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Abstract

Nitrogen (N) and phosphorus (P) are significant pollutants that can stimulate nuisance blooms of
algae. Water quality models (e.g., WASP, CE-QUAL-R1, CE-QUAL-ICM, QUAL2K) are valuable
and widely used management tools for algal accrual due to excess nutrients in the presence of
other limiting factors. These models utilize the Monod and Droop equations to associate algal
growth rate with dissolved nutrient concentration and intra-cellular nutrient content. Having
accurate parameter values is essential to model performance, however published values for model
parameterization are limited, particularly for benthic (periphyton) algae. We conducted a 10-day
mesocosm experiment and measured diatom-dominated periphyton biomass accrual through time
as chlorophyll a (chl &) and ash-free dry mass (AFDM) in response to additions of N (range 5-
11,995 pg NO3-N/L) and P (range 0.89-59.51 pg SRP/L). Resulting half saturation coefficients
and growth rates are similar to other published values, but minimum nutrient quotas are higher
than those previously reported. Saturation concentration for N ranged from 150 to 2450 pg NO3-
N/L based on chl aand from 8.5 to 60 pg NO3-N/L when based on AFDM. Similarly, the
saturation concentration for P ranged from 12 to 29 ug-P/L based on chl &, and from 2.5 to 6.1 pg-
P/L based on AFDM. These saturation concentrations provide an upper limit for streams where
diatom growth can be expected to respond to nutrient levels and a benchmark for reducing nutrient
concentrations to a point where benthic algal growth will be limited.
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INTRODUCTION

Nitrogen (N) and phosphorus (P) are two of the most broadly problematic chemical stressors
in US streams and rivers (EPA 2016). Excess nutrients in fresh surface waters are positively
related to algal biomass accrual (Biggs 2000; Dodds, Smith et al. 2002; Stevenson, Hill et al.
2008), which could become a nuisance or even harmful. Conversely, streams characterized
by low N or P typically exhibit inhibited algal growth and are considered nutrient limited
(Francoeur 2001; Rier and Stevenson 2006; Stevenson, Rier et al. 2006). Primary producers,
such as benthic algae and macrophytes, are the most sensitive response indicators of nutrient
pollution in streams (EPA 2014). Researchers have linked excess benthic algae (periphyton)
to oxygen levels dropping below water quality standards and impaired recreation (Watson
and Berlind 1990; Suplee, Watson et al. 2009). Hence, excess nutrients or algal biomass in
the form of chlorophyll a (chl &) are causes of surface water impairment and the reason why
34 states, territories and the District of Columbia (D,C.) have adopted nutrient and chl a
criterion (https://www.epa.gov/nutrient-policy-data/state-progress-toward-developing-
numeric-nutrient-water-quality-criteria, accesses April 2019). While these standards are
mostly for lakes and reservoirs, 5 states (Arizona, Washington, Montana, Oklahoma,
Florida) have nutrient and chl a standards for some streams and rivers, and North Carolina,
Oregon, and D.C. have chl a standards for some streams and rivers.

Factors such as temperature, light, grazing, and scouring often mask the effects of nutrients
on algae growth, and these can vary within a stream as well as among streams. In addition to
the confounding effects of these factors, the nutrient-algae relationship is often difficult to
describe statistically because algal growth becomes independent of nutrient concentration
above saturating concentrations. As Welch and Bergmann (1989) observed, these difficulties
suggest that linking nutrient levels to periphyton biomass based on growth kinetics may be
more productive than links based solely on empirical relationships. Additionally, modeling
tools based on algal kinetics that distinguish the algal response due to changes in nutrient
concentrations from variations in light, flow rates, grazing, and other factors can be helpful
for restoring and maintaining the ecological and human resource potential of freshwater
ecosystems.

Surface water quality models are used extensively to understand and predict the effects of
dissolved nutrients in stream ecosystems. Model development is limited by available data for
a particular system with respect to both the number of parameters that can be calibrated
before reaching “equifinity” (multiple sets of parameter values that have the same
likelihood) and the range in each independent variable that can be simulated. Many of the
widely used models require the specification of algal growth rates as a function of nutrient
concentrations. These models use either the Monod equation, which assumes fixed
stoichiometry and relates algal growth to water column nutrient concentrations, or the Droop
formulation, which simulates algal growth rate as a direct function of algal nutrient
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stoichiometry and indirectly as agueous nutrient concentrations (Droop 1974). Models that
use the Monod formulation include the Water Quality Simulation Program, WASP (Martin,
Ambrose et al. 2006), CE-QUAL-R1 (Laboratory 1995), Chesapeake Bay three-dimensional
water quality model, CE-QUAL-ICM (Cerco and Cole 1994), and Hydrologic Simulation
Program Fortran, HSPF (Bicknell, Imhoff et al. 2005). The Droop formulation is included in
steady-state models such as QUAL2K (Chapra, Pelletier et al. 2008) and dynamic models
such as WASP (Martin, Ambrose et al. 2006; Cerucci, Jaligama et al. 2010). Most of these
models can simulate both phytoplankton, which is free-floating, and periphyton, which is
attached to the substrate, in rivers, lakes and estuaries. Both periphyton and phytoplankton
require nutrients and light, and both are subject to the same processes of growth, respiration,
excretion, grazing, and mortality. Therefore, they are modeled with the same general
equations, although the specific values of the model coefficients will vary (Bowie, Mills et
al. 1985). Periphyton are different from phytoplankton in several ways. They are attached to
the substrate and therefore do not transport with the flow, they receive only the light that
penetrates to the bottom of the water column, they are subject to space limitation, and
periphyton have losses due to scouring (Bowie, et al. 1985). These differences are handled
through the transport, light extinction, space limitation and scouring equations specific to
those processes. The nutrient requirements are similar in both phytoplankton and periphyton
and models apply the same Monod and Droop nutrient limitation equations to both
phytoplankton and periphyton. Since growth rate parameters can be quite different (Figure
1) between algal types, its incumbent on the people developing any of these models to
choose model parameters most suitable for the algal community being investigated.

