOSIM, P ≤
0.002; Table 2). Although there were significant site-specific differences
in algal composition, the three Chicago-area sites were closely clustered
on the NMDS and there was little clustering for the other sites (Fig. 5B).
There was no substrate-specific clustering of algal assemblages within
each site.

Fungal assemblages showed similar trends as algae. The composition of
the fungal assemblages at each site was significantly different from the
other sites (ANOSIM, P ≤ 0.002; Table 2), but the fungal assemblages for
the Chicago-area sites clustered closer to each other on the NMDS plot



Table 2
Results frompairwise ANOSIM analysis of differences among sites for assemblage of
bacteria, algae, and fungi. Top and bottom values are the P-value and R value,
respectively. Abbreviations: Crk = creek, R = River, N = North.

Site Higgins Crk. N. Branch
Chicago R.

Springbrook
Crk.

Santa
Cruz R.

Gwynns
Falls

Bacteria

N. Branch Chicago R.
≤0.001
1.000

Springbrook Crk.
≤0.001 ≤0.001
1.000 1.000

Santa Cruz R. ≤0.001 ≤0.001 ≤0.001
1.000 1.000 1.000

Gwynn's Falls ≤0.001 ≤0.001 ≤0.001 ≤0.001
1.000 1.000 1.000 1.000

Thornton Crk. ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001
1.000 1.000 1.000 1.000 1.000

Algae

N. Branch Chicago R.
≤0.001
0.956

Springbrook Crk. ≤0.001 ≤0.001
0.728 0.719

Santa Cruz R. ≤0.0010.980 ≤0.001 ≤0.001
0.808 0.913

Gwynns Falls ≤0.001 0.002 ≤0.001 ≤0.001
0.859 0.985 0.798 0.976

Thornton Crk. ≤0.001 ≤0.001 0.002 ≤0.001 ≤0.001
0.801 0.784 0.603 0.951 0.885

Fungi

N. Branch Chicago R.
≤0.001
0.768

Springbrook Crk. 0.002 ≤0.001
0.778 0.579

Santa Cruz R. ≤0.001 ≤0.001 ≤0.001
0.963 0.664 0.730

Gwynns Falls ≤0.001 ≤0.001 ≤0.001 ≤0.001
1.000 0.801 0.786 0.918

Thornton Crk. ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001
0.982 0.686 0.691 0.800 0.806

Fig. 5. Nonmetric multidimensional scaling (nMDS) ordination of assemblages of
(A) bacteria (16S rRNA gene), (B) algae (23S rRNA gene), and (C) fungi (ITS
region) (from 3 different substrates incubated at 6 different sites). Stress = 0.26,
0.12, 0.16 for bacteria, algae, and fungi, respectively. Ordinations were created
using 100 iterations.
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relative to the other three sites (Fig. 5C). There was no clustering of
substrate-specific fungal assemblages within each site.

3.4. Common taxa among and within sites

Comparison of the taxonomic groups which make up the biofilm commu-
nities from each of the study sites showed distinct and diverse assemblages of
bacteria. The 25 most abundant families in the entire dataset represented
>74%of the sequences across each of the sites. Taxa thatwere common across
sites included unclassified Bacteria, Comamonadaceae, Rhodobacteraceae,
Sphingomonadaceae, Rhizobiales (unclassified) and Burkholderiales (unclas-
sified) (Supplemental Fig. 2). Some taxa showed site-specific variations in
abundance, for example, Comamonadaceae was more abundant in Thornton
Creek than elsewhere.

Algal communities in biofilms were different among sites, al-
though Bacillariophyta, unclassified Bacillariophyceae, and unclassi-
fied Eukaryota combined made up an average of 73.1% of sequences
(Supplemental Fig. 3). Other taxa showed site-specific patterns. For
example, unclassified Cyanobacteria made up 5.9–10% of sequences
in Gwynns Falls, Higgins Creek, and the Santa Cruz River, but were
<0.7% of sequences at the other 3 sites. Tetradesmus was 11.5% of se-
quences from the Santa Cruz River, but was <0.4% of sequences at
other sites. Finally, unclassified Ulvophyceae was 8% of sequences at
Thorton Creek, but <0.3% of sequence at the other sites (Supplemen-
tal Fig. 3).

