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Abstract: Submerged aquatic vegetation (SAV) is an important structural component of many aquatic ecosystems
that also affects a broad array of biogeochemical and ecological processes. In the spring-fed rivers of Florida, where
SAV is the foundation of healthy community structure and function, environmental controls on SAV growth re-
main poorly understood. This lack of knowledge complicates the evaluation and prioritization of management and
restoration activities. Our goal was to explore the relative influences of environmental drivers on annual patterns of
SAV productivity in 2 spring-fed rivers (Silver River and Alexander Springs Creek) with contrasting nitrate concen-
trations (1.4 vs 0.05 mg N/L, respectively) but otherwise similar physical and chemical attributes. We used monthly
measurements from 16 fixed plots in each river to observe spatial and temporal heterogeneity in SAV growth. Mean
growth rates between the rivers were statistically indistinguishable, suggesting that SAV growth is not controlled
primarily by water column N concentrations. Despite representing most of the autotroph biomass, measured
SAV growth rates were only 25% of contemporaneous estimates of open-channel net primary production (i.e., gross
primary production minus autotrophic respiration). This result indicates that the epiphytic assemblages that grow
primarily on SAV dominate overall ecosystem metabolic activity. Pairwise associations between measured SAV
growth and a suite of physical (light, redox potential, temperature, sediment texture) and chemical (porewater
and water column solutes) variables revealed that no single factor can accurately predict SAV growth. Instead,
2 complementary multivariate approaches (regression trees, general linear models) yielded useful models to pre-
dict SAV growth. While we constructed models independently for each river, their best-fit model formulations
were remarkably similar—light (1), sediment redox potential (2), and porewater orthophosphate (2) predicted
over 50% of the variation in SAV growth. System managers could use these model results to aid in screening res-
toration sites for SAV suitability. Further, these results underscore the need for a broad systems approach to
springs management.
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Submerged aquatic vegetation (SAV) is a critical component
of many low-relief river systems (Butcher 1933, Carpenter
and Lodge 1986, Canfield and Hoyer 1988, Hoyer et al.
2004). SAV provides refuge and forage habitat for fishes, in-
sects, and birds (Jeppesen et al. 1998, Persson and Crowder
1998); controls flowing water hydraulics (Hensley and Co-
hen 2012); influences water column chemistry (Wetzel and
Søndergaard 1998, Caraco and Cole 2002); and stabilizes
sediments against resuspension and erosion (Barko and
James 1998). SAVproductivity and composition are thus im-
portant measures of ecosystem condition (Dennison et al.
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1993), which highlights the need to quantify the relative im-
portance, interactions, and generality of factors affecting
SAV growth to inform river management and restoration.

North Florida has the highest density of 1st-magnitude
(Q > 2.8 m3/s) springs in the world (Scott et al. 2004). Like
other freshwater ecosystems globally, springs are altered by
human activities that modify species composition, nutrient
loads, flow, and ecosystem physical conditions (Smith 2003,
Dudgeon et al. 2006, Quinlan et al. 2008). These springshis-
torically supported dense SAV beds (Odum 1957a, Canfield
and Hoyer 1988, Duarte and Canfield 1990) that were the
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energetic and structural basis ofwell-studied (Odum1957b)
aquatic food webs. However, the combined impacts of di-
minishedflows (Heffernan et al. 2010,King2014), aquiferni-
trate (NO3

2) enrichment (Jones et al. 1996, Katz 2004), and
changing water clarity (Hensley and Cohen 2017, Luzius et al.
2018) have increased filamentous macroalgal abundance.
These changes have contemporaneously decreased SAV
growth andcover (Mattsonet al. 1995). SAVgrowth is an im-
portant indicator of ecosystemcondition (Crowder andCoo-
per1982,Campet al. 2014), anddeclines in SAV have impor-
tant and potentially long-lasting ecological consequences.
However, the physical, chemical, and biological factors that
control SAV productivity remain poorly understood, which
limits management and restoration effectiveness.

