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ABSTRACT: Effective modeling and management of phosphorus (P) losses from
landscapes to receiving waterbodies requires an adequate understanding of P retention
and remobilization along the terrestrial−aquatic continuum. Within aquatic ecosystems,
the stream periphyton can transiently store bioavailable P through uptake and
incorporation into biomass during subscouring and baseflow conditions. However, the
capacity of stream periphyton to respond to dynamic P concentrations, which are
ubiquitous in streams, is largely unknown. Our study used artificial streams to impose
short periods (48 h) of high SRP concentration on stream periphyton acclimated to P
scarcity. We examined periphyton P content and speciation through nuclear magnetic
resonance spectroscopy to elucidate the intracellular storage and transformation of P
taken up across a gradient of transiently elevated SRP availabilities. Our study
demonstrates that the stream periphyton not only takes up significant quantities of P
following a 48-h high P pulse but also sustains supplemental growth over extended
periods of time (10 days), following the reestablishment of P scarcity by efficiently
assimilating P stored as polyphosphates into functional biomass (i.e., phospho-monoesters and phospho-diesters). Although P
uptake and intracellular storage approached an upper limit across the experimentally imposed SRP pulse gradient, our findings
demonstrate the previously underappreciated extent to which the periphyton can modulate the timing and magnitude of P delivery
from streams. Further elucidating these intricacies in the transient storage potential of periphyton highlights opportunities to
enhance the predictive capacity of watershed nutrient models and potentially improve watershed P management.
KEYWORDS: phosphorus, periphyton, polyphosphate, pulse, P NMR

1. INTRODUCTION
The biogeochemical flow of phosphorus (P) from the
continents to the oceans is one of the most important
processes regulating the stability and resilience of the Earth
system.1 However, the flux of P from land to receiving
waterbodies has been dramatically altered during the last
century. Globally, the application of P fertilizer has increased
by an order of magnitude due to human and livestock
population growth and a commensurate intensification of
agricultural production.2,3 The resulting augmentation, and
changing speciation, of riverine P loads4−6 from agricultural
intensification has contributed to widespread eutrophication of
freshwaters and coastal zones.7,8 This has led to a concerted
multidecadal effort by scientists, landowners, and policy
makers to improve our understanding of P flows along the
land to ocean continuum and limit P export to aquatic
ecosystems.7

A considerable proportion of P exported from the landscape
is retained within streams and rivers. However, the quantity
retained is highly variable, both among watercourses and over
time.9−12 A variety of different physical and biogeochemical P-
retaining mechanisms have been identified, which contribute

to retention of total P (TP) within river channels.12−18

Collectively, these P retaining mechanisms result in a spatially
distributed set of legacy P pools within watersheds.19,20 Many
of the resultant storage mechanisms for legacy P pools are
transient thereby acting to buffer surface water P concen-
trations, loads, and speciation on time scales ranging from
minutes to decades.11,16,21−24 Instream P storage, with its
inherent temporal variability obfuscates the link between P
export from the land, downstream delivery, and impacts to
receiving water bodies, thereby rendering the whole watershed
nutrient management effort a considerable challenge.11,19,25

The current lack of a quantitative, mechanistic understanding
of many P-buffering mechanisms along the terrestrial to
aquatic continuum results in two key issues that limit the utility
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of watershed scale nutrient models as prognostic and
diagnostic tools to assist policy makers in P-management
decisions.
First, although assessment of long-term legacy P accumu-

lation and depletion using a mass balance approach has been
demonstrated in a number of watersheds (e.g., refs 26−28) few
models are able to determine the spatial distribution of legacy-
P within a watershed on time scales that can capture the
dynamics of transient-P pools influencing the seasonal timing
of P delivery to receiving water bodies. Second, due to an
incomplete understanding of the chemical and physical
characteristics of transient-P stores in watercourses, we have
limited capacity to evaluate the risk, and timing, of P
remobilization in response to changing hydrological, geo-
chemical, or climatic drivers. Therefore, to manage P more
effectively and mitigate eutrophication issues, we require a
more nuanced understanding of the processes influencing P
retention and remobilization along the terrestrial-aquatic
continuum.24,29

Among the processes recognized to regulate P loads and
concentrations in streams and rivers, assimilation by benthic
periphyton and resultant excessive growth under low and
subscouring flow conditions, has been identified as a pathway
of global relevance.30,31 However, the capacity of periphyton to
respond to temporally dynamic P concentrations in streams,
accumulate excess P under these conditions, and use that P to
sustain growth over time is still incompletely understood. This
is particularly true for mesotrophic and eutrophic streams, such
as those covering large areas of the watersheds of the Lower
Laurentian Great Lakes where the timing of P load delivery
exerts an important control on the recurrence of nuisance and
harmful algal blooms.32

Recent work has highlighted the potential of benthic
periphyton to accumulate excess P in oligotrophic streams in
response to short duration pulses of elevated P concen-
tration.33 Accumulation of excess P under conditions of high
availability (i.e., luxury uptake) has also been observed in
marine and freshwater phytoplankton34−39 in addition to
benthic algae.40−42 Luxury uptake is achieved through
intracellular conversion and storage of inorganic P molecules
as polyphosphate polymers.43 Polyphosphate accumulation
may therefore serve as an underappreciated mechanism of
transient P retention in streams that receive short duration
high concentrations inputs of P from overland flows or
episodic point sources. Despite this potential, there remains
considerable uncertainty in the factors that regulate poly-
phosphate accumulation in periphyton and in the subsequent
use of polyphosphate for the production of functional benthic
periphyton biomass.
The goal of our study was to experimentally evaluate the

response of benthic periphyton communities to dynamic P
concentrations by using artificial streams to simulate P loading
common to subscouring flow events occurring in natural
streams draining agricultural catchments. A secondary goal was
to identify the capacity of periphyton to store and subsequently
use P accumulated in excess of immediate requirements.
Specifically, our objectives were to (1) describe how
periphyton P uptake and assimilation respond to a range of
P concentrations delivered in short duration (48-h) pulses and
(2) evaluate how intracellular P speciation of benthic
periphyton changes with the assimilation and subsequent use
of P acquired during short duration, high P concentration
events.

