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Abstract Pollutant effects on biofilm physiology are diffi-
cult to assess due to differential susceptibility of species and
difficulty separating individual species for analysis. Also,
measuring whole assemblage responses such as metabolism
can mask species-specific responses, as some species may
decrease and others increase metabolic activity. Physiolog-
ical responses can add information to compositional data,
and may be a more sensitive indicator of effect. It is diffi-
cult, however, to separate individual species for biochemical
analyses. Agricultural runoff often contains multiple pollu-
tants that may alter algal assemblages in receiving waters. It
is unclear how mixtures containing potential algal growth
stimulators and inhibitors (e.g., nutrients and herbicides)
alter algal assemblage structure and function. In research
presented here, algal biofilms were exposed to nutrients,
atrazine, and their mixtures, and assemblage-level structural
and functional changes were measured. Synchrotron infra-
red microspectroscopy (IMS) was used to isolate the bio-
chemical changes within individual cells from a dominant
species of a green alga (Mougeotia sp.), a diatom (Navicula
sp.), and a cyanobacterium (Hapalosiphon sp.). At the
assemblage level, mixtures generally increased algal biovo-
lume, decreased chlorophyll a, and had no effect on metab-
olism or ammonium uptake. Navicula had a strong negative
response to atrazine initially, but later was more affected by

nutrients. Hapalosiphon responded positively to both atra-
zine and nutrients, and Mougeotia did not exhibit any bio-
chemical trends. Generally, biochemical changes in each
species were similar to cells experiencing low stress con-
ditions, with increased relative protein and decreased rela-
tive lipid. IMS provided direct evidence that individual
species in a natural biofilm can have unique responses to
atrazine, nutrients, and mixtures. Results suggest that the
initial benthic community composition should have a strong
influence on the overall impact of agricultural pollutants.

Introduction

Laboratory bioassays assessing effects of agricultural pollu-
tants on algae have provided much understanding of how
these pollutants affect algal physiology in situ. Extrapolat-
ing results from laboratory-based single species assays to
natural, mixed species assemblages, however, has limita-
tions. Environmental conditions may alter pollutant effect
[23, 29], and different species can have variable suscepti-
bilities [34, 48]. Complicating extrapolation to the real
world is that pollutant levels in aquatic ecosystems are often
lower than effective doses established in laboratory algal
bioassays. Also, pollutants rarely enter aquatic systems
alone. An in situ approach, however, provides a more direct
assessment of mixture effects on algal assemblages. Currently,
species-specific approaches in mixed species assemblages are
primarily focused on compositional and community change
analyses [2]. Biochemical and physiological response is most-
ly limited to whole assemblage analysis due to difficulties
separating species in enough quantity for standard analyses.
Microscopy and flow cytometry techniques can isolate indi-
vidual cells, but are limited to measuring chlorophyll or spe-
cific fluorescence markers.
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Technological advances such as infrared microspectro-
scopy (IMS) are now being used to simultaneously measure
multiple macromolecules of individual algae in biofilms
[38, 39], and phytoplankton [13, 19, 27]. Such monitoring
of cellular macromolecular changes enables a sensitive and
immediate measure of algal response beyond whether the
cell is present/absent or alive/dead [4]. Infrared microspec-
troscopy can optically select an individual alga from com-
plex communities and measure changes in cellular/
subcellular level biochemistry (e.g., proportion of protein,
lipid, and carbohydrate). This technique therefore has the
potential to clarify cellular biochemical responses which
may lead to concomitant structural and functional shifts
(e.g., primary productivity and nutrient uptake rates) follow-
ing pollutant or nutrient exposure. For example, under
nitrogen-limited conditions, diatoms often decrease protein
content and increase lipid and carbohydrate content, storing
energy-rich products that can be used later for cell metabolism
if conditions continue to decline [19, 27]. Atrazine retards
photosynthesis by binding to the quinone protein in photosys-
tem II (PSII) that transports electrons from PSII to the electron
transport chain [48]. Therefore, algae exposed to atrazine may
respond by reducing macromolecular synthesis or shifting the
proportion of macromolecular end products. Synchrotron in-
frared radiation and confocal masking greatly increases spatial
resolution to ~5 μm [37, 49] allowing the researcher to “see”
such cellular and subcellular changes.