Light is a dominant factor influencing SAV distribution,
abundance, and productivity in both marine and fresh wa-
ter (Odum 1957a, Duarte 1991, Dobberfuhl 2007) because
most SAV taxa have high light requirements (Kirk 1994).
SAV abundance varies in springs (Stevenson et al. 1993,
Quinlan et al. 2008) in response to light attenuation (Galle-
gos 1994, Hauxwell et al. 2007), particularly of blue light
(k ∼400 nm; Szafraniec 2014). Light attenuation in springs
is driven by dissolved (Kirk 1994, Gallegos 2005) and sus-
pended (Hauxwell et al. 2001, 2007) materials. Canopy self-
shading (Titus and Adams 1979, Zimmerman 2003) and
light-attenuating impacts of epiphytic biomass (Hauxwell
et al. 2004, Jacoby et al. 2007, Liebowitz et al. 2014) under-
score the primacy of light limitation (Odum 1957a, Sand-
Jensen and Borum 1984, Dennison et al. 1993, Hauxwell
et al. 2006) for understanding patterns of SAV growth and
abundance.

Nutrient availability can also influence SAV distribution,
abundance, and productivity. Nutrient requirements, par-
ticularly of N and P, vary across SAV and algal taxa (Nifong
et al. 2014), suggesting that nutrient enrichment can adjust
relative growth rates of algae and macrophytes, ultimately
affecting autotrophic assemblage composition and abun-
dance (Maberly et al. 2002, James et al. 2005). Soluble reac-
tive P (SRP) is often a limiting nutrient in freshwater ecosys-
tems. However, concentrations of SRP in springs in Florida
are generally high enough to satisfy plant demand (Cohen
et al. 2013) and have remained stable at historic levels. In
contrast, NO3

2 concentrations in most springs (Scott et al.
2004) currentlyexceed historic levels of ∼0.05 mg N/L
(Munch et al. 2006). This increased NO3

2 has been impli-
cated in SAV loss and algal proliferation. One mechanism
by which NO3

2 enrichment can affect SAV is direct growth
inhibition via enzymatic processes (Burkholder et al. 1992,
Boedeltje et al. 2005). However, experimental and observa-
tional studies suggest this mechanism is unlikely in springs
(Osborne et al. 2017). Instead, SAV loss may be the result of
indirect effects from increased epiphytic biomass (and com-
petition for light). NO3

2 concentrations are weakly linked to
in situ autotroph composition and structure (Canfield and
Hoyer 1988, Stevenson et al. 2007), so the role of NO3
2

in algal proliferation remains unresolved (Heffernan et al.
2010). However, recent adoption of numeric nitrate crite-
ria (0.35 mg N/L) specific to springs (Rule 62-302.531 Flor-
ida Administrative Code, https://www.flrules.org/gateway
/ruleno.asp?idp62-302.531) makes lowering N loads the
dominant management goal for springs restoration.

SAV establishment, composition, and structure are in-
fluenced by channel hydraulics (Butcher 1933, Madsen and
Søndergaard 1983, Heffernan et al. 2010) because flow ve-
locity, shear stress, drag, and turbulence influence epiphyte
abundance (Biggs 1996, Stevenson 1996) and mechanical
damage to rooted plants (Madsen et al. 2001). Reduced dis-
charge in springs lowers flow velocity (Copeland et al. 2009),
which creates favorable conditions for epiphyte and fila-
mentous algal accumulation (King 2014, Reaver et al. 2019),
reduces leaf gas exchange (Sand-Jensen 1977), and alters hy-
draulic drag (Dunn et al. 2008). Dense SAV beds can also
alter riverhydraulicsby changing channel velocity, sedimen-
tation, and turbidity (Petticrew and Kalff 1992, Doyle 2000).
These impacts may manifest as a negative correlation be-
tween SAVdensity andmeanflowvelocity in springs (Hens-
ley and Cohen 2012).

Sediment properties (composition, particle size) affect
nutrient availability (Barko et al. 1991) and redox potential
(Laing 2016), both of which can influence SAV growth and
energy allocation. For example, SAV root-to-shoot biomass
ratios respond to sediment nutrient availability (particu-
larly for trace elements such as Fe, Mn, P), which vary with
texture and organic matter in springs (Aung 1974, Barko
and Smart 1986). Moreover, fine-grained organic sediments
typical in springs preclude oxygen transport and, thus, in-
duce low redox (Eh < 0 mV) conditions. Sediment redox
potential influences SAV establishment and productivity
(Santschi et al. 1990) via production of sulfide, reduced iron,
and ammonium (Hauxwell et al. 2007, Sederias and Colman
2009).