Fungal community composition across sites revealed unique patterns
for each location. ‘Unclassified fungi’ was the most common taxon noted,
representing an average of 52% of sequences across the 6 sites. The most
abundant taxon identified was Chytridiomycota, which ranged from a
high of 30.3% of sequences in Higgins Creek to a minimum of 0.4% of
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sequences in the Santa Cruz River. Other taxa abundant at individual sites
include Rhizophydiales (20.6% of sequences at Springbrook Creek),
Pleosporales (an average of 6.9% of sequences across Santa Cruz River,
Thorton Creek, and Gwynns Falls), and Cladosporium (5.4% of sequences
at Thorton Creek) (Supplemental Fig. 4).

4. Discussion

Understanding microbial colonization and activity on plastic pollu-
tion is critical to quantify its transport, fate, and biological impacts
(Amaral-Zettler et al., 2020; Wright et al., 2021). Microbial biofilms
serve a crucial role in nutrient cycling and are the base of aquatic
food webs, and they can affect plastic transport and contribute to plas-
tic breakdown in aquatic habitats (Battin et al., 2016; Gewert et al.,
2015; Hoellein et al., 2019). We found robust microbial growth on nat-
ural and plastic substrates incubated in streams across the continental
United States. Some aspects of biofilm structure and composition
were affected by substrate type, including enhanced biomass and re-
duced bacterial OTU richness for biofilms on polystyrene relative to
PVC and tile. However, we found mixed evidence that plastic substrate
supported distinct bacterial assemblages compared to a natural sub-
strate, and no evidence that plastic influenced algal or fungal biofilm
constituents in this study. Overall, we conclude that plastic did not se-
lect for ‘homogenous’ biofilm communities at different sites, and that
biofilm assemblage was driven more strongly by site-specific environ-
mental conditions than by the plastic itself.
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4.1. Biofilm biomass, chlorophyll, and respiration across substrates

Organic and inorganic compounds immediately adsorb to the surface of
a submerged substrate, forming a layer capable of supporting microbial
growth (Rummel et al., 2017). The physical properties of a substrate
(e.g., roughness, hydrophobicity) and the chemistry of adsorbed com-
pounds can affect biofilm colonization (Lorite et al., 2011; Ogonowski
et al., 2018). Because plastic has unique chemical structure and adsorbates,
we expected plastic would select for similar and simplified biofilm commu-
nity structure and function, which we quantified as biomass, respiration,
and chlorophyll among sites.

Biomass, respiration, and chlorophyll were all significantly different
among sites, but only biomass showed a difference among substrate types
(i.e., higher on polystyrene compared to PVC and tile). We conjecture
that the texture and surface area of polystyrene accounted for this pattern.
Despite sharing hydrophobic properties with PVC, the porous, sponge-like
nature of polystyrene provides additional surface area for the initial matrix
of organic and inorganic compounds to develop and could retain fine par-
ticulate organic matter, thereby supporting microbial growth. Thus, we
suggest that the high biofilm biomass on foamed polystyrene was due to
the surface architecture rather than the chemistry of the material. Because
this pattern was the same across sites, we conclude it is one factor affecting
biofilm properties on polystyrene.

Enhanced biofilm biomass on polystyrene could be important at larger
spatial scales in urban streams, given the abundance of polystyrene litter.
Polystyrene represented 3–8% of all macro-scale litter (i.e., visible to the
naked eye) in the benthic zones and 3–15% of macolitter in riparian
zones of streams in the Chicago area (McCormick and Hoellein, 2016). In
the Great Lakes, foamed polystyrene was most common form of plastic pol-
lution observed in surface waters and shorelines (Eriksen et al., 2013;
Zbyszewski et al., 2014). Because polystyrene is a major constituent of
the ‘community’ of plastic litter, factors which affect biofilm growth differ-
ently than other types of plastic are important to predict its fate. We expect
the high microbial biomass on polystyrene relative to other plastic types
could ultimately contribute to faster degradation or enhanced retention
(Gewert et al., 2015), and should be considered for polymer-specificmodels
of plastic budgets and transport.

Substrate was not the key driver of biofilm respiration rates, which var-
ied more strongly by site. Biofilm respiration rates showed no differences
among substrata at 4 sites, and contrasting patterns among substrates at
the remaining 2 sites. At Higgins Creek, polystyrene had significantly
higher biofilm respiration rates than PVC and tile, while at Springbrook
Creek, polystyrene had the lowest rates, PVC was intermediate, and tile
was highest. Across sites, the high respiration at Higgins Creek and the
Santa Cruz River were likely due to the treated wastewater (Eppehimer
et al., 2021; Hamdhani et al., 2020; McCormick et al., 2016).