Worldwide, nutrients [mainly nitrogen (N) and phospho-
rus (P)] and herbicides are a common component of agri-
cultural runoff. The herbicide atrazine is one of the most
widely used herbicides in North America [14, 51]. Little is
known about how these antagonistic stressors interact to
alter benthic (bottom-dwelling) algal structure and function.
N and P are not only responsible for cellular growth but they
are components of critical cellular macromolecules such as
amino and nucleic acids, proteins, and phospholipids. At the
assemblage level, nutrient enrichment generally increases
benthic algal biomass and productivity, and can shift com-
position to species that can better utilize the additional
nutrients [6, 11]. A significant amount of research [14, 46,
48, 51, 54] has revealed that atrazine often has a strong
negative effect on algal growth and productivity. But the
strength of this effect varies considerably across time, space,
atrazine concentration, and the species examined. Low atra-
zine concentrations (<15 μg L−1), for example, can have no
effect [31, 52] or may increase chlorophyll a (Chl a) [46] in
mixed phytoplankton assemblages. Additionally, exposure
of benthic algal assemblages to atrazine concentrations
<77 μg L−1 [21, 30, 35] has been shown to have no adverse
effect. Functionally, although atrazine can reduce carbon
incorporation and growth rates without altering cell viability
[18], it has the potential to alter the biovolume/productivity
relationship. This variable response among species has led

to the hypothesis that in natural systems, atrazine may
cause compositional shifts in algal assemblages, leading to
changes in assemblage function [33], or increased cyano-
bacteria blooms [41]. Green algae are often more susceptible
to atrazine than diatoms and cyanobacteria [24, 34, 54], so
assemblage species composition may play an important role
in determining interactive effects of atrazine and nutrients.

Our objective in the present study was to assess the
impact of nutrient and atrazine mixtures on benthic algae,
and compare the response of a dominant species of green,
diatom, and cyanobacteria to those at the assemblage level.
We examined short-term (days) changes in benthic algal
structure and function to assess if atrazine addition in envi-
ronmentally relevant concentrations altered effects of
nutrients on benthic algal assemblages. Synchrotron infrared
microspectroscopy was used to determine how a dominant
green alga, diatom, and cyanobacterium were affected. We
predicted that assemblage-level responses to the nutrient/
herbicide mixture would be more similar to those for atra-
zine alone. We reasoned that effects of atrazine exposure
(blocking of a major energy source which drives cell
metabolism and macromolecular formation) would far
outweigh those of nutrient requirements for minimal cell
growth. We also predicted that conditions that cause
strong macromolecular responses in dominant algal spe-
cies will lead to large assemblage-level shifts in struc-
ture and function.

Methods

Experimental Setup

Thirty unglazed clay tiles (7.6×7.6 cm) were incubated for
4 weeks in a wetland at the University of Mississippi Field
Station in northeast Mississippi. Tiles were incubated at
approximately 0.25 m deep. Water nutrient concentrations
were 31 μg L−1 NO3–N, 32 μg L−1 PO4–P, 668 μg L−1 total
N, 92 μg L−1 total P, and atrazine was below the detection
limit, 1 μg L−1. Tiles were returned to the laboratory in dark,
sealed plastic containers. At the laboratory, single tiles were
placed in individual 1.95-L round plastic containers (#185-
C, Pioneer Plastics, Dixon, KY, USA) and filled with 1.6 L
of spring water collected from the incubation site (Fig. 1).
Water was filtered through 250-μm mesh to remove large
grazers. Six atrazine and nutrient treatments were estab-
lished with five replicate tiles in each treatment. Treatments
were nutrients only (NUT; 500 μg L−1 NO3–N, 31 μg L−1

PO4–P), low atrazine (LA; 10 μg L−1, added as Atrazine
4 F®, Tenkoz, Inc.), high atrazine (HA; 100 μg L−1),
nutrients plus low atrazine (NLA), nutrients plus high atra-
zine (NHA), and a spring water only control (CON). Treat-
ments were established within 1 h of collection. Atrazine
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concentrations were based on average and maximum con-
centrations found in agricultural streams in the Mississippi
River Basin [44, 51]. All chambers were randomly placed in
an incubator at a temperature of 23°C and 16:8 h light/dark
cycle for 6 days. Light intensity was ~90 μmol quanta
m−2 s−1 photosynthetically active ration (PAR). Initial nutri-
ent and atrazine concentrations were re-established on days
2 and 4. All water was slowly drained through a hole in the
bottom of the chamber and slowly replaced with filtered
spring water spiked with the initial nutrient and atrazine
stock solutions. Care was taken not to disturb tile biofilms.
On days 4 and 6, removed chamber water was analyzed for
dissolved nutrients (ammonium, nitrite, nitrate, soluble
reactive phosphorus) with a spectrophotometer, and total
Kjeldahl N (TKN) and total P (TP) with Kjeldahl digestion
followed by spectrophotometric analysis [1]. Atrazine was
analyzed with an Agilent Model 7890A gas chromatograph
equipped with dual Agilent 7683B series autoinjectors, dual
split–splitless inlets, dual capillary columns, and Agilent
ChemStation according to [50].