2. MATERIALS AND METHODS
2.1. Experimental Design. A 26-day P addition experi-

ment was conducted in nine artificial streams (see section 2.2).
Initially, each stream received flowing surface water with a P
concentration of 10 μg L−1 soluble reactive phosphorus (SRP)
to allow periphyton to acclimate and establish under identical
conditions. After a period of 13 days, each stream received a
48-h pulse of surface water with an individual higher SRP
concentration (25, 50, 100, 150, 200, 250, 300, 400, or 700 ug
L−1 SRP) creating an experimental SRP pulse treatment
gradient. SRP concentrations were subsequently returned to 10
μg L−1 SRP for the remaining 11 days of the experiment. The
potential for N limitation was minimized by maintaining total
nitrogen at a constant concentration of 1500 μg N L−1, in
excess of established limitation concentrations.44,45 Exper-
imental SRP concentrations and the duration of elevated SRP
concentrations were based on event-flow monitoring data
collected from southern Ontario rivers draining agriculturally
dominated watersheds free from point source P contributions
where 10 μg L−1 SRP represented apparent background
concentrations and concentrations of 25 to 700 μg L−1 SRP
were observed during flow events.46−49

2.2. Artificial Streams. Our experiment was conducted
outdoors at the Thames River Experimental Stream Sciences
(TRESS) Center in London, Ontario, Canada from July 26 to
August 21, 2018. Artificial streams (N = 9) used to conduct
our experiment consisted of partially recirculating sinuous
flumes (0.15 m deep by 0.20 m wide by 7.0 m long) with a 150
L reservoir (2.5 h water residence time) that received a
continuous supply of low nutrient (TN = 406 μg L−1; TP < 1
μg L−1) carbon filtered water from the Lake Huron Water
Supply System delivered through individual diaphragm pumps
(pH = 7.93 to 8.08; alkalinity = 73 to 92 mg L−1 CaCO3).
Concentrated SRP (KH2PO4) was added to the water through
individual dosing pumps connected to the outflow of each
diaphragm pump and concentrated nitrogen (NH4NO3) was
added with a single dosing pump to the common water supply
of the facility. Flow rates of dosing and diaphragm pumps were
calibrated daily to maintain desired nutrient concentrations.
Water and nutrients delivered to each artificial stream were
circulated with a flow-controlled, impeller pump. Discharge,
light availability, daily water temperature, and substrate were
controlled among all artificial streams at 150 cm3/s, 60% shade
(63.3 ± 17.6 mol m−2 day−1), 21.5 °C (±1.0 °C), and cobble
(D50 = 46 mm), respectively.

Periphyton from multiple natural streams were used to
inoculate the artificial streams with biota adapted to regional
conditions following Pearce et al.15 (Table S1). Most of the
inoculum was obtained by relocating quarried river rock that
were anchored in plastic mesh bags (2 × 2 cm) in a nearby
stream (Medway Creek) for about 4 weeks before the
experiment. However, to increase community diversity,
additional periphyton inoculum were collected by removing
biofilm from randomly selected cobble substrates (5 to 10
cobbles) from five regional streams that varied in ambient P
concentration (19.6 μg L−1 TP to 229.5 μg L−1 TP). All
streams were indicative of P limitation with molar N:P ratios
ranging from 36 to 388.

Collected biofilms from each of the five locations were
mixed/blended into a slurry and distributed evenly among
artificial streams. Based on past experiments with the same
starting conditions (i.e., 10 μg L−1 SRP) as this experiment, the
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inoculum results in an algal assemblage that is approximately
65% Bacilliariophyta and 30% Chloropyhta.15 Charophyta and
Cyanobacteria make up the remaining fractions.15

Unglazed ceramic tiles (4.7 × 4.7 cm) were used as an
artificial substratum for periphyton. Tiles were placed on top of
the precolonized cobble substrate at the start of the experiment
immediately prior to the blended inoculum being added. Care
was taken to only use very coarse cobble substrate as to limit
the surface area available for abiotic sorption processes.

2.3. Sample Collection and Analysis. Periphyton was
sampled 1 day before, 1 day after, and 10 days after
experimental SRP pulses for periphyton P concentration and
biomass (i.e., chlorophyll a and ash-free dry-mass). Samples
collected for periphyton P speciation were restricted to just
those collected after the SRP pulses to provide sufficient
biomass for laboratory analyses. A composite and replicate
sampling approach was implemented to account for spatial
variability in periphyton communities within artificial streams.
Periphyton were collected in composite samples for each
analytical measurement by scraping a defined area of biofilm
from randomly selected unglazed ceramic tiles. Three replicate
samples were collected for periphyton P concentration,
chlorophyll a and ash-free dry-mass whereby each replicate
contained a composite of biofilm sampled from two separate
tiles (10.62 cm2). One sample was collected for P speciation
analysis with P NMR and contained approximately 15 mL of
wet biofilm sampled from five separate tiles.
Samples collected for periphyton P concentration were

analyzed following the total P method of Aspila et al.,50 and
reported as mass per periphyton dry weight. Briefly, samples
were freeze-dried for 48 h, ashed at 550 °C for 2 h, dissolved in
1.0 N HCl for 16 h then filtered to 0.45 μm. The resultant
solution was analyzed by ICP-OES after appropriate dilution.
Matrix-matched standards were used for all calibrations and
NIST validated solutions were used as controls. Analysis of
spiked samples consistently resulted in total P recoveries
within 10% of expected values and certified reference materials
analyzed during the same runs were within the certification
range.
Periphyton P concentration was used to estimate P net