The patterns for chlorophyll also do not suggest a role for substrate as a
strong driver in total autotroph abundance. Sites in the Chicago-area and in
Washington supported higher chlorophyll abundance, while chlorophyll at
Gwynns Falls and the Santa Cruz River were intermediate and low, respec-
tively. We cannot attribute the differences to canopy cover or light among
sites. For example, the Santa Cruz River had little riparian shading and
low chlorophyll levels, Higgins Creek had no riparian shading (i.e., the ri-
parian zone was concrete) and high chlorophyll, while Gwynns Falls had
a dense riparian canopy and high chlorophyll. Other factors which could af-
fect site-specific patterns in chlorophyll include scouring, turbidity, and
water quality, but were not assessed here.

4.2. Bacterial assemblage: mixed impacts of substrate and site

While many metrics for biofilm characteristics did not differ on tile rel-
ative to PVC and polystyrene (i.e. respiration, chlorophyll, and communi-
ties of fungi and algae), the number of bacterial taxa on plastic was lower
than tile across sites (Fig. 2A), suggesting some impact of plastic litter on
bacterial constituents of biofilm. However, the magnitude of the impact of
substrate type was much lower than the impact of study site, as illustrated
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by 2-way ANOVA (substrate F-value = 6.47 and site F-value = 152.64;
Fig. 3A). In addition, given the relatively high number of OTUs in the
biofilms overall, it is not clear what the ecological effects of reduced bacte-
rial OTU richness will be, if any. The role of plastic in reducing bacteria
OTU richness merits further exploration of plastic biofilms, however, in-
cluding studies that span gradients of biofilm succession, different environ-
mental conditions, and metagenomics approaches, to offer more insight
into the effects of plastic on bacterial assemblages and activity (Wright
et al., 2021).

The patterns for diversity of bacterial assemblages were mixed among
sites. Four sites showed no differences in diversity among substrates,
while the two sites which showed significant differences in bacterial diver-
sity among substrata (Higgins Creek and Gwynns Falls) had the same pat-
tern, where tile (i.e., the natural substrate) and PVC had more diverse
communities than polystyrene. These sites also had the most OTUs and
had similar community composition to one another.We do not have an eco-
logical explanation for the low diversity on polystyrene only at Higgins
Creek and Gwynns Falls or their similarity in taxonomic composition. We
conclude from these patterns that the effects of plastic litter on bacterial di-
versity in freshwaters are context specific, and more analyses at sites of
varying environmental conditions are needed (Amaral-Zettler et al., 2020;
Harrison et al., 2018; Wright et al., 2021).

Assessing community composition using nMDS clearly demonstrated
that site, and not substrate type, most strongly determined the assemblage
of bacteria. Surprisingly, geographic region was not a strong factor either.
In our partially ‘nested’ study design, we expected the 3 sites in close prox-
imity (Higgins Creek, Springbrook Creek, and North Branch Chicago River)
to show more similarities in bacterial assemblages compared to the 3 sites
from other biomes. However, the nMDS groupings for the bacterial assem-
blages show the 3 Chicago-area sites were variable and distributed across
the ordination space to the same degree as assemblages from the 3 sites
in disparate biomes. Previous work on freshwater biofilms colonizing an-
thropogenic and natural substrates also found that location (e.g., river,
pond, artificial stream, water column, sediment), and not substrate
(e.g., tile, glass, plastic), was a key driver of biofilm assemblage (Hoellein
et al., 2015, 2017). Therefore, the periphyton-like biofilm that develops
on hard surfaces in streams has a similar bacterial assemblage as adjacent
hard substrates, regardless of that surface material, and may conduct simi-
lar biofilm-mediated ecosystem processes.