Assemblage-Level Structure and Function

Algal biomass (as Chl a) was measured on day 6 by sub-
merging individual tiles from each chamber (five per treat-
ment) in an autoclavable bag containing 100 mL of 95%
EtOH. Bags were put in a 78°C water bath for 5 min and
extracted in the dark for 12 h [47]. Extracts were analyzed
for Chl a with a ThermoSpectronic Genesys 10 UV spec-
trophotometer (Thermo Scientific, Waltham, MA, USA)
using the spectrophotometric method of chlorophyll deter-
mination [1]. Briefly, Chl a (calculated as mg Chl a cm−2)
was measured at 664 nm and corrected for phaeophytin
(665 nm) following 90 s of acidification. Both measure-
ments were also corrected for turbidity (750 nm). Algal
biovolume was measured on day 6 as a secondary measure
of biomass because atrazine may confound the chlorophyll–
biomass relationship. Although atrazine often reduces cel-
lular chlorophyll content, low concentration may increase
chlorophyll [46]. Additionally, the magnitude of chlorophyll
response differs among species [24, 34, 54]. A 1-cm2 area
on each tile was scraped with a razor. Scrapings from each
treatment were combined and immediately preserved in 2%
formalin. Algae were identified to genus, with a minimum
of 300 cells counted per sample at 400× with light micros-
copy. Algae were divided into functional groups; diatoms
(single-cell pennate, chain-forming pennate, single-cell cen-
tric, chain-forming centric), cyanobacteria (filamentous,
coccoid), and green algae (filamentous, colonial, single cell)
as atrazine tolerance can differ among major algal divisions
[34]. Biovolume of each cell, colony, or filament was cal-
culated by comparing algae to similar geometric shapes
[28]. Biovolume and cell abundance of the three species

analyzed with IMS were also counted separately at 400×
with a minimum of 100 cells per species counted per
sample.

Algal assemblage metabolism was measured in each
chamber on day 6 directly prior to structural analyses. Cham-
bers were completely filled with spring water (1.95 L total
volume), a magnetic stirbar added, and transparent tops
sealed airtight using silicon tape talking care to exclude air
bubbles. A YSI dissolved oxygen (O2) probe (Yellow
Springs Instruments, Inc., Yellow Springs, OH, USA) was
inserted through a hole in the lid. Chambers were placed on a
magnetic stirplate and water circulated at a velocity of
~15 cm s−1. Light was excluded from the chambers with
black plastic sheets and O2 was measured at 15-min intervals
for 60 min. Chambers were then exposed to fluorescent
lights (~90 μmol quanta m−2 s−1 PAR) and O2 was monitored
for 60 min to estimate net primary productivity (NPP).
Respiration (R) and NPP were calculated as the slope of
the change of O2 concentration over time per total surface
area of the tile and adjusted to milligrams of O2 per centimeter
per hour during dark and light periods, respectively [7]. Gross
primary production (GPP) was calculated as NPP + R.
Biomass-specific GPP (mg O2 h

−1mg Chl a−1) was calculated
by dividing GPP per total Chl a on the tile. Since algal growth
in the wetland where tiles were incubated is commonly N
limited or N and P co-limited, ammonium (NH4

+) uptake
potential was used as a measure of the periphyton’s nutrient
demand. Ammonium uptake rates were measured immediate-
ly following metabolism measurements. Water (0.35 L) was
removed from each chamber and a NH4

+ spike was added to
raise water concentrations by 20 μg L−1. Filtered water sam-
ples were taken at approximately 45, 90, 120, and 150min and
frozen until analyzed using the indophenol blue method [1].
Ammonium uptake rates were calculated from the slope of the
natural log transformed NH4

+ concentration versus time and
adjusted to micrograms of NH4

+ per square meter per hour
[40].

Infrared Microspectroscopy

On days 2 and 6, a 1-cm2 section from each tile was scraped
for IMS analysis. Scrapings from all tiles in each treatment
were combined in a scintillation vial and volume adjusted to
10 mL with filtered (0.47 μm) spring water. The vial was
shaken and an aliquot was placed on an infrared reflective
glass slide (MirrIR; Kevley Technologies, Chesterland, OH,
USA). Slides were immediately dried at 60°C for 1 h and
stored in a desiccator until analysis. Only treatments from
CON, NUT, HA, and NHA were processed due to limited
synchrotron time availability.