uptake rate (U; μg-P m−2 s−1) based on the surface area
standardized difference in periphyton P concentration between
samples collected 1 day before and 1 day after the SRP pulse,
as well as between samples collected 1 day after and 10 days
after the SRP pulse. Therefore, the P uptake rate presented
herein represents the apparent uptake rate integrated over 48
and 240 h, respectively.
Samples collected for periphyton P speciation analysis were

flash frozen in liquid nitrogen, stored at −80 °C then freeze-
dried for 48 h prior to analysis. Freeze-dried biomass samples
were extracted for solution 31P NMR analysis following the
protocol detailed by Cade-Menun.51 This method has been
shown to be capable of detecting and quantifying a broad
variety of organic P forms in diverse environmental samples
including phosphonates, orthophosphate monoesters, ortho-
phosphate diesters, and polyphosphates.51−56 Briefly, 0.2 g of
dry biomass was mixed with 25 mL of extraction solution (0.25
M NaOH and 0.05 M Na2EDTA) and shaken at ∼21 °C for 4
h. The mixture was then centrifuged at 2300 g for 20 min, the
supernatant extracted by pipet, neutralized to pH 7 through
the addition of ∼2.5 mL of 3 M HCl to avoid the degradation
of polyphosphates and filtered to 0.45 μm (Nylon
membrane).57 A 1 mL aliquot of the filtrate was collected

for analysis of Al, Ca, Fe, Mg, Mn, and P concentration by
ICP-OES to assess P recovery from dry biomass and
concentrations of paramagnetic ions (Fe and Mn) which
influence NMR experiments. The NaOH−Na2EDTA method
resulted in near complete P extraction from biomass samples
with extraction efficiency approximately equal to that achieved
using the total P method detailed above (± 10%).50 The
remainder of the filtrate was frozen at −80 °C and freeze-dried
for 48 h. Prior to NMR analysis, the dry material was
redissolved in 0.650 mL of D2O, 0.325 mL of 10 M NaOH,
and 0.325 mL of extraction solution for 10 min, assisted by
occasional vortexing, then centrifuged at 2300 g for 20 min.
Subsequently, 1 mL of this solution, with an estimated pH >
12 was transferred to a 5 mm NMR tube for immediate
analysis.51

Solution 31P NMR spectra were acquired on a Bruker
Avance 500 MHz (11.74 T) Ultrashield NMR spectrometer,
equipped with a Quattro Nucleus Probe, operating at 202.45
MHz for 31P, at the University of Waterloo NMR facility.
Acquisition parameters were 90° pulse, 0.73 s acquisition time,
and 10 s pulse delay, using a power-gated decoupling sequence
at 25 °C. The acquisition parameters are similar to those used
by many other 31P NMR studies on environmental samples
(e.g., refs 51, 58, 59) and were chosen to achieve acceptable
spectra for the samples with the lowest P concentrations while
avoiding overly long NMR experiments which can result in
sample degradation due to hydrolysis at high pH.59 The pulse
delay time was set to 10 s to allow for near complete spin−
lattice relaxation for all species (at least 4 to 5× estimated T1)
to avoid saturation and ensure accurate quantification of each
compound class. T1 times were estimated at between 0.8 and
2.5 s based on P:(Fe+Mn) (w/v) ratios in NaOH-Na2EDTA
extracts of 1.7 and 7.6, using the relationship described in
McDowell et al.60 A total of 4096 scans were collected per
sample resulting in 12-h NMR experiments. Spectra were
processed with 10 Hz line broadening then phase and baseline
corrected using Bruker TopSpin 3.6.1 software. Relatively good
peak separation was achieved (Figures S1−S3), likely in part
due to relatively high P:(Fe+Mn) w/v ratios in biomass
samples resulting in slow relaxation times.60 Resultant peaks
were integrated using Fityk 1.2.1 software.61 P compound
classes were identified by their chemical shifts relative to an
external 85% orthophosphoric acid standard.51,62 Shifts of
−17.4 to −21.7 were classified as polyphosphate mid chain
groups (i.e., present in phosphorus storage molecules), −8.8 to
−10.5 as adenosine triphosphate (ATP) or similar molecules
involved in the electron transport train (e.g., ADP, NAD,
NADPH), −4.5 to −4.3 as pyrophosphate, −4.2 to −3.4 as
polyphosphate end groups, −1.8 to 1.15 as phosphate diesters
(e.g., DNA and phospholipids), 3.5 to 5.2 as phosphate
monoesters (e.g., phosphate sugars), and 6 as orthophosphate
(i.e., free phosphate in solution as well as contributions from
other phosphate containing compounds) (Figures S1 and S3).

The concentration of each P compound class was
determined by multiplying the combined fractional area of
all peaks within the corresponding chemical shift range for that
P compound class (e.g., 3.5 to 5.2 for phosphate monoesters,
corresponding to the integration of the red line in Figure S3A)
by the total P concentration for that sample. Compound class
assignments were verified by spiking replicate algal samples
with glucose 6 phosphate (G6P) and adenosine 5 triphosphate
(ATP) and comparing the resultant chemical shift to those
reported in the peak library provided by Cade-Menun.51 Care
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was taken to ensure that all peaks contributing to the signal
within each region were integrated to allow for a quantitative
comparison of compound classes between samples (Figure
S3). However, assignment of a specific compound to most
peaks was not attempted due to peak overlap, particularly in
the monoester and diester regions, and the limited number of
known compounds used as spikes.
Samples collected for periphyton biomass were frozen prior

to analysis. Chlorophyll a (Chl a) was determined through hot
ethanol extraction and fluorometric analysis.15 Thawed
samples were filtered onto Whatman GF/C filters and placed
in 50 mL centrifuge tubes with 10 mL of 90% ethanol.
Centrifuge tubes were partially submerged in a hot water bath
at 80 °C for 7 min. Chl a concentration was determined from
the liquid extract, which was diluted when necessary, with a
Turner Designs Trilogy Fluorometer (Model: 7200−000).
Ash-free dry-mass (AFDM) was determined through loss on
ignition. Thawed samples were filtered onto preashed
Whatman GF/C filter papers and dried at 105 °C for 24 h
and weighed. Samples were then ashed in a muffle furnace at
500 °C for 1 h and subsequently weighed to determine the
mass of organic matter lost on ignition.