4.3. Algal and fungal assemblages: no impact of substrate and role of geography

The algal and fungal assemblages provided similar evidence as the bac-
teria with respect to the lack of biofilm community homogenization on
plastic across different sites. However, on the NMDS illustration of assem-
blages across sites, the bacterial results show the 3 Chicago-area sites
were separate and spaced across the ordination, while the fungal and
algal assemblages showed the 3 Chicago-area sites were grouped together.
We acknowledge that ANOSIM pairwise comparisons showed distinctions
among the 3 Chicago area fungal and algal communities. However, the rel-
ative similarity among those sites on the NMDS, compared to the 3 sites
elsewhere in the country, merits some interpretation. This pattern may be
due to the differing role of environmental factors in driving the assembly
of the biofilm communities. For instance, the predominantly heterotrophic
and highly diverse bacterial assemblages may be more influenced by local
variation in water chemistry and organic matter composition, and thus re-
flect greater differences in assemblages across sites. In contrast, algal and
fungal assemblagesmay be driven by abiotic factors that show regional pat-
terns (e.g., sunlight and temperature), thus sites in close geographic prox-
imity could exhibit greater similarity in algal and fungal assemblages. Our
understanding of the biogeography of non-bacterial constituents of micro-
bial biofilms on plastic and natural surfaces would benefit from additional
study (Amaral-Zettler et al., 2020; Lacerda et al., 2020).

The literature which examines the role of geographic region on plastic
biofilms is developing rapidly, and offers mixed conclusions and a role for
biofilm successional stage as a key driver of patterns. Amaral-Zettler et al.
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(2020) and Oberbeckmann and Labrenz (2020) reviewed studies on bio-
film colonization of plastic and non-plastic controls (i.e., water, organic
matter, or non-organic surfaces), under experimental and in situ conditions
(Amaral-Zettler et al., 2020; Lacerda et al., 2020). While comparing
among publications is challenging and there is much remaining to
learn, both reviews concluded there was less evidence for plastic-
based microbial selection relative to other factors such as climate, sea-
son, and water chemistry. Coons et al. (2021) conducted incubations
of different plastic polymers and a control (i.e., glass slides) for 5
weeks at 4 widely dispersed locations in coastal areas globally, and
showed location, not substrate type, was the driving factor for bacterial
assemblages.

4.4. Taxonomic groups in stream biofilms

Across biomes, plastic and tile substrata were colonized by similar bacte-
rial taxa in varying abundances. Communities of bacteria were dominated by
Proteobacteria, Bacteroidetes, and Actinobacteria, three phyla that are well-
documented in freshwater biofilms (Besemer et al., 2007; Hoellein et al.,
2015; McNamara and Leff, 2004). Together, these three taxa represented
70–95% of all sequences across sites. Some sites showed unique community
constituents, which while present at lower abundance may have ecologically
significant roles. The streamwhich showed themost distinct grouping of bac-
terial taxa was Thornton Creek in Washington, which also had the lowest
number of observed OTUs. For example, Thornton Creek biofilms included
high levels of Comamonadaceae, a documented denitrifier and colonizer of
artificial substrata, perhaps due to historically high nitrate concentrations at
that site (Embrey and Frans, 2003). In addition, Thornton Creek had a higher
abundance of Rhodobacteraceae and Sphingomonadaceae, which are well
documented across rural-urban land-use gradients and can contain antibiotic
and metal resistance genes (Roberto et al., 2019). Rhizobiales is a well-
documented family in freshwater biofilms in drinking water systems (Liu
et al., 2012) and was more common in the Santa Cruz River relative to the
other sites. Though low in abundance overall, unclassified Actinomycetales
was found at all sites and was also in higher abundances in the Santa Cruz
River. Finally, Gwynns Falls had a higher abundance of Methylophilaceae,
a taxa linking methanol uptake and denitrification in freshwaters
(Kalyuhznaya et al., 2009).

We can supplement our understanding of the taxa found on biofilms in
Chicago-area streams by comparing to previous research at the same sites.
Bacterial assemblages from the North Branch Chicago River had several
taxa found in a previous analysis of plastic biofilms (Hoellein et al.,
2015), such as Burkholderiales, unclassified Betaproteobacteria, unclassi-
fied Gammaproteobacteria, and unclassified Bacteria. In Higgins Creek
and Springbrook Creek, McCormick et al. (2016) measured differences in
the microbial assemblages on microplastic (i.e., plastic <5 mm) and seston,
where unclassified Gammaproteobacteria, Pseudomonadaceae, and
Campylobacteraceae (three taxa common in wastewater effluent and colo-
nizers of novel substrata) (Adav and Lee, 2008) were more abundant on
microplastic (McCormick et al., 2016). Bacterial assemblages in biofilms
from Higgins and Springbrook Creeks in this study contained those taxa as
well, although in similar abundance on plastic and tile biofilms. Previous
work suggested the family Pseudomonadaceae, which contains some
plastic-degrading bacterial strains (Arkatkar et al., 2010; Balasubramanian
et al., 2010; Tribedi and Sil, 2013), may be selected for growth on plastic.
McCormick et al. (2016) noted Pseudomonadaceae was 0.8–2.5% of
sequences for bacteria in the water column and seston, and 12.2% of total
sequences on microplastic (McCormick et al., 2016). However, in our
study, Pseudomonadaceae represented 0.1–0.4% of sequences across all
sites. The comparisons suggest microplastic in the water column may offer
a distinct environment for biofilms compared to benthic macroplastic. Fur-
ther research that examines the community composition of all sizes of plas-
tic litter, in all stream habitats, will elucidate patterns for community
selection among plastic types.