The macromolecular composition of the pennate diatom
(Navicula sp.), filamentous cyanobacteria (Hapalosiphon sp.),
and filamentous green alga (Mougeotia sp.) were assessed
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with IMS. Infrared microspectroscopy was conducted on
beamline U2B at the National Synchrotron Light Source at
Brookhaven National Laboratory, Upton, NY. This beamline
was equipped with a Continμum IR microscope optically
interfaced to aMagna 850 FT-IR spectrometer (Thermo Fisher,
Madison, WI, USA). Spectra were taken in reflection/absorp-
tion mode with a resolution of 6 cm−1 and 128 scans co-added.
Confocal image plane masking was used (5×10 μm or 10×
10 μm depending on cell size), and the aperture rotated so the
cell completely filled the masked area. Spectra of 15–20 indi-
vidual cells from each species were collected from each of the
four treatments on each date.

Data Analysis

Chamber Structure and Function Analysis

The individual and interactive effects of atrazine and
nutrients on Chl a, GPP, R, and NH4

+ uptake were com-
pared using two-way analysis of variance (ANOVA, JMP
9.0, SAS Inc.), with factors being the presence/absence of
atrazine and nutrients [55]. Separate ANOVAs were used for
LA and HA treatments to identify trends in low and high
atrazine concentrations. For example, one test included
CON, NUT, LA, and NLA, and the other test CON, NUT,
HA, and NHA. Significant (p>0.05) ANOVAs were further
compared with Tukey post hoc comparisons to determine
differences in treatment means (JMP 9.0, SAS Inc.).

Infrared Band Assignments and Spectra Analyses

Much of the distinguishing biochemical information in algae
is found in the 1,800–900 cm−1 spectral region [39]. This
region contains major infrared absorption peaks for protein
(amide I ~1,650 cm−1 and amide II ~1,550 cm−1), carbohy-
drate (C–O–C bonds ~1,200–900 cm−1), lipid (ester carbonyl
~1,730 cm−1), phosphodiester bonds (phosphorylated storage
products and nucleic acids ~1,240, 1,080 and 950 cm−1), and
in diatoms, a siloxane peak (~1,150–1,000 cm−1). Additional
vibrations from various methyl, methylene, and carboxylic
group peaks from proteins and lipids occur from ~1,460 to
1,300 cm−1. Functional groups and spectral ranges are detailed
in Table 1.

Spectra baseline oscillations and dispersion artifacts due
to resonant Mie scattering [3] were observed. These spectral
distortions arise when the cell size approaches the infrared
wavelength, and cause increased scattering of electromag-
netic radiation. Resonant Mie scattering was corrected using
the RMieS–EMSC algorithm presented in [3]. The average
of all spectra from a species, manually baseline corrected,
was used for the reference spectrum for the RMieS correc-
tion. Following RMieS correction, spectra were normalized
to a minimum of 0 and maximum of 1. Biochemical differ-
ences in each species across treatments were initially
assessed by plotting the average spectrum of each treatment
for each species (1,800–900 cm−1). Treatment effects were
further differentiated with principal component analysis

Figure 1 Experimental setup. Day 0—30 periphyton-covered tiles
from a wetland were used to establish six nutrient and atrazine treat-
ments. Individual chambers with a single tile were placed in an incu-
bator. Days 2 and 4—on each day, chambers were drained and initial
treatment conditions re-established. Day 6—algal assemblage respira-
tion and primary productivity were estimated by measuring changes in

dissolved oxygen in the dark and light, respectively. Next, ammonium
uptake rates were estimated. During measurements, water was circu-
lated with a magnetic stirbar and a stirplate. Finally, two 1-cm2 areas
were scraped from each tile and used to measure algal composition and
infrared microspectroscopy. The remaining tile was used for chloro-
phyll a measurements. See text for experimental details
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(PCA) of second derivative spectra (Savitsky–Golay algo-
rithm, 29 smoothing points). One PCA was performed for
each species (JMP 9.0, SAS Inc.). Loading plots were used
to indicate bands or regions of the spectra (i.e., macromole-
cules) that contributed most to spectral differences among
treatments for each species.

Results

Between atrazine additions, slight degradation was noted.
Atrazine averaged ~8 μg L−1 in the two low atrazine treat-
ments and ~76 μg L−1 in the two high atrazine treatments on
days 4 and 6 (Table 2). Dissolved inorganic N concentrations
remained relatively consistent and averaged 508 and 132
μg L−1 in nutrient amended and non-amended treatments,
respectively. Dissolved inorganic P matched additions on
day 4 with averages of 14 and 44 μg L−1 PO4–P in non-

amended and nutrient amended treatments respectively; how-
ever, there was no difference among treatments on day 6, with
an average of 43 μg L−1 in both non-amended and amended
treatments. Total N concentrations were high in spring water
due to a substantial organic N content (mean 843 μg L−1) and
may have been a source of additional N for periphyton,
reducing the influence of added nitrate.