2.4. Statistical Analyses. Null (intercept-only), linear, and
nonlinear (i.e., asymptotic, and logistic) least-squares regres-
sion models were used to evaluate trends in each of periphyton
P concentration, P speciation, P uptake, and biomass across the
experimental SRP gradient for the three sampling events.
Asymptotic and logistic regression models, common in algal
growth and uptake kinetics,63,64 were used to indicate if
nonlinear growth models better predicted the association
between periphyton and experimental SRP concentrations
than linear models. Regression analyses were performed in R
(version 3.6.1) with the stats package.
Null, linear, and nonlinear regression models were compared

through Akaike’s information criterion corrected for small
samples size.65 Models were evaluated based on AIC
differences corrected for small sample size (AICc) where
ΔAICc > 2 indicated poor model support.66 Relative
likelihoods and AIC weights (AICw) were estimated to
quantify the strength of support for each model and used to
calculate evidence ratios.67 These metrics were used to
determine the model that was more likely when two or more
models showed comparable support based on AICc (ΔAICc <

2). Adjusted R2 (pseudoadjusted R2 for nonlinear models)
were reported for the models selected by AICc. AICc
information were computed with the bbmle package in R.68

To evaluate the correspondence between observed periph-
yton biomass accrual and expected biomass accrual from
assimilated P,69 linear regression models were used to describe
the ratio between periphyton P consumption relative to the
biofilm P quota (independent) and the increase in periphyton
biomass (dependent) from 1 to 10 days after applying the
experimental SRP pulse treatment. Expected biomass accrual
from assimilated P can be ascertained from the use of cellular P
for replication. Cellular (algal and bacterial) replication
requires a 2-fold increase in inorganic nutrient content relative
to the cellular nutrient quota (i.e., minimum intracellular
nutrient concentration) to support one cell doubling.69 Thus,
under optimal conditions, there should be an approximately
2:1 ratio between periphyton P consumption relative to the P
quota of the biofilm and periphyton biomass accrual.
Periphyton P consumption and biomass accrual was
determined from the difference in the predicted values of
regression models fitted 1 day and 10 days after applying the
experimental SRP treatment. Percent biomass accrual was
estimated as the percent increase in Chl a and AFDM 10 days
after applying the experimental SRP treatment relative to the
biomass 1 day after. In contrast, periphyton P consumption
was estimated as the percent decrease in P content from 1 day
to 10 days after applying the experimental SRP pulse treatment
relative to the predicted P content 1 day before SRP addition.
P content before experimental additions was used to represent
the P quota of periphyton communities under ambient SRP
concentrations (10 μg L−1 P).

3. RESULTS
3.1. Effect of SRP Pulse Concentration on Periphyton

P Content. The day prior to 48-h SRP pulses, P concentration
in periphyton biomass was 1.29 ± 0.15 mg P g−1 (mean ±
standard deviation) (Figure 1). Regression model comparisons
indicated unambiguous support (ΔAICc > 2) for the null
model (AICw = 0.73), indicating consistent periphyton P
concentrations across experimental units prior to applying the
SRP pulse treatment (Figure 1A; Table S2).

The P uptake rate of periphyton ranged from 0.17 to 0.95
μg-P m−2 s−1 during the SRP pulse and <0.01 to 0.08 μg-P m−2

Figure 1. Periphyton P concentration (A) and periphyton P uptake (B) as functions of the experimental SRP gradient 1 day before (yellow), 1 day
after (green), and 10 days after (purple) applying the 48-h SRP pulse treatment. Solid trend lines represent the fitted regression model with the
strongest support and shaded areas indicate 95% confidence intervals. Dashed trend lines depict the null model. Error bars on observed points
equal ±1 standard deviation from sample replicates (n = 3). Note: Data from the 1 day before time point represent ubiquitous pretreatment SRP
concentrations (10 μg L−1).
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s−1 after the reestablishment of ambient SRP concentrations
(Figure 1B; Table S2). Regression model comparisons for P
uptake during the pulse indicated support for positive logistic
and linear models, but support for the logistic model (AICw =
0.49; pseudoadjusted R2 = 0.93) was stronger than for the
linear model (AICw = 0.36). P uptake approached an
asymptote of about 0.95 μg-P m−2 s−1 at a SRP pulse
concentration around 400 μg L−1. Regression model
comparisons for P uptake after the reestablishment of ambient
SRP concentrations indicated unambiguous support (ΔAICc >
2) for the null model (AICw = 0.89) across SRP pulse
treatments.
Periphyton P concentration increased 1.3 to 5.8-fold in

association with the 15 to 690 μg L−1 increase in surface water
SRP concentrations over the 48-h pulse (Figure 1A; Table S2).
Regression model comparison identified unambiguous support
(AICw = 0.97) for the logistic model between SRP pulse
concentration and periphyton P concentration 1-day after the
high concentration SRP pulse (pseudoadjusted R2 = 0.98).
Here, periphyton P concentration approached an asymptote of
about 7.60 mg P g−1 or 0.76% dry weight between pulse
concentrations of 400 and 700 μg L−1 SRP.
Ten days after the high concentration SRP pulse, periphyton

P concentration had declined 1.2 to 2.1-fold from concen-
trations observed 1 day after the SRP pulse (Figure 1A; Table
S2). However, periphyton P concentrations remained 1.0 to
3.2-fold greater 10 days after compared to prior to the SRP
pulse. Regression model comparison indicated unambiguous
support for a positive linear association between periphyton P
concentration and streamwater SRP concentration (AICw =
0.73; adjusted R2 = 0.96) 10 days after the SRP pulse.