Biofilm algal assemblages across the sites were dominated by the dia-
toms (Bacillariophyta/Bacillariophyceae) and unclassified Eukaryotic
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organisms (Supplemental Fig. 3), except for Santa Cruz River where unclas-
sified Eukaryotes and Tetradesmuswere dominant. The abundance of the di-
atoms on biofilms across most sites is similar to patterns recorded on plastic
substrates in marine ecosystems (Oberbeckmann et al., 2016; Zettler et al.,
2013), indicating a major role of diatoms in primary production on natural
and plastic substrates in aquatic ecosystems. The site-specific enrichment of
specific algal taxa such as Tetradesmus, Cyanobacteria, and Ulvophyceae is in-
teresting, and there is some evidence for their enrichment on plastic biofilms
in other aquatic ecosystems. For instance, Chlorophyta (green algae that in-
clude Tetradesmus and Ulvophyceae) were one of the most abundant algal
groups on the PET-attached biofilms in the North Sea (Oberbeckmann
et al., 2016). Cyanobacterial groups were also found to be abundant in
plastic-associated biofilms in marine and freshwater ecosystems (Wang
et al., 2021; Zettler et al., 2013). The site-specific enrichment of these groups
may reflect geographical and/or local differences in abiotic conditions and
possibly different successional trends within the biofilms, and these results
warrant furtherwork to link their occurrence and abundance to specific biotic
and abiotic factors.

Unclassified fungi were the dominant group among the fungal assem-
blages across sites, in addition to some site-specific abundant fungal taxa.
Unclassified Chytridiomycota were significantly more abundant in the Chi-
cago region sites in comparison to the other sites. Chytridiomycota are
saprotrophs that likely play a key role in decomposing organic matter in
biofilms. Rhizophydiales, a family of Chytridiomycota, were abundant in
Gwynns Falls and Thornton Creek, suggesting that while a different group
of Chytridiomycota was dominant at these sites they could likely perform
a similar function. Evidence for high abundance of Chytridiomycota on
plastic biofilms has been documented in oceans (Kettner et al., 2017;
Oberbeckmann et al., 2016), but similar trends in freshwaters have not
yet been studied. In addition, we note the Ascomycota group Pleosporales
was more abundant in all the non-Chicago region sites. Many freshwater
Pleosporales decompose decaying plant material (Zhang et al., 2012). Asco-
mycota were also abundant in plastic-associated biofilms elsewhere
(Oberbeckmann et al., 2016; Wang et al., 2021). A recent review of studies
documenting microbial plastic degradation showed the largest number of
fungal isolates were Ascomycota (n = 118) (Gambarini et al., 2021). It is
unclear what factors contribute to the geographic patterns of Ascomycota
seen here, but if certain taxa in this group degrade plastic, the rates of plas-
tic degradation could vary by geographic region.

5. Conclusion

Despite recent strides in documenting the abundance, distribution, and
movement of plastic litter in freshwater ecosystems (McCormick and
Hoellein, 2016;Windsor et al., 2019), the role of plastic in shaping the com-
munity composition and activity of freshwater biofilms, including bacteria,
algae, and fungi, is not well understood (Harrison et al., 2018). This study
showed plastic is readily colonized by stream biofilms. Plastic showed a
modest role for affecting biofilm biomass and OTU richness for bacteria, es-
pecially on polystyrene, which could influence its breakdown rates, and
thereby its form during transport downstream. However, the strongest pat-
terns indicated assemblages of bacteria, algae, and fungi among substrate
types are more driven by incubation site. More research is needed to under-
stand the patterns of microbial succession on plastic and natural surfaces
over varying time scales, the differences in biofilms on floating and benthic
plastic litter, and the effect of plastic size, degradation, and polymer type on
microbial community composition and activity. Documenting how urban
stream biofilms interact with plastic pollution will be critical to understand
its ecological effects and global fate.
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