Assemblage Structure and Function

Nutrients and low atrazine significantly affected tile Chl a
(F3, 1605.51, p00.008). Nutrients had a stronger positive
impact increasing Chl a 43% and low atrazine increasing
Chl a 23% (Fig. 2). There was also a significant interactions
effect (p00.008), as atrazine reduced the positive effect of
nutrients (NLA similar to LA). A significant interaction
between nutrients and high atrazine treatments also occurred
(F3, 16011.93, p00.012). Chlorophyll a in HA treatments

Table 1 Infrared microspectro-
scopy macromolecular band
assignments

Band assignments taken from [5,
9, 12, 19, 57]

v symmetric stretch, vas
asymmetric stretch, δ
symmetric deformation (bend),
δas asymmetric deformation
(bend)

Wavenumber range Band assignment Functional groups

1,745–1,734 v C0O of esters Membrane lipids, fatty acids

1,720–1,700 v C0O of esters Carboxylic group of esters

1,655–1,638 v C0O Protein (amide I)

1,545–1,540 δ N–H, v C–N Protein (amide II)

1,456–1,450 δas CH2, δas CH3 Lipid, protein

1,460–1,392 v C–O Carboxylic group

1,398–1,370 δ CH3, δ CH2/δ C–O Proteins, carboxylic groups

1,320 v C–H, δ N–H Proteins (amide III)

1,244–1,230 vas P0O Nucleic acids, phosphoryl group

1,200–900 v C–O–C/vas P0O Polysaccharides/nucleic acid

1,150–1,000 v C–O/v Si–O Polysaccharides/siloxane

1,090–1,030 v P0O Nucleic acids

1,090–1,020 v Si–O Siloxane

980–940 P–O–P Polyphosphate

950 v Si–H/v Si–OH Silane/silanol

Table 2 Nutrient and atrazine concentrations in chambers

Control
(CON)

Nutrients
(NUT)

Low atrazine
(LA)

High atrazine
(HA)

Nutrients and low
atrazine (NLA)

Nutrients and high
atrazine (NHA)

Atrazine (μg/L) 0.0 0.0 7.7 (3.2) 71.4 (27.8) 8.2 (2.7) 79.8 (27.6)

NH4–N (μg/L) 1.8 (2.9) 0.4 (1.3) 0.0 0.1 (0.3) 0.0 0.0

NO2–N (μg/L) 2.9 (2.6) 2.9 (2.1) 2.6 (2.9) 2.9 (2.7) 3.2 (2.6) 4.7 (5.9)

NO3–N (μg/L) 114 (16) 500 (66) 119 (32) 163 (48) 515 (73) 508 (35)

PO4–P (μg/L) 17 (10) 40 (15) 24 (26) 32 (22) 39 (22) 38 (19)

Total organic N (μg/L) 843 (430) 594 (314) 426 (131) 418 (66) 371 (45) 392 (32)

Total P (μg/L) 63 (33) 90 (4.7) 39 (18) 34 (2.9) 57 (31) 62 (34)

Total N (μg/L) 961 (426) 1,102 (280) 548 (151) 592 (107) 890 (101) 905 (35)

Measurements were taken on days 4 and 6, with initial conditions reestablished following sampling (n010). Values are means with standard
deviations in parentheses
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was 10% less than controls, but the difference was not
significant. NHA Chl a levels, however, were significantly
less that in NUT, and similar to HA. Cell biovolume trends
were similar to Chl a in that CON and HA treatments had
the lowest biovolume (Table 3). However, the greatest bio-
volume occurred in NLA and NHA mixtures. Mixtures had
more filamentous and colonial green algae, filamentous
cyanobacteria, and pennate diatoms. Pennate diatom biovo-
lume was greatest in the NUT treatment. Although large
Micrasterias hardyii were present in all treatments, cells
were devoid of all contents and were likely dead. Infrared
analysis confirmed no internal contents, and M. hardyii
were excluded from analyses. Despite differences in Chl
a and composition, there was no significant difference
in assemblage-level areal (F5, 2400.63, p00.68) or biomass-
specific GPP (F5, 2400.66, p00.65), respiration (F5, 2400.89,
p00.50), or ammonium uptake (F5, 2200.31, p00.31) poten-
tial among treatment (Table 3).