3.2. Effect of SRP Pulse Concentration on Periphyton
P Speciation. After applying the SRP pulse treatment, the
relative contribution of individual P species to total periphyton
P concentration varied across the experimentally imposed
gradient of SRP concentrations (Figures 2 and S1). Periphyton
P speciation 1 day after was dominated by polyphosphates
(19−69% of total P) and phosphomonoesters (20−58%) with
lower proportions of orthophosphate (9−15%), phosphodiest-
er (1−6%), and other P species (1−3%). In contrast,
periphyton P speciation 10 days after was dominated by

phosphomonoesters (52−66%) with the relative proportion of
polyphosphates (6−25%) decreasing in comparison to the
previous time point. Orthophosphate (13−19%), phospho-
diesters (5−11%), and other P species (2−6%) comprised
smaller proportions of the total P content 10 days after
applying the SRP pulse treatment.

Periphyton polyphosphate concentration 1 day after
applying the SRP pulse treatment ranged from 0.3 to 5.2 mg
P g−1 (Figure 3A). Regression model comparisons indicated
near equal support for positive logistic (AICw = 0.48;
pseudoadjusted R2 = 0.98) and asymptotic (AICw = 0.40)
models of polyphosphate concentration as a function of the
SRP pulse treatment gradient. Periphyton polyphosphate
concentration increased over the SRP concentration gradient
and approached an asymptote of about 5.1 mg P g−1 between
pulse concentrations of 400 and 700 μg L−1 SRP. Periphyton
polyphosphate concentration decreased between samples
collected 1 day and 10 days after the applying the SRP pulse
across all artificial streams. However, the decrease in
polyphosphate was greater in artificial streams that received
higher concentration pulses. Ten days after applying the SRP
pulse treatment, periphyton polyphosphate concentration
ranged from 0.1 to 1.0 mg P g−1, and there was unambiguous
support for a positive linear association between polyphos-
phate and SRP pulse concentration (AICw = 0.91; adjusted R2

= 0.99).
Periphyton orthophosphate concentration 1 day after the

SRP pulse ranged from about 0.3 to 0.7 mg P g−1 with pulse
concentrations (Figure 3B). Regression model comparisons
indicated support for linear and logistic models. However,
support for a positive linear (AICw = 0.65; adjusted R2 = 0.74)
association between periphyton orthophosphate concentration
and SRP pulse concentration outweighed that of the logistic
model (AICw = 0.24). Periphyton orthophosphate concen-
tration 10 days after the SRP pulses (0.2 to 0.6 mg P g−1)
decreased about 1.2-fold in comparison to samples collected 1
day after. Regression model comparison indicated unambig-
uous support for a positive linear association between
orthophosphate and SRP pulse concentration (AICw = 0.94;
adjusted R2 = 0.86) (Figure 3B).

Figure 2. Composition of phosphorus content speciation (PolyP: polyphosphate, OrthoP: orthophosphate, Monoester: phospho-monoesters,
Diester: phospho-diesters) as functions of the experimental SRP gradient (A) 1 day and (B) 10 days after applying the 48 h SRP pulse treatment.
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In contrast, 1 day after applying the SRP pulse treatment
periphyton phosphodiester concentrations (0.09 to 0.16 mg P
g−1) did not differ across the SRP pulse concentration gradient
with unambiguous support for the null model (AICw = 0.91;
Figure 3C). However, periphyton phosphodiester concen-
trations increased between samples collected 1-day and 10-
days after the SRP pulses where artificial streams receiving
higher concentration SRP pulses had periphyton with greater
phosphodiester concentrations (0.08 to 0.25 mg P g−1). There
was support for null (AICw = 0.14), linear (AICw = 0.31),
asymptotic (AICw = 0.27), and logistic (AICw = 0.28) models
for periphyton phosphodiester concentration as a function of
SRP pulse concentration 10 days after applying the SRP pulse
treatment, but the positive linear model was most supported
based on AICw evidence ratios (adjusted R2 = 0.44) (Figure
3C).

Phosphomonoester concentrations (1.0 to 1.8 mg P g−1)
also did not differ as a function of the SRP pulse concentration
gradient 1 day after applying the treatment (Figure 3D). Both
null model (AICw = 0.53) and linear (AICw = 0.43) models
were supported here, but the null model had the highest
evidence ratio. Periphyton monoester concentrations did not
differ greatly between samples collected 1-day and 10-days
after SRP pulses (0.9 to 2.1 mg P g−1); however, there was
strong support for both positive linear (AICw = 0.60) and
asymptotic (AICw = 0.28) models for periphyton phospho-
monoester concentration as a function of SRP pulse
concentrations 10 days after applying the SRP pulse treatment.
The positive linear model fit was most strongly supported
(adjusted R2 = 0.90).

Length of polyphosphate chains, represented here by the
ratio of polyphosphate end groups to polyphosphate middle
groups,55,56 was also associated with SRP pulse concentration
both 1 and 10 days after applying the SRP pulse treatment
(Figure 3E). Polyphosphate chain length ratios ranged from
1.05 to 1.83 and 0.42 to 1.34 along the SRP pulse
concentration gradient for samples collected 1 day and 10
days after, respectively. For samples collected 1 day after
experimental SRP additions, there was unambiguous support
for a positive linear association (AICw = 0.61) between
polyphosphate chain length ratio and SRP pulse concentration
(adjusted R2 = 0.55). In contrast, there was support for positive
linear (AICw = 0.19), asymptotic (AICw = 0.48), and logistic
(AICw = 0.33) associations between polyphosphate chain
length ratio and SRP pulse concentration 10 days after.
However, the asymptotic model had the strongest support and
approached an asymptote at a middle:end polyphosphate
group ratio of about 1.30 around 400 μg L−1 SRP
(pseudoadjusted R2 = 0.86). The polyphosphate chain length
ratio decreased about 1.7-fold between samples collected 1 day
and 10 days after the SRP pulses.