While measurement of algal growth rates has been a long-standing objective of laboratory
and field investigations, significant gaps remain in terms of growth rates of /n-situ benthic
algal assemblages across stream types and the saturation of growth rates under high nutrient
concentrations. A review of literature found two studies that reported half saturation
concentration values for N (Bowie, Mills et al. 1985; Rier and Stevenson 2006) of which one
(Rier and Stevenson (2006)) was for streams dominated by diatoms. Similarly, we found
four studies (Rosemarin 1982; Bowie, Mills et al. 1985; Rier and Stevenson 2006; Hill and
Fanta 2008) that reported half saturation constants for P, of which two (Rier and Stevenson
2006; Hill and Fanta 2008) were from streams dominated by diatoms (Fig. 1A, Table S1).
Fortunately, all these studies reported growth rates (Fig. 1B, Table S1, S2). Finally, a review
of the literature for benthic algae minimum cell quotas yielded three studies (Gerloff and
Fitzgerald 1976; Wong and Clark 1976; Borchardt 1996) with reported values for N and five
studies (Gerloff and Fitzgerald 1976; Wong and Clark 1976; Auer and Canale 1982;
Borchardt 1994; Borchardt 1996) with reported values for P, none of which were measured
for a diatom dominated stream assemblage (Fig. 1C, Table S3,54).

The above summary of literature available to parameterize water quality models identified
some shortcomings. Many of the experiments were conducted in lentic systems, in the
eastern US, and some focused on a single green algae taxon (e.g., Cladophora, see Tables
S2-S4). Since all experiments impart artifacts into the data conditional on the experimental
environment (Schmidt, Rogers et al. 2018), it is important to observe similar findings under
a variety of experimental conditions; in this way general behaviors of algal community
response to nutrient addition or limitation can be identified and used in water quality
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models. Further, algal communities in rivers are a diverse assemblage of green algae,
cyanobacteria, and diatoms. Harmful and nuisance algal blooms are often dominated by
cyanobacteria and green algae (Pan, Stevenson et al. 1996), with diatoms, dominant in lower
nutrient headwater systems, considered one of the most sensitive classes of organisms to
pollution, while also showing great variation in community composition across the
continental US (Potapova and Charles 2002; Potapova, Charles et al. 2004; Potapova and
Carlisle 2011). The abundance, diversity, and nutrient sensitivity of diatoms are reasons why
they are used by many states to assess stream health and to develop numeric nutrient criteria
(Zheng, Gerritsen et al. 2008; Smith and Tran 2010; Charles, Tuccillo et al. 2019). In the
western US, diatoms can be the dominant algae in a river (Crayton and Sommerfeld 1979;
Fisher, Gray et al. 1982) and nutrient enrichment is increasingly becoming a problem in the
western US (Sickman, Melack et al. 2003; Baron, Driscoll et al. 2011), making the problem
a national issue (EPA 2016; Amos, Miniat et al. 2018). Thus, to make generalized model
parameters applicable to a wide variety of environmental conditions and assemblage
composition, we set out to estimate growth rate parameters derived from an
underrepresented type of algal community, a diatom-dominant community from a western
US river. Also, this information could help managers prevent algal community regime shifts
to filamentous green algae and cyanobacterial communities that contribute to harmful and
nuisance blooms (Didymosphenia geminate an exception).

Our objective was to enhance predictive models of the effects of nutrients on diatom-
dominated benthic algal communities through specific growth rate estimates. These model
parameters would improve tools available to local resource managers addressing headwater
streams with exceedances in nutrient or chl a standards. Specifically, we set out to estimate
parameter values for the two common models of algal growth rates, Monod and Droop, that
can be applied to benthic algal communities (diatom-dominated systems common to the US)
over a wide range of dissolved nutrient concentrations. The Monod equation is based on
Michaelis-Menten kinetics and expresses specific growth rate (4) as a function of nutrient
saturation:

_ C
H= ﬂmaxm (1)

where (12 is the maximum specific growth rate, C is the nutrient concentration, and (Kj)
is the half-saturation concentration constant (Droop 1974). The Droop equation relates
specific growth rate to the intra-cellular nutrient concentration, Q,

~ Qi
#= Bl = —57) @

where (@pmjr) is minimum concentration needed for algal growth and (i, ) is the maximum

growth rate given unlimited intra-cellular nutrient content (Droop 1974; Borchardt 1996).