Infrared Microspectroscopy

The three algal species assessed with infrared analysis,
Navicula sp. (pennate diatom), Hapalosiphon sp. (filamen-
tous cyanobacteria), and Mougeotia sp. (filamentous green),
responded to nutrient and atrazine additions in both cell
growth and biochemistry. Navicula biovolume was greater
in NUT, and Hapalosiphon and Mougeotia biovolume and
abundance was greater in all amendments compared to CON
(Table 4). Average infrared spectra of each alga from each
treatment are shown in Fig. 4. Navicula spectra were nor-
malized to the silica band at 1,064 cm−1, and Hapalosiphon
and Mougeotia spectra were normalized to the amide I band
at 1,633 and 1,640 cm−1, respectively. Only Navicula had a

Figure 2 Six-day mean chlorophyll a from tiles (n05). Asterisks
denote significant individual effect of nutrients or atrazine. Int denotes
significant nutrient and atrazine interaction effect (p00.05). CON
control, NUT nutrient, LA low atrazine, NLA nutrient and low atrazine,
HA high atrazine, NHA nutrient and high atrazine. Error bars are one
standard error
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strong treatment response on day 2. Compared to CON, HA
spectra diverged most at day 2 (Fig. 3a), and NUT diverged
most at day 6 (Fig. 3b). Differences in Hapalosiphon mean
spectra were not as distinct; however, all treatment spectra
differed considerably from CON in the 1,300–1,000 cm−1

region (Fig. 3c). ForMougeotia, NHA spectra had the greatest
departure from CON, mainly in the 1,500–1,200 cm−1 region

(Fig. 3d). Second derivate spectra corroborated treatment
differences observed in the raw spectra (Fig. 4).

Principal component analysis of second derivative spectra
showed treatment differences were strong for Navicula (both
days 2 and 6), and moderate for Hapalosiphon (Fig. 5). Mou-
geotia had no differences among treatments (data not shown).
Since PCAs were performed on second derivatives (which

Table 4 Cell biovolume and
abundance for the three algal
species analyzed with infrared
microspectroscopy

Control (CON) Nutrients (NUT) High atrazine (HA) Nutrient and high
atrazine (NHA)

Cell biovolume (μm3 cm−2)

Navicula sp. 1.03×109 1.20×109 1.00×109 1.03×109

Hapalosiphon sp. 3.06×108 1.15×109 1.48×109 1.12×109

Mougeotia sp. 6.82×108 1.83×109 2.33×109 2.67×109

Cell abundance (cells cm−2)

Navicula sp. 1.73×106 1.85×106 1.60×106 1.76×106

Hapalosiphon sp. 2.12×104 8.33×104 1.09×105 5.73×104

Mougeotia sp. 1.56×104 1.89×104 3.97×104 3.90×104

Figure 3 Spectra mean of
algae from the control, nutrient,
high atrazine, and nutrient and
atrazine treatments for a diatom
(day 2), b diatom (day 6), c
cyanobacteria (day 6), and d
green filament (day 6). See
Table 1 for peak assignments.
CON control, NUT nutrient, HA
high atrazine, NHA nutrient and
high atrazine
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produce negative absorbance bands), a positive PC score cor-
responded to the negative loading for that band and vice versa.
HA initially had a large impact on Navicula, with decreased
anti-symmetric PO2

− bands (1,225–1,250 cm−1, phospho-
diester bands typically associated with nucleic acids) and
CH2 and CH3 bands associated with the methyl and methylene
groups of proteins and lipids (MMGPL, 1,439, 1,390, 1,340,
and 1,295 cm−1, PC1, 17%), and increased absorbance in C–O
stretching vibrations associated with carbohydrates (1,196 and
1,115 cm−1, Fig. 5a, PC2, 11%). NUT and NHA decreased
ester carbonyl (1,725 cm−1), amide II (1,550–1,500 cm−1), and
polyphosphate (PO4

3− symmetric stretching, 954 cm−1, PC2)
bands. By day 6, the influence of HAwas not evident andNUT
had the greatest effect on macromolecular content by increas-
ing MMGPL (1,454 and 1,393 cm−1) and carbohydrate
(1,140 cm−1) bands, and decreasing a phosphodiester band

(1,240 cm−1) relative to the other treatments (Fig. 5b, PC2,
12%). In Hapalosiphon, NUT, HA, and NHA treatments dif-
fered from CON with increased phosphodiester (1,240 cm-1)
and carbohydrate (1,150, 1,100, and 1,060 cm−1) bands
(Fig. 5c, PC3, 11%). There was also a weaker but still evident
separation of NUT and NHA treatments (PC1, 17%). Cells in
the NUT treatment had decreased protein bands at 1,606,
1,507, 1,438, and 1,361 cm−1 relative to the NHA treatment.
Although Mougeotia spectral means suggested a greater pro-
portion of MMGPL, and possibly phosphodiesters (1,458–
1,170 cm−1) in NHA, high variation in this region within
treatments led to little separation of PC scores.