3.3. Effects of SRP Pulse Concentration on Periph-
yton Biomass. Periphyton biomass was on average (±stand-
ard deviation) 2.50 ± 0.79 μg Chl a cm−2 and 0.50 ± 0.08 mg
AFDM cm−2 1 day before the SRP pulses. There was
unambiguous support that periphyton biomass was consistent
(Chl a: AICw = 0.90; AFDM: AICw = 0.81) across artificial
streams after acclimatization (Figure 4; Table S4).

The day after experimental SRP pulses periphyton biomass
averaged 5.90 ± 0.74 μg Chl a cm−2 and 0.94 ± 0.16 mg
AFDM cm−2. This represents an approximate doubling of Chl
a concentration and AFDM in all artificial streams in
association with SRP pulse additions. Neither Chl a nor

Figure 3. Periphyton (A) polyphosphate, (B) orthophosphate, (C)
phospho-diesters, (D) phospho-monoesters, and (E) middle:end
polyphosphate groups as functions of the experimental SRP gradient 1
day (green) and 10 days after (purple) applying the 48-h SRP pulse
treatment. Solid trend lines represent the fitted regression model with
the strongest support and shaded areas indicate 95% confidence
intervals. Dashed trend lines depict the null model. Error bars on
observed points equal ±1 standard deviation from sample replicates
(n = 3).
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AFDM were associated with SRP pulse concentration 1 day
after as indicated by unambiguous support for null regression
models (Chl a: AICw = 0.87; AFDM: AICw = 0.90) (Figure
4).
Ten days after SRP pulse additions, Chl a and AFDM had

increased in all mesocosms and ranged from 12.81 to 19.38 μg
Chl a cm−2 and 2.39 to 3.20 mg AFDM cm−2, respectively.
There was unambiguous support for a positive linear
association between Chl a and SRP pulse concentration
(AICw = 0.77; adjusted R2 = 0.75) 10 days after SRP pulse
additions. Similarly, a positive linear association between
AFDM and SRP pulse concentration was supported (AICw =
0.55), and while the null (AICw = 0.42) model was also
supported, the linear model was 1.3-fold more likely (adjusted
R2 = 0.37) (Figure 4).

3.4. Periphyton P Assimilation from SRP Pulses.
Periphyton P concentrations decreased 1.2- to 2.1-fold

between 1 day and 10 days after experimental SRP pulses,
whereas periphyton biomass increased 2.1- to 3.6-fold over the
same period. Fitted values from regression models (Figures 1A
and 4) revealed that the periphyton P quota (i.e., the quantity
of P taken up between 1 day before and 1 day after SRP
pulsing) was associated (adjusted R2 > 0.86) with the quantity
of biomass accrued from 1 day to 10 days after experimental
SRP pulses for both Chl a and AFDM. However, regression
coefficients from these linear models indicated that the ratio
between periphyton P consumption (relative to the biofilm P
quota) and periphyton biomass accrual was 2.84:1 for Chl a
and 4.05:1 for AFDM, about 30% and 51% higher than the
optimal 2:1 ratio required for cell doubling69 (Figure 5).

4. DISCUSSION
P concentration in streams is rarely constant over time or as a
function of flow. P exhibits highly variable concentration-
discharge relationships dependent on multiple factors.70,71

Therefore, many stream bed environments are exposed to
periods of P abundance and scarcity even over short time
periods of hours or days. Our study of periphyton P uptake
during simulated short-duration, high concentration events
after a period of low P concentration demonstrates that
periphyton communities can respond rapidly to changes in
surface water P concentration and are therefore well adapted to
natural oscillations in P availability (Figure 6). Specifically, we
observed that periphyton communities not only take up
significant quantities of P beyond their immediate growth
requirements during short periods of high SRP exposure, but
they then sustain growth by assimilating stored P (i.e.,
polyphosphates) into P containing biomolecules (i.e.,
phospho-monoesters and phospho-diesters). Indeed, our
study shows that a single high concentration, short duration
event can sustain increased periphyton growth for at least 10
days. Further, we have elucidated an upper limit in the
intracellular storage of P as polyphosphate and inefficiencies in
its subsequent use in the production of functional biomass.

4.1. P Uptake by Biofilms. We observed that internal P
concentration in periphyton increased by as much as 5.8-fold

Figure 4. Periphyton biomass as measured by (A) chlorophyll a (Chl
a) and (B) ash-free dry-mass (AFDM) as functions of the
experimental SRP gradient 1 day before (yellow), 1 day after
(green), and 10 days after (purple) applying the 48-h SRP pulse
treatment. Trend lines represent the fitted regression model with the
strongest support and shaded areas show 95% confidence intervals.
Dashed trend lines depict the null model. Error bars on observed
points equal ±1 standard deviation from sample replicates (n = 3).
Note: Data from the 1 day before time point represent ubiquitous
pretreatment SRP concentrations (10 μg L−1).

Figure 5. Difference between the theoretical (red line) association
and observed (dashed lines) associations of phosphorus consumption
(relative to the periphyton phosphorus quota) and biomass accrual
from 1 day to 10 days after applying the experimental SRP pulse
treatment.
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after exposure to 48 h of elevated SRP concentrations in
surface water, which equated to a maximum P uptake rate of
0.95 μg-P m−2 s−1. This resulted in total P concentrations of up
to 7.5 mg P g−1 periphyton dry weight and P uptake rates up to
20 times greater than those observed following the
reestablishment of ambient SRP concentrations (i.e., 10 μg
L−1). SRP uptake rates did not vary as a function of SRP pulse
concentration during the period after the pulse (Figure 1).
This indicates that additional SRP was only retained by
periphyton during the pulse period and not via uptake of SRP
retained within the flumes via abiotic mechanisms (e.g.,
sorption or precipitation to cobbles or channel walls). The
extent of uptake observed here highlights the potential for
periphyton to mediate P concentrations and attenuate loads in
low order streams during short duration, high concentration
events at subscouring flows. Elevated internal P concentrations
in periphyton have been reported in past mesocosm studies
assessing short duration increases in streamwater P concen-
trations.33,72−75 Moreover, our observed rates of P uptake are
within the range of those observed in field studies31,76−79 (e.g.,
0.06−1.47 μg m−2 s−1). However, we show that internal P
storage and redistribution within periphyton in response to the
short-term enrichment of SRP concentrations readily occurs in
environments with sufficient ambient P availabilities.
Periphyton P uptake increased in a nonlinear fashion in