Our objective was to understand direct and interactive
controls on SAV biomass accrual in Florida springs to aid
management and restoration efforts. To address this objec-
tive, wemeasured intra-annual dynamics of SAVproductiv-
ity in 2 spring-fed rivers in north Florida (Silver River and
Alexander Springs Creek). These rivers have similar physi-
cal attributes but different NO3

2 concentrations. The dif-
ference inNO3

2 allowed us to test the hypothesis that phys-
ical metrics (i.e., light, sediment redox, channel hydraulics)
can better predict SAV growth than chemical metrics (i.e.,
nutrient availability).
METHODS
We measured in situ shoot elongation rates and above-

ground primary productivity of SAV monthly at 16 sites in
Silver River and 16 sites in Alexander Springs Creek. Sites
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varied in light, flow velocity, and sediment characteristics.
These rivers are both spring fed but differ in average NO3

2

concentrations (Silver Springs: ∼1.35 mg N/L vs Alexander
Springs: ∼0.05 mg N/L). We also measured other physical
environmental covariates (redox potential, water column,
and porewater chemistry) at each site.
Site description
Silver River is a large, entirely spring-fed river that flows

into Ocklawaha River in Marion County, Florida (Fig. 1A–
C). The 12-km river is fed by 30 springs with a combined
mean discharge of 21.7 m3/s. Silver River has stable dis-
charge, temperature, and chemistry like other spring-fed
rivers in the region (Odum 1957a, Munch et al. 2006).
Land-use change has elevated NO3

2 concentrations from
0.06 mg N/L (Munch et al. 2006) in the early 20th century
to >1.3 mg N/L today (Munch et al. 2006, Quinlan et al.
2008). P concentrations, dominated by orthophosphate
(OrthoP), have remained unchanged at 0.05 mg P/L (Scott
et al. 2004).
Alexander Springs Creek is an entirely spring-fed tribu-
tary of the St Johns River in Ocala National Forest in Lake
County, Florida (Fig. 1A, B, D). Mean discharge (1956–
2010) in this 16-km-long river is 2.9 m3/s. Mean NO3

2

(0.05 mg N/L) and OrthoP (0.04 mg P/L) concentrations
have remained low, reflecting low intensity land use in the
recharge area. Electrical conductivity in Alexander Springs
Creek (1070 lS/cm) is higher than Silver River (463 lS/cm)
(Cohen et al. 2017).

Both rivers are sourced from the karst Floridan aquifer
with the spring vents fed by conduits dissolved into the
Ocala Formation that accumulate recharge from their re-
spective springsheds. Longitudinal flow accumulation from
diffuse seepage is low, but both systems are fed by small sur-
face drainage tributaries (Half Mile Creek on Silver River,
Nine Mile Creek on Alexander Springs Creek) that deliver
tannic water during rain events. Alexander Springs Creek
is wider than Silver River (mean widths of 45 vs 30 m, re-
spectively) and therefore has slightly less riparian shading.
Flooding on both systems is controlled entirely by varia-
tion in downstream water body stage (Ocklawaha River
Figure 1. Study sites located in Florida, USA (A), which has the highest density of 1st-magnitude (Q > 2.8 m3/s; Scott et al. 2004)
springs in the world (large gray dots; B) as well as many smaller springs (small gray dots; B). The 2 spring-fed rivers studied here
(white dots; B) are Silver River (C) and Alexander Springs Creek (D). Locations of submerged aquatic vegetation growth plots (n 5 16
in each river) are shown in panels C and D.
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for Silver River and Lake Dexter for Alexander Springs
Creek). Silver River floods more frequently than Alexander
Springs Creek.
Study species
Florida springs support relatively few submerged vascu-

lar taxa and have only 2 dominant species.Vallisneria amer-
icana is a perennial rootedmacrophyte distributed in fresh-
water to mesohaline environments (Korschgen and Green
1988). Its ribbon-like leaves with rounded tips grow in indi-
vidual ramets >2m from a basal meristem, and linear exten-
sion occurs via rhizomes and stolons (Korschgen andGreen
1988). Vallisneria americana grows in both study rivers.
Sagittaria kurziana is a rooted submersed macrophyte that
has dark green, ribbon-like leaves, often>1m in length, with
pointed tips and prominent longitudinal ridges. Sagittaria
kurziana is found in fast-flowing freshwaters throughout
central and northern Florida but was present only at Silver
River during this study.