Discussion

Assemblage Level

Algal assemblages had complex responses to mixtures of
atrazine and nutrients at concentrations found in agricultur-
ally dominated streams. Mixtures tended to increase total
biovolume similar to nutrients, but decrease Chl a similar to
atrazine. Also, despite compositional and biochemical
changes, no significant response in assemblage-level metab-
olism or ammonium uptake was detected in any treatment.
Contrasting results are not uncommon in algal assemblages
exposed to nutrient and atrazine [43, 54]. For example,
estuarine phytoplankton exposed to atrazine (25 μg L−1)
and nutrient (140 μg L−1 N and 93 μg L−1 P) mixtures
increased Chl a content [42], while in P-limited stream
benthic algae, negative effects of atrazine (100 μg L−1) were
still noted on Chl a at 300 μg L−1 P addition [22]. Teasing
apart effects of nutrients and atrazine on individual species
can help evaluate the mechanisms contributing to these
contrasting outcomes. Although the lack of effect on meta-
bolic rates here indicate possible functional redundancy,
observed compositional and cellular biochemical shifts
may alter algal edibility and accompanying nutrient transfer
to consumers [45].

Species Level

Algae have distinct cellular responses to atrazine and
nutrients. Although these pollutants act antagonistically in
terms of cellular growth, atrazine and low nutrient availabil-
ity has been proposed to cause similar biochemical changes
in algae [58]. At the macromolecular level, atrazine retards
photosynthesis, which reduces energy used to synthesize
proteins and perform other cellular work [48]. Therefore,
atrazine exposure may reduce macromolecular synthesis or
shift the proportion of macromolecular end products. In
algae, carbon is first incorporated into low molecular weight
(LMW) compounds such as amino acids, organic acids, and

Figure 4 Second derivatives spectra of treatment means. a Day 2
Navicula sp., b day 6 Navicula sp., and c day 6 Hapalosiphon sp.
CON control, NHA nutrient and high atrazine, HA high atrazine, NUT
nutrients
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monosaccharides. If N, P, and other micronutrients are
available, these LMW compounds are further transformed
into proteins and other growth-related macromolecules.
Otherwise, LMW compounds are increasingly converted
into carbohydrates or lipids as an energy reserve [10, 19,
20, 33].

Infrared microspectroscopy provided new insight into
physiological changes in individual algae following pollut-
ant exposure. Each species studied had varying macromo-
lecular responses that may contribute to assemblage-level

numerical dominance and nutritional quality. Navicula’s
initial response to atrazine fit predicted cellular shifts with
reduced relative phosphorus and protein content, i.e., lower
C/N and C/P ratios. Within 6 days, however, macromolec-
ular ratios were similar to those observed in control Navi-
cula. Nutrients alone had the greatest impact on cellular
content at day 6, increasing relative protein (i.e., N content),
which coincide with increased Navicula biovolume. In mix-
ture treatments, nutrients inhibited the negative atrazine
effect early, with NHA and NUT treatments both exhibiting

Figure 5 PCA scores and loading plots for a Navicula sp. (day 2), b Navicula sp. (day 6), and c Hapalosiphon sp. Percent of variation explained
by each factor is listed in parentheses. CON control, NUT nutrient only, HA high atrazine, NHA nutrients and high atrazine
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a decreased in energy storage molecules (i.e., lipid and
polyphosphate bands). By day 6, although atrazine alone
had minimal impact, it did negate the positive effect of
nutrients in mixtures. Overall, atrazine decreased the relative
N content in Navicula. Such N changes could potentially
alter the stoichiometry of algal assemblages or increase P
recycling from consumers that feed predominantly on small
diatoms [15, 16, 56].

In contrast to the Navicula results, the greatest biovolume
and abundance for Hapalosiphon was noted in the atrazine
treatment. As well, cells in nutrient, atrazine, and mixtures
had a similar macromolecular response, suggesting a more
nutrient-replete condition than control cells. Our results are
not surprising in that other studies have shown that atrazine
often stimulates cyanobacteria growth at sub-lethal concen-
trations. For example, atrazine (from ~10 to 100 μg L−1—
the same concentrations as our study) increased cell biovo-
lume in the cyanobacterium Synechococcus sp. over the
same time frame as our study (6 days) [32]. Macromolecular
responses in Hapalosiphon, however, were more complex
and slightly weaker than in Navicula. All treatments
increased phosphodiester bands (often associated with cel-
lular DNA) as well as carbohydrate bands. Increased carbo-
hydrate typically coincides with cellular nutrient limitation
[4, 53]. In cyanobacteria, such accumulation may be due to
photosystem II inhibition. This action can increase carbon
assimilation through non-photosynthetic uptake, and assim-
ilation is further stimulated with increased nitrogen avail-
ability [36]. Mixtures also slightly increased relative protein
content over nutrients alone. Atrazine can increase cyano-
bacterial N and P metabolism, resulting in more protein
accumulation and increased P uptake [48]. Increased protein
may also be a result of increased phycocyanin pigments,
which are created to maintain photosynthetic electron trans-
port in the presence of photosystem inhibitors [26]. Regard-
less of the mechanism, relative N and P content of
Hapalosiphon was increased in the presence of atrazine.
The impact of this increase on consumers, however, may
be limited to those that actually utilize Hapalosiphon, as a
food source. Given that cyanobacteria can be less edible than
diatoms or green algae due to toxin production, such
consumers may be few [8].

Although Mougeotia biovolume was greatest in the mix-
ture treatment, no corresponding trend in macromolecules
was noted across treatments as indicated by the high spectral
variation among individual filaments. Biochemical compo-
sition suggested that Mougeotia was not nutrient limited in
controls and not significantly affected by atrazine. In con-
trast, Hamilton et al. [25] found that Mougeotia sp. abun-
dance and biomass decreased with 147 μg/L of atrazine, but
only after 21 to 35 days of exposure, a much longer time
frame than our study. Response to herbicide treatment also
varies with cell age. Endo and Omasa [17], for example,

found that young green filamentous Spirogyra distenta
cells had greater loss in photosystem II yield than older
cells following exposure the herbicide DCMU. In our
study, physiological responses dictated by cell age might
have been greater than responses caused by the atrazine
treatments. More Mougeotia cells likely need to be
analyzed to determine patterns within this species. Bio-
chemical shifts due to additions were detectable in two
of the three species, with atrazine causing increased
relative N content in the cyanobacteria and decreased
N in the diatom. These biochemical changes suggest
that pollutants were indeed affecting assemblage physi-
ology after 6 days and potentially altering assemblage-
level nutrient stoichiometry.

Infrared Microspectroscopy Contributions to Algal Ecology

IMS provided several advances in understanding benthic
algal response to environmental change. First, it gave em-
pirical evidence that individual algal species within a natural
biofilm can have greatly varied physiological responses to
pollutant exposure. Therefore, IMS can improve the extrap-
olation of laboratory-based physiological tests to real-world
aquatic systems by incorporating inter- and intra-species
algal interactions. Secondly, IMS showed that although
algae can adapt their physiological responses over time,
rates and degrees of adaptation vary among species.
Species-specific responses suggest that biofilm composition
can be important in determining the assemblage response to
pollutants. Finally, IMS provided a new aspect of assessing
pollutant response using cellular biochemical shifts, which
can occur before changes in species abundance or assem-
blage function.

Increased sample throughput is key to applying IMS to a
species-specific approach. Presently, investigations of algal
assemblages with IMS will require well-planned methodol-
ogy to efficiently collect the large amount of data needed to
detect cellular trends. Despite this limitation, small-scale
benthic algae studies have successfully used IMS to look
at biochemical responses of individual cells in a diatom
colony (Fragillaria sp.) to reduced nutrients [37], and 15

nitrogen incorporation into single cells of the green filamen-
tous alga Cladophora glomerata [38]. Synchrotron radiation
was used in this study to achieve the spatial resolution
necessary for the smaller cells, ~5 μm. Synchrotron benefits
include increased spatial resolution and considerably faster
acquisition time. However, we were restricted in the number
of species assessed due to limited synchrotron accessibility
(3 days in this study). Ideally, all dominant species would be
analyzed to match biochemical responses with shifts in
community composition. Benchtop IMS units with a ther-
mal (globar) infrared source provide adequate spectra for
algal analysis. Minimum cell size is typically limited to ~10
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to 20 μm and requires slightly longer spectrum acquisition
times (typically 1 to 3 min per spectrum). Despite these
limitations, benchtop units are much more accessible, pro-
viding the time needed to study species-rich assemblages.

Defining a consistent response to atrazine and nutrient
mixtures in algal biofilms is difficult. Understanding species-
specific physiological responses in natural algal communities
can further elucidate the observed variation in atrazine
toxicity. Although IMS only gives the relative proportion
of macromolecular distribution when specimens of varying
thickness are used, it is a useful tool to assess the response of
individual algal species. Monitoring biochemical changes in
algae can be very useful to examine how low levels of a
pollutant can alter algal assemblages where stress, but
not mortality, occurs or where broader measures of assem-
blage change such as biomass or productivity may not be
detected.
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