response to the SRP concentration gradient, corroborating
several prior studies on algal responses to increasing surface
water P concentrations,63,80−82 including those of short
duration.34 Our results thus reaffirm that there is an upper
limit of P uptake by periphyton. However, our study identified
an upper limit in periphyton P uptake corresponding to surface

water SRP concentrations of approximately 400 μg L−1 SRP.
This value is over an order of magnitude greater than
saturation concentrations reported for periphyton growth at
static P concentration81 and is therefore strongly indicative of
luxury P uptake in response to sudden increased P availability.
While much higher than previously reported saturation
concentrations, 400 μg L−1 SRP also falls within the range of
concentrations commonly observed during high concentration
events in streams exposed to agricultural and wastewater
activities.46−49 Therefore, representation of this upper limit
may be required in mechanistic watershed models to accurately
account for the role of periphyton luxury P uptake in response
to sudden increase P availability in mediating P transport in
streams. However, our study only varied SRP concentration in
surface water and given that the synthesis of polyphosphate is
energy intensive, the potential influence of other conditional
factors (e.g., light availability and intracellular energy stores) in
limiting P uptake rate during periods of P abundance remain
uncertain.83 Indeed, results from studies of enhanced biological
P removal within wastewater treatment plants indicate that
even greater uptake of P is physiologically possible (e.g., 380
mg P gdry weight

−1 ; ref 3). Thus, P retention exceeding that
observed in our study may be plausible in natural environ-
ments under more favorable environmental conditions where
other constraints on P uptake rate are alleviated.

4.2. P Speciation. The proportion of polyphosphate, as
well the polyphosphate chain length, was observed to increase
in a nonlinear fashion along the SRP pulse concentration
gradient. Moreover, polyphosphate became the dominant P
species in periphyton at surface water SRP concentrations
greater than 150 μg L−1 SRP. The increasing relative
abundance of polyphosphate with surface water SRP
concentration is consistent with luxury uptake since P in
functional algal and bacterial biomass is normally dominated
by P monoesters.55,58 Although the concentration of
orthophosphate was found to increase linearly with the SRP
pulse concentration it is challenging to attribute this increase
to a particular process or compound as numerous phosphate-
containing compounds contribute signal to the orthophosphate
peak observed in 31P NMR spectra.57

Luxury uptake is a well described process in algae and
bacteria,34,35,43,83−85 particularly in environments with ex-
tremely high P and oscillating redox conditions, such as lake
and marine sediments, as well as wastewater treatment
facilities.85,86 Recent studies have also reported that luxury
uptake can occur in benthic stream environments where severe
P limitation is prevalent.33,87 The findings of our study extend
our knowledge of luxury uptake in streams by demonstrating
that (1) luxury uptake can occur even with sufficient ambient P
availability under well oxygenated conditions; (2) there is an
environmentally relevant upper limit to luxury P uptake; and
(3) P-stores resulting from luxury uptake in periphyton can be
substantial and likely modulate P spiralling in streams over a
broad range of trophic status.

Our results indicate that P stored following luxury uptake
(i.e., polyphosphate) during a 48-h high concentration SRP
event was converted to functional P containing biomolecules
(i.e., phospho-monoesters and phospho-diesters) over a period
of several days following the reestablishment of ambient
surface water SRP concentrations. Indeed, immediately
following the event there was no relationship between the
abundance of monoesters or diesters and the event
concentration. However, after 10 days a strong positive, linear

Figure 6. Solid lines indicate trends in periphyton biomass (green),
dominant intracellular P species (colored horizontal bar), and
biomass P concentration (yellow) in response to short increase in
surface water SRP concentration (blue) marked “Pulse”. Dashed lines
indicate trajectories in the absence of an SRP pulse. P concentration
within biomass increases dramatically during the pulse period due to
the rapid accumulation of polyphosphate within cells but does not
immediately result in rapid growth. Upon cessation of the pulse, P
stored in cells results in increases to biomass beyond that which could
be supported by surface water SRP concentrations alone. As biomass
increases and intracellular polyphosphate stores become depleted
after the pulse, phosphomonoesters return as the dominant P species.
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relationship between event concentration and P-esters (i.e.,
phospho-monoesters and phospho-diesters) was observed
coinciding with a marked decline in polyphosphate concen-
trations suggesting polyphosphate was partially converted to
these functional P containing biomolecules during a period of
increased growth (Figure S2). We did not attempt to quantify
or correct for the often observed degradation of phospho-
diesters, such as phospholipids and RNA, to phospho-
monoesters during alkaline extraction and analysis by 31P
NMR.59 Therefore, we do not report the phospho-monoester
to phosphodiester ratios derived from our spectra. Greater
amounts of the combined P-esters indicates that algal cells are
in a more resource replete state to support growth.88 We are
unable to comment on the rate of polyphosphate conversion to
P-esters during the 10 day post event period as we only
obtained samples at two time points for analysis. However,
polyphosphate stores were not completely depleted after 10
days with algal communities exposed to the high SRP pulse
concentrations having about 10 times more polyphosphate
than those exposed to low SRP pulse concentrations (Figure
S2). The retention of polyphosphate for a period of 10 days
indicates that polyphosphate stores may represent a useful P
reservoir for growth for considerably longer than has been
shown in previous studies.89

Further evidence for the conversion of polyphosphate into
P-esters comes from the proportion of phosphate occurring in
a terminal versus midchain position. Indeed, the proportion of
polyphosphate groups occurring in the terminal position
increased over the 10 day post pulse period indicating that
the polyphosphate chain length is decreasing alongside P-ester
production. This is consistent with the enzymatic hydrolysis of
polyphosphate chains by exopolyphosphatases which are
known to be processive, cleaving terminal phosphate groups.90