High SAV turnover (growth and vegetative propagation)
in Silver River is enabled by clear water and abundant nu-
trients (Odum 1957b). Indeed, rapid growth enables persis-
tently epiphyte-free leaves and recovery from intense graz-
ing and disturbance. SAV can acquire nutrients from the
sediments (Chambers et al. 1989, Cedergreen and Madsen
2003) and via water column foliar absorption (Brabandere
et al. 2007, Cohen et al. 2012) depending on the relative
supply rates. Ammonium (NH4

1) is the preferred N form
used by macrophytes, but low NO3

2 can be the dominant
N source when NH4

1 concentrations are persistently low
(Nichols and Keeney 1976). Biomass can be produced with
stored rhizome carbohydrates (Titus and Adams 1979),
masking growth seasonality (Hauxwell et al. 2007).

We selected growth measurement sites in each river to
span the range of observed lateral and longitudinal variation
in vegetation and algal cover by species, riparian shading,
water velocity, sediment attributes, and porewater chemis-
try obtained from previous survey measurements (100 plots
across 20 transects; Cohen et al. 2017). We selected 16 sites
in each river with dense and homogenous SAV beds where
water depth was <1.5 m. This depth allowed us to clip veg-
etation without the use of SCUBA equipment. We chose
sites to represent all permutations of high and low values for
epiphytic algal cover (high≥75% vs low≤25%), canopy cover
(high >60% vs low <40%), flow velocity (high >0.15 m/s vs
low <0.1 m/s), and sediment organic matter (Silver River:
high >20% vs low <10%; Alexander Springs Creek: high
>15% vs low <5%).
Clipping technique
SAV grows from a basal meristem, so biomass accrual

is often measured with leaf marking techniques (Odum
1957b, Zieman andWetzel 1980, Hauxwell et al. 2007). In-
dividual leaves grow irregularly with the youngest leaves
growing fastest (Tomlinson 1974, Jacobs 1979), but mean
growth rates of leaves of different ages are still informative
(Odum1957b).However,weelectedtomeasureSAVgrowth
in experiments by leaf clipping (Kowalski et al. 2009) after
testing multiple leaf tagging methods (e.g., hole punch, var-
ious thread techniques). Leaf clipping is a method often
used to estimate shoot elongation and primary productiv-
ity (Dunton 1990, Lapointe et al. 1994). This clip and rehar-
vest technique requires periodic biomass harvest of shoots
at a height of 2 cm above the basal meristem. This technique
can underestimate productivity and regrowth because re-
peated loss of photosynthetic tissue depletes belowground
reserves and may keep plants from reaching pre-disturbance
productivity (Morgan and Kitting 1984, Tomasko and Dun-
ton 1995). However, several studies suggest clipping effects
are minimal (Greenway 1974, Dawes and Lawrence 1979).
We used this approach because it is the most repeatable
and robust for high drag environments such as our study
sites. We applied this technique uniformly across our study
sites, which allowed us to directly compare production be-
tween sites.
Sampling methods
We installed a fixed, 1-m2 quadrat divided into four

0.25-m2 sections at each of 16 plots in each river. These
quadrats were installed parallel to the bank so that 2 sec-
tions were on the upstream end of the quadrat and 2 sec-
tions on the downstream end.We regularly clipped the veg-
etation surrounding each plot to ensure light reached the
plot vegetation unobstructed. We began the experiment
by clipping standing biomass to 2 cm above the basal sheath
across the entire plot. This initial biomass was sorted by
species, andwemeasured shoot width and length character-
istics to assess biomass recovery and turnover as well as to
characterize SAVmorphology and tissue element composi-
tion. Ground and homogenized tissue samples were ana-
lyzed for foliar composition (%C, %N, %P). We measured
%C and %Nwith an elemental analyzer (CarloErba NA1500)
in the University of Florida Light Stable Isotope Mass Spec-
trometry Laboratory and %P (Method 365.1; USEPA 