To estimate the parameter values for the Monod (¢/axand Ks) and for the Droop (4, and

Omin) equations, we ran a 10-day stream mesocosm experiment and measured growth rates
of natural algal assemblages exposed to a range of N and P concentrations. Mesocosms are
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effective testing systems that bridge the artificiality of standard laboratory tests and the
complexity and intractability associated with field studies (Lamberti and Steinman 1993).
While some criticize mesocosms as being overly simplified versions of natural ecosystems
(Carpenter 1996; Schindler 1998; Haag and Matschonat 2001), mesocosms provide clear
advantages to observational field studies, mainly via the ability to manipulate variables of
interest and identify cause and effect relationships (Odum 1984; Mcintire 1993; Caquet,
Lagadic et al. 1996). An additional advantage to using mesocosms for measuring algal
growth is the ability to reduce ambient nutrient concentrations in the water, thereby allowing
measurements of algal growth rates at very low nutrient concentrations (Mulholland,
Steinman et al. 1991). Despite concerns of artificiality and scalability of mesocosm tests,
Spivak et al. (Spivak, Vanni et al. 2011) showed that algal responses to nutrient enrichment
in small scale experiments can be extrapolated to larger more natural aquatic systems.
Therefore, we expect that the parameter values for algal growth derived from this mesocosm
study can be applied to ecosystems with algal communities primarily composed of diatoms.

METHODS

Nutrient manipulation experiment

An annotated photo log of our methods is provided as Supplementary Information Fig. S1-
S3. This experiment was conducted between April 1 and April 11, 2016 at the USGS
Aquatic eXperimental Laboratory (AXL) mesocosm facility in Fort Collins, Colorado. AXL
is described in detail by Schmidt et al. (Schmidt, Rogers et al. 2018). In brief, nutrient
manipulations were carried out in 35 experimental stream units (n=35) constructed from 5-
gallon plastic buckets outfitted with a standpipe to result in a stream volume of 4.7L, and a
recirculation pump that generates a constant ~ 3 cm/s (calculated from pump rate 1325L/hr
and cross-sectional area of mesocosm) water velocity across the bottom of the stream. The
streams were distributed randomly among 4 Living Stream® bunks equipped with a chiller
that maintained a water temperature of 20°C (2 °C). Each Living Stream® was illuminated
with 4, 32-Watt natural spectrum fluorescent bulbs and 8, 54-Watt High Output natural
spectrum fluorescent bulbs on a 16:8 light:dark cycle, which provided an average
photosynthetically active radiation (PAR) of 79 umol s 1 m=2, a value while potentially sub-
saturating for some diatom species (Hill, Fanta et al. 2009) is just below that expected in full
sun (Hill, Roberts et al. 2011), and consistent with headwater streams which do not receive
full sun all day due to riparian cover. Stream bottoms were covered with fifteen 22.1 cm?
unglazed ceramic tiles for algal colonization.

Water was replaced continuously via two peristaltic pumps — one for unaltered river water
and one for treatment water — at 3 ml/min each for a total replacement rate of 6 ml/min, or
equivalent to a complete water turnover every ~12 hours. Water replenishment rates were
measured and recorded daily. Clean river water was collected from the upper Cache La
Poudre River in Northern Colorado, a relatively undisturbed stream northwest of Fort
Collins, CO and stored in the lab in 600-gallon polyethylene Ace Roto-Mold® tanks.

The experiment consisted of 4 control streams and 31 treatment streams in a regression
based design (Liber, Kaushik et al. 1992; Cottingham, Lennon et al. 2005) consisting of 8 N
treatments (0, 0.035, 0.07, 0.1, 0.5, 1, 5,10 mg N/L) and 4 P treatments (0, 10, 50, 100 ug
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P/L). Each N concentration was crossed with each P concentration but because we included
replicated controls, there was no need for the ON & OP treatment cross, thus the total number
of mesocosms was 35. Treatment water was prepared by adding stock solutions of NaNO3
(CAS 7631-99-4) and KH,PO,4 (CAS 7778-77-0) to 20L carboys of nutrient free deionized
(DI) water. Carboys of DI water contributed to each treatment whether treated with a stock
solution or not, thus diluting background N and P across all treatments. For example,
background nutrient concentrations (0.09 mg N/L, 5ug P/L) in the river water were diluted
by 50% (0.045 mg N/L, 2.5 ug P/L) in the controls. In addition, we added Na,SiO3 to each
carboy to obtain a concentration of approximately 15 mg/L SiO5 in each stream as a
safeguard against silica (Si) limitation (Kilham 1971).

On day 0, we collected a large sample of periphyton from an upstream montane location of
the Poudre River where algal assemblages are thinly dispersed on rocks and are diatom-
dominated (as measured by BenthoTorch, but see (Echenique-Subiabre, Dalle et al. 2016)).
Prior investigations (unpublished) using microscopy had determined low cyanobacteria
counts and that algae communities were dominated by adnate species (Medley and Clements
1998). Rocks were scrubbed into buckets of river water, passed through a #18 sieve to
remove macroinvertebrates, and diluted to 20 L. The periphyton was then transported back
to AXL in coolers where it was homogenized with an immersion blender and kept in
suspension using a motorized whisk. With the stream recirculation pumps halted, but
renewal water replenishing steams continuously, we removed 1 L of water from each stream
to prevent additions from overtopping stand pipes. Then, 500 ml aliquots of periphyton
slurry were randomly delivered to each stream. Two aliquots were collected and processed
for characterization of starting conditions chl &, particulate N and P as a measure of intra-
cellular nutrient content, dry mass (DM), and ash free dry mass (AFDM). Recirculation was
restored 2 hours after the addition of the algal inoculum, approximately simultaneous with
the time when renewal water would begin to over top the stand pipe.

On days 3, 5, 7 and 10 we collected water samples from each stream and measured pH,
specific conductance, temperature and PAR. Water samples were analyzed in situ for pH,
specific conductance and temperature using a portable Hach® HQ40d field meter. PAR was
measured using a Li-Cor Li-250A light meter held in the mesocosm at water level. Water
samples were collected and filtered (0.45 um) for nitrate (NO3-N), soluble reactive
phosphorus (SRP) and Silica (Si). Unfiltered water samples were collected for total nitrogen
(TN), and total phosphorus (TP). Nitrate was analyzed on a Dionex™ 1CS-3000 lon
Chromatograph by the Air, Water, and Aquatic Environments (AWAE, https://
www.fs.fed.us/rm/boise/ AWAE/labs/fortcollins.shtml) Biogeochemistry Lab in Fort Collins,
CO. Ammonium was analyzed by EcoCore Analytical Services (https://
ecocore.nrel.colostate.edu/), Colorado State University, Fort Collins, CO on an Alpkem
Flow Solution 1. TN was analyzed on a Shimadzu TOC-V Combustion Analyzer by
AWAE. SRP and TP were measured spectrophotometrically at AXL using standard methods
(APHA 1998) on a Hach® DR6000. Si was analyzed spectrophotometrically at AXL using
Hach® method 8185. Chl awas determined spectrophotometrically at AXL according to
EPA method 446.0 (Arar and Collins 1997).
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On Day 1, we measured initial chl 2and community composition by using a BenthoTorch
(bbe moldaenke®) to sample one tile for chl a. That tile was removed from the stream to
prevent re-sampling on subsequent days. These data were only used to verify the general
community composition. Periphyton samples were collected from 5, 4, 3, and 2 randomly-
selected tiles in each stream on days 3, 5, 7, and 10 respectively. The purpose of random
selection of tiles from within our circular streams was to control for how within stream
differences in velocity might affect algal accrual. The number of tiles removed at each time
period decreased from start to finish as a way to improve detection of changes in biofilms
during development. On sampling days, tiles were removed from the streams, placed in a
petri-dish, covered with aluminum foil and kept on ice until processed. Samples were
processed by scraping the periphyton off the top surface of each tile with a razor blade into a
beaker with 250 mL of deionized (DI) water, homogenized and continually mixed on a stir
plate, and subsampled (volumes recorded) onto two GF/F filters that were immediately
wrapped in aluminum foil and frozen. One filter was later analyzed for chl a, particulate P,
DM, and AFDM. The second filter was dried and ashed to measure DM and AFDM and
particulate P. On each sampling day an aliquot of periphyton was collected from each
experimental stream, dried and processed for total particulate N by an elemental analyzer
interfaced to a mass spectrometer at USGS labs in Denver, CO (Johnson, Stricker et al.
2018).

Estimates of growth rate parameters

Growth rate parameters for the Monod and Droop models (equations 1 and 2) were
calculated using 3 different methods: 1) a single stream specific growth rate (Stream)
calculated from data collected on day 3 through day 10 of the experiments; 2) incremental
growth rates (Incremental) calculated from data grouped into each time interval between
samples (day 3-5, day 5-7, and day 7-10); and 3) incremental growth rates (Max growth)
for days 3 and 5 (generally representing the maximum specific growth rate during the
experiment). Growth rates for day 1-3 were not used because of high uncertainty when
biomass was low.

For the (Stream) approach, specific growth rates (7) were calculated by a non-linear least-
squares (R Core Team 2015) fit of an exponential growth model (constant specific growth
rate) to biomass for day 3, 5, 7, and 10 of the experiment:

Ms,d = Ms’3exp<rt) ®3)

where (M ;) is biomass (chl aand AFDM) in stream (s) for (d) = days 5, 7, and 10, (M;3) is
biomass on day 3, and (4 is time in days since day 3. Incremental specific growth rates
(Incremental and Max growth) with units of per day were calculated for the change in
AFDM and chl gin each sampling interval (/)

where (M) was the mass of AFDM or chl a per square meter for sample (s) and (9 is the
time between samples in days.
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The nutrient concentrations used to estimate the parameters correspond to samples used to
calculate growth rates under each approach. The Stream approach used mean concentrations
of nitrate as nitrogen (NO3-N) and soluble reactive phosphorous (SRP) for days 3, 5, 7, and
10 to fit the model (n = 35 streams, Table 1). The (Incremental) approach related growth
rates among time intervals (3-5, 5-7, 7-10) with mean nutrient concentrations for those time
intervals while the (Max growth) approach related growth rates on days 3-5 to mean nutrient
concentrations on those days. Nutrient concentrations less than the method detection limit
(MDL) were set to 1/2 MDL (MDLs: SRP 1.78 ug/L, NO3-N 10 pg/L). Model parameters
are not sensitive to the MDL value.

The Monod and Droop equations (1 and 2 respectively) were fit to the stream specific
growth rates and stream mean nutrient concentration using non-linear least squares fit (R
Core Team, 2017). These equations rely on the presumption that growth rates are a function
of a single (primary) nutrient and the other (secondary) nutrient is not limiting. We enforced
this presumption by filtering streams with extremely high or low molar ratios of NO3-N to
SRP (Borchardt 1996); streams with N:P > 200 were excluded from the parameter estimates
for growth rate as a function of N; streams with N:P < 1 were excluded from parameter
estimates of growth rate as a function of P. We use molar ratios of dissolved N:P rather than
threshold concentrations to retain streams with low concentrations of both nutrients and to
exclude streams that may be saturated by the primary nutrient.

Photos of biofilm accrual across a gradient of treatments can be seen in Fig. S3. Dissolved
nutrients in the experimental stream waters spanned a wide range of concentrations (Table 1)
ranging from detection to ~12,390 pg/L NOs3-N and ~60 pg/L SRP. Intra-cellular particulate
nutrient concentrations were more constrained: ranging ~30 — 80 pg/mg for N and ~2-10
ug/mg for P. Specific growth rates generally increased with dissolved nutrient concentration
(Fig. 2) and intra-cellular particulate nutrient concentrations (Fig. 3). Water temperature and
pH averaged 20.2 °C and 7.92 (Standard Units) across streams respectively. Specific
conductance ranged from 52-158 uS/cm across streams, with variability explained by
additions of NaNO3 to achieve target N concentrations (R2=0.998).

Maximum stream specific growth rates based on chl a were ~ 0.6/day when NO3-N > ~500
pg/L (Fig. 2A) or SRP > ~7 pg/L (Fig. 2B). Lower maximum specific growth rates (<0.3/
day) were observed when based on AFDM and saturation (constant growth rate) was
indicated at lower nutrient concentrations than for chl & NO3N~100 pg/L (Fig. 2C) and
SRP~10 pg/L (Fig. 2D).

Biomass generally varied with nutrient concentrations and maximum growth rate
parameters, for both the Monod and Droop growth rates, maximum growth rate parameter
estimates had standard errors generally less than 30% of parameter values (Table 2).
Maximum growth rates estimated using the Stream approach, which averaged growth from
day 3 to 10 of the experiments (7 days), were lower than the estimates using sample
intervals, which included the 2- or 3-day interval with maximum growth rate in each stream.
Estimates of the Monod half-saturation constant, K, had greater uncertainty with standard
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errors ranging from 27% to 114% of parameter estimates. Estimates of minimum cellular
quotas, Qpmjn generally were more constrained for N than P (Table 2).

AFDM in streams with NO3-N > 100 pg/L demonstrated saturation (constant growth rate
despite increasing nutrient concentration indicated by an upper asymptote of the Monod
equation, Fig. 2C). The other combination of nutrients and responses (NO3-N/chl & SRP/chl
a, and SRP/AFDM) may have been close to saturation in streams with the highest respective
nutrient concentrations (Fig. 2A, 2B, and 2D).

Relations between growth rate and the primary nutrient (NO3-N in Fig. 2A and 2C and SRP
in Fig. 2B and 2D) were limited in some streams by the availability of the secondary nutrient
as expressed by the molar dissolved N:P ratio. Growth limitation was evident in streams
with high concentrations of NO3-N when molar N:P > 200 and in streams with high
concentrations of SRP when N:P < 1. Specific growth rates for AFDM appeared to be more
sensitive to nitrogen limitation in streams with high phosphorous availability (Fig. 2C) than
they were to phosphorous limitation in streams with high nitrogen availability (Fig. 2D).

Growth rates for both chl aand AFDM demonstrated relations to intra-cellular particulate
nutrients. The minimum intra-cellular nutrient quota for growth is ~ 34 g particulate N/mg
AFDM and ~ 1.7 ug P/mg AFDM for chl a (Fig. 3Aa and 3B). Very low specific growth
rates for chl a force the x-intercepts of the Droop equation (~38 pg/mg AFDM of particulate
N in Fig. 3A and ~ 1 pg/mg AFDM of particulate P in Fig. 3B) but lead to under-estimated
Qs at high nutrient concentrations (Fig. 3A and 3B). No streams had very low specific
growth rates for AFDM, so estimates of Q,are based on extrapolation of the Droop equation
and, thus, have greater uncertainty.

Intra-cellular (particulate) P availability did not appear to affect the relation between specific
growth rates and intra-cellular N (Fig. 3A and 3C, gray points fall on the regression line),
but intra-cellular (particulate) N availability may have limited growth rates in some streams
despite ample intra-cellular P (Fig. 3B and 3D, gray points fall below regression line).

Discussion

To be useful tools for maintaining the integrity of US freshwaters and help prevent nuisance
algal blooms, kinetic models must be applied with knowledge of the underlying equations
and accurate model parameters. The stream experiment presented here provided a much-
needed dataset to augment the limited number of empirical studies from which important
model variables have been derived. Our experiment demonstrated the dependence of early
growth rates of benthic algae (up to 10-days after colonization) on dissolved concentrations
of N and P (Fig. 2). The highest growth rates depended on the availability of both nutrients
indicated by a range of molar dissolved N:P from about 1 to 200. Growth rates as a function
of nutrient concentration for streams with N:P outside of this range were generally lower
than the growth rates of streams inside this range. Strong correlation of TN and TP to NO3-
N and SRP respectively (Pearson correlation 0.99 for NO3-N, TN and SRP, TP) indicate that
total nutrients could be used as the basis for modeling algal growth with a simple, linear
transformation: SRP = TP/1.09 — 6.8 and NO3-N = TN/1.05 — 54. In natural streams and
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rivers, however, correlations between dissolved inorganic nitrogen and TN or SRP and TP
will not be as strong because of the multiple sources (e.g., wastewater, agricultural runoff,
natural sources) of N and P to these ecosystems. AFDM had lower maximum specific
growths rates than chl &, suggesting models parameterized on growth rates derived from chl
amay over-predict algal accrual as compared to those parameterized based on AFDM
derived growth rates. For AFDM these rates ranged from 0.25 to 0.44 d~1 and for chl athey
ranged from 0.31 to 0.97. These rates fell within those observed by others (Fig. 1, Table S1
and S2).

The higher chl abased growth rates may be due to the ability of diatoms (but true of algae in
general) to regulate chl a content (i.e., changes in per cell chl a content) as conditions dictate
(Jesrgensen 1969). This variation in chl ais observed in the AFDM:chl a across these
experiments which ranged from 67 to 2260 with our highest AFDM:chl a (mg AFDM/mg
chl &) observed in day 10 and in the experiments with the lowest nitrogen doses. As nutrient
levels were increased, chl aincreased more quickly than AFDM resulting in higher growth
rates based on the former, and indicating that the periphyton was able to increase chl a faster
than they multiplied. Literature C:chl aranges of 20 to 100 have been cited for general
phytoplankton (Chapra 1997), and from 18 to 500 for diatoms (Bowie et al. 1985), similar to
what we observed (Table 1), lending further support to the case that this variation in chl a
would introduce inaccuracies to rates estimated from chl a. Because of this, the parameters
estimated with AFDM may be more accurate for estimating biomass than the parameters
estimated with chl a. Although algal chl a content is known to vary with conditions, many
water quality models hold the C:chl aratio constant, thus limiting the ability of these models
to accurately track algal biomass through time. Even though the rates from AFDM are likely
more accurate, in these models with constant C:chl g, the rates derived from chl a may
compensate for this limitation and produce better model results. Finally, in the field setting,
estimates of chl a could be more accurate than estimates of AFDM as the latter could be
confounded by sediment accumulation into biofilms.

Specific growth rates declined over the course of the experiments with the maximum
typically between day 3 and day 5, similar to Rier and Stevenson (2006). Applying the
Monod growth constants based on this 3 to 5-day period could tend to overstate the expected
growth at low nutrient concentrations without other limiting effects for long term,
continuous modeling. This is especially true for steady state modeling where flow and
nutrient concentrations remain constant over long periods. Thus, for long term steady state
model simulations and time varying modeling where nutrient concentrations remain steady
for days, using parameters estimated from the Stream approach, which are based on growth
from day 3 to day 10, would yield more accurate results. This does not appear to be an issue
with the Droop model, as minimum cell quotas are not very different based on the Stream
approach compared to the day 3-5 approach. Thus, the time-scale of application should be
consistent with time-scale of data when using a linear model (e.g., constant specific growth
rate). The Stream approach provides parameter values for applications where model time
scale is about a week for periods of initial biomass accrual. Models with a longer time scale
(e.g., monthly time step) would likely need to lower Gmax from the values estimated from
our experiments (Table 2).
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Excess nitrogen under dissolved phosphorous limitation (Fig. 3A, gray points) is not
expressed by increased intra-cellular particulate N (Fig. 3A); whereas intra-cellular
particulate P does indicate “luxury consumption” without an immediate growth benefit when
N:P <1 (Fig. 3B). Nutrient limitation and saturation can have significant management
implications because of diminished sensitivity in algal growth rates to changes in nutrient
concentration. By defining nutrient saturation when the growth rate is ninety percent of the

Hsat

maximum growth rate, = 0.9, the saturation concentration for a nutrient can be

max

computed from the Monod formulation as 9K (i.e. nutrient saturation occurs at about nine
times the half saturation concentration). Applying a factor of nine to the Monod equation,
the saturation concentration for nitrogen ranges from 150 to 2450 pg-N/L based on chl aand
from 8.5 to 60 pug-N/L based on AFDM. Similarly, for phosphorus the saturation
concentration ranges from 12 to 29 ug-P/L based on chl 4, and from 2.5 to 6.1 ug-P/L based
on AFDM. The wide range of saturation values reflects differences in the methods used. The
max growth method resulted in the lowest saturation values and is comparable to the method
used by Rier and Stevenson (2006). The stream approach used the growth rate over day 3 to
10 to represent growth over this longer period and is comparable to the approach by
Stevenson, Hill et al. (2008). The stream approach saturation values are much higher (1700
vs 150 pg-N/L and 29 vs 12 ug-P/L) than the max growth approach, especially for nitrogen..
The higher saturation values indicate that nutrient management may be effective in limiting
algal growth at higher concentrations than previously thought.

Algal growth rates in streams will be high where nutrient concentrations are above these
saturation concentrations, unless other factors (light, substrate stability, water quality,
diffusion limitation) inhibit growth. Moreover, growth rates will be insensitive to variation in
concentrations greater than saturation concentrations. These saturation concentrations
provide an upper limit for streams where diatom growth can be expected to respond to
nutrient levels and a benchmark for reducing nutrient concentrations to a point where algal
growth is limited. However, we should note that little is known about how differences in
community composition might cause changes in these upper and lower limits to saturation
concentrations. Moreover, if the ambient concentration of a nutrient is greater than the
saturation concentration, and nutrient reductions are implemented to a degree that results in
concentrations below saturation values, algal growth will begin to decline, resulting in a
potential water quality improvement (Hilton et al., 2006). For streams where water quality is
impaired because of algal growth in response to nutrient enrichment (rather than light or
water clarity, for instance), nutrient criteria would need to be less than these values to affect
algal growth. In cases where downstream loading is a concern, however, reduction in
nutrient concentration can be beneficial even if the concentration remains above saturation
levels for algal growth.

Most models developed to predict nutrient concentrations or algal biomass in freshwater
have utilized the Monod formulation due to its simplicity and often the lack of data on
luxury (intra-cellular nutrient concentrations) nutrient uptake (Cerucci, Jaligama et al. 2010).
However, utilizing the Droop formulation can improve prediction because of the important
role luxury uptake plays in regulating algal growth and nutrient removal from the
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environment under nutrient limitation conditions (Cerucci, Jaligama et al. 2010; Chyan,
Zhang et al. 2014). Thus, the publication of the estimated half-saturation constants, growth
rates, and intra-cellular nutrient concentrations observed for diatom-dominated benthic algae
in this study should make it easier for model developers to parameterize Droop models. Such
a tool would provide more accurate predictions to decision makers who implement strategies
to improve water quality and prevent nuisance algal blooms.

Our combination of experimental conditions and the use of a diatom dominant western US
river algal assemblage produced model parameters both consistent with the literature as well
as some values distinct from the literature. For example, the half saturation constants are
very similar to those produced by Rier and Stevenson (2006), who used a stream side
mesocosm approach and a diatom-dominated assemblage from the eastern US; whereas our
growth rate parameters are nearly a factor of 2 lower. It is not suspected that diffusion
gradients or self-shading from the accrual of thick algal mats limited our growth rates
(possible exceptions include day 10 observations at high nutrient exposures, Fig. S3), as our
experiments were conducted for a short duration targeting maximum growth rates of thin
film formation (Bothwell 1988; Bothwell 1989), nor that light limited growth rates as PAR
in our experiments were near saturation (Hill, Roberts et al. 2011). Finally, our minimum
cell quota for P and N were both higher than any reported. Given the paucity of data it is
unknown if our experimental conditions or our unique algal assemblage were the driver of
these differences, though perhaps it was a combination of both. Nonetheless, more studies
like these would be useful to help develop a more generalized understanding of how these
water quality model parameters change across experimental designs and types of algal
assemblages.

Conclusions

We applied nutrient-dose, mesocosm experiments on diatom-dominated periphyton from a
Northern Colorado stream to estimate growth rates, kinetic constants and saturation values.
The growth rates and parameters were determined from chl aand AFDM across growth
periods of 10-days and 2-day increments. Rates calculated from day 3 to 10 were lower than
rates calculated based on the maximum growth increment. This indicates that rates from
days 3-10 are more appropriate for longer term modeling, as models parameterized based on
the algal maximum growth period could overstate the longer term expected algae accrual.
Rates calculated from chl awere higher than AFDM rates which is likely due to the ability
of algae to regulate chl a content. This implies that rates from AFDM would be more
accurate for parameterizing models, especially models that account for variable chl a
content. Our mesocosm design proved to be an effective way to conduct experiments to
estimate model parameters, as our results are generally similar to those in the literature.
Finally, model parameters derived from these experiments can be used in water quality
models intended to predict diatom dominated-periphyton community responses to nutrient
additions in streams.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.

Relation between stream-mean dissolved nutrient concentration and stream specific growth
rate (/) estimated from biomass on days 3 to 10 as an exponential function of time since day
3. Specific growth rates calculated from the Monod equation (line) fit to streams passing a
molar N:P ratio filter (black points). Specific growth rates for streams not passing the filter

(gray points) were excluded from model fit and generally plot below
indicating secondary nutrient limitation.
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equation (line) fit to streams passing a molar N:P ratio filter (black points) to reduce
secondary nutrient limitation. Specific growth rates for streams not passing the filter (gray
points) were excluded from model fit and generally plot below the best-fit lines indicate
secondary nutrient limitation. Mean molar N:P is based on the dissolved nutrient

concentrations in the stream.
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Table 1.

Page 21

Experimental stream mean nutrient concentrations and specific growth rate estimates from an exponential
growth model. Means of aqueous nutrients are the average (n = 4 in most cases) concentrations observed in
experimental streams over the duration of the experiment and the result of treatments. Other means are for
periphyton (particulate) content and are also the average (n = 4 in most cases) of values observed over the
course of experiment.

B xR TR R
[Mg/L] [Mg/L] AFDM] AFDM] AFDM AFDM]
A5 7.8 0.9 34.4 2.0 197.1 16 0.138 0.037 0.191 0.025
B6 8.6 0.9 453 2.6 300.1 19 -0.103 0.043 0.134 0.01
C6 5.0 0.9 421 21 214.2 16 0.034 0.062 0.156 0.019
D9 6.7 0.9 529 24 309.4 2.0 -0.025 0.009 0.135 0.01
A4 5.0 2.9 35.1 2.7 201.8 12 0.209 0.164 0.198 0.055
D7 5.0 31.8 48.0 7.0 331.2 11 -0.053 0.035 0.06 0.012
C9 5.0 75.0 40.8 6.4 303.4 14 -0.073 0.035 0.087 0.014
D8 14.3 0.9 50.3 17 240.9 2.4 0.015 0.022 0.141 0.001
D2 9.3 0.9 472 29 309.5 18 -0.068 0.033 0.115 0.002
B5 7.9 18.3 44.8 5.4 277.2 2.6 0.013 0.034 0.134 0.016
C3 5.0 48.2 37.5 7.0 195.4 2.2 0.037 0.041 0.146 0.01
C4 23.8 0.9 413 2.7 232.3 31 0.083 0.046 0.148 0.01
D5 11.4 0.9 474 23 280.3 2.8 0.021 0.079 0.077 0.005
A6 5.0 18.5 48.2 4.3 287.5 25 0.213 0.069 0.22 0.024
A2 118 59.5 46.4 4.9 251.1 16 0.325 0.089 0.224 0.019
C2 58.5 0.9 432 19 183.8 21 0.039 0.084 0.06 0.005
D6 12.0 0.9 514 2.8 244.5 25 0.123 0.041 0.193 0.011
A8 118 15.4 48.8 5.3 298.3 2.4 0.182 0.149 0.152 0.013
B3 15.6 58.3 515 55 293.1 1.0 0.219 0.062 0.123 0.004
C8 504.9 0.9 54.8 19 244.8 2.7 0.215 0.036 0.172 0.018
C5 263.2 0.9 57.7 24 329.2 51 0.389 0.009 0.274 0.009
B8 140.0 6.3 511 3.7 252.8 6.4 0.303 0.049 0.224 0.012
B9 143.3 30.4 69.3 6.0 246.2 5.6 0.221 0.056 0.185 0.008
A3 13153 13 434 21 215.3 2.0 0.354 0.129 0.272 0.036
D3 983.3 0.9 53.1 3.0 232.9 4.0 0.299 0.012 0.215 0.006
D1 561.8 6.9 76.6 4.7 234.6 7.2 0.59 0.03 0.303 0.007
A9 573.3 26.5 67.7 6.8 223.1 8.3 0.549 0.012 0.308 0.005
C7 5768.9 0.9 55.6 2.2 266.6 3.0 0.12 0.004 0.165 0.015
B7 5895.5 0.9 61.8 18 253.1 4.2 0.267 0.044 0.205 0.007
Bl 5751.3 6.7 64.4 4.0 164.5 8.4 0.477 0.019 0.268 0.007
B2 5439.2 27.8 724 6.3 170.5 5.0 0.677 0.014 0.305 0.007
A7 10591.9 0.9 53.7 2.0 294.3 2.4 0.221 0.073 0.196 0.025
D4 12390.4 2.6 44.0 18 311.2 4.5 0.303 0.049 0.254 0.008
Cl 11734.8 6.1 74.0 4.3 209.5 7.1 0.437 0.01 0.276 0.001
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Stream Mean Mean Mean N Mean P Mean C Mean chl 1 2 1 2
NON  SRP lgmg  [gmg  [gmo ajugmg SMAr SE IV AFDMIT SE LU
[Hg/L] [lg/L] ~ AFDM]  AFDM]  AFDM  AFDM] Y Y . 4
B4 11995.1 313 74.5 4.3 248.6 7.4 0.69 0.003 0.325 0.008

1
Growth rate

2Standard Error.
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