Periphyton biomass did not immediately respond to the
addition of P from the high concentration event, but like P-
ester concentrations, 10 days following the event periphyton
biomass was linearly associated with the SRP concentration
gradient. These relationships contrast with P uptake, which
was nonlinear and exhibited an upper limit at 400 μg L−1

surface water P. Yet, this disparity may be potentially explained
by the residual polyphosphate reserves that were particularly
prevalent in periphyton above this upper limit and may
represent unrealized P assimilation and growth potential
during our experiment. Our observations support previous
studies that have found that periphyton can utilize P loads
from high concentration events to generate significant
subsequent periphyton growth,15,33,72,73 growth that has been
posited to result in a mismatch between apparent low P
concentration and high periphyton biomass.11,91 This study
contributes a unique perspective on the potential role and
mechanism of polyphosphate storage and redistribution as
explanation for this discrepancy. In the absence of a clear
process for the internal storage and redistribution of P to
support growth, the relative importance of flow event loading
has not been fully recognized as an ecologically relevant source
of P, nor implemented in process-based watershed nutrient
models.
Based on our experimental results we were able to accurately

determine P uptake rates by periphyton during high
concentration events, but not the complete P mass balance,
as not all P was retained in periphyton. Indeed, the amount of
biomass produced after 10 days was about 30 to 51% less than
would be expected from the use of P for cellular replication

based on an increase of the P quota (sensu69). Several different
explanations for this missing P are plausible. For example,
Borchardt et al.,92 reported that P leakage in replete algal cells
(Spirogyra f luviatilis) was up to 3% of the P quota per hour
immediately following a P pulse where rates of sustained (i.e.,
several hours) leakage were <1%. As such, leakage or loss in
exudates could feasibly account for all missing P in our
experiment. Alternatively, the rapid growth induced by P
availability may have resulted in the sloughing of periphyton
and downstream export of biomass and associated P, or
stimulated grazing activity by benthic macroinvertebrates
(secondary production). Quantifying each of these potential
P redistribution mechanisms is thus necessary to determine the
ultimate fate of P within the watershed.

It should be recognized that a variety of factors beyond P
can limit periphyton growth.93 The responses observed in our
study represent those possible under environmental conditions
conducive to growth (e.g., high light availability, warm
temperatures, and stable flow). Many other factors (e.g.,
pulse duration, baseflow nutrient availability, flow velocity,
cellular energy reserves, and periphyton community structure/
composition) may influence the ecological potential of
periphyton communities to assimilate P from short-duration,
high concentration events.87,93 Thus, although extensive efforts
were taken to maximize realism of our artificial stream study,
further research is needed to ascertain the controls and extent
of the molecular mechanisms identified in our study in real-
world streams.

4.3. Modeling and Management Implications. The
rapid and extensive uptake of P observed in our experiment is
conceptually consistent with the watershed hydrology
literature. For example, lower magnitude flow events,
particularly during warm periods, have been associated with
anticlockwise P concentration-discharge hysteresis relation-
ships indicating rapid P uptake from the water column.94 In
contrast, clockwise hysteresis behavior during events, whereby
P concentration is higher during the rising limb than the falling
limb of the hydrograph, has been attributed to mobilization
and subsequent exhaustion of P accumulated in bed sedi-
ments.95 Hysteresis behavior and P export also varies with
antecedent conditions and event discharge, with longer dry
periods and larger events resulting in more pronounced
clockwise hysteresis and greater P transport.94−96 Indeed, while
the mobilization of bed sediments contributes to these
observed trends, the preceding accumulation of P in
periphyton and the subsequent scouring of this biomass may
warrant further consideration in the estimation of riverine P
loading.

Concentration-discharge relationships as they vary with
hydrological conditions are starting to be used to improve
accuracy of riverine P loading models (e.g., ref 97). However,
our results indicate that the storage of P in periphyton biomass
can occur far more rapidly during short-duration, high
concentration events with subscouring flows than would
occur under typical baseflow concentrations. Thus, we suggest
that P accumulation by periphyton is unlikely to occur at a
steady rate over time, but rather will vary as a function of P
concentration during subscouring flows. Therefore, accounting
for the number and magnitude of subscouring events with
elevated P concentrations prior to a scouring event could
improve loading estimates.

Our finding that stream biofilms are highly efficient at
accumulating P under subscouring conditions also highlights
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the importance of distinguishing between the P load
contribution of land-to-channel and in-channel pools during
scouring high flow events with which the majority of annual
load is associated.98 Indeed, the luxury uptake mechanism
identified herein may also partially explain why inclusion of
simple metrics of antecedent precipitation conditions into
loading models do not always improve model accuracy.97

While further work is required to determine the prevalence and
relative importance of this mechanism in real streams,
incorporating this conceptual understanding into river P
loading models may enhance model predictions of individual
event loads through a more sophisticated temporal representa-
tion of mobilizable P pools in river ecosystems.

5. CONCLUSIONS
There is increasing recognition that the complex biophysical
processes in stream ecosystems result in transient retention of
P, thus modulating the timing, speciation, and ultimate delivery
of P to recipient downstream ecosystems. Here, we elucidated
the biologically relevant P pools underpinning periphyton
luxury P uptake during short duration, high concentration
events. In doing so we have demonstrated that periphyton P
uptake has the potential to (1) act as a buffer between edge of
field P export and downstream waterbodies by decreasing peak
loads in subscouring events; (2) delay P delivery to
downstream waterbodies; (3) modify the speciation of the P
load from dissolved P to particulate that can be more easily
transferred to higher trophic levels and/or deposited into
sediments. The underappreciated extent to which stream
biofilms can contribute to transient P retention during episodic
P loading events highlights an opportunity to improve
management of P flows through watersheds and enhance the
predictive capacity of watershed nutrient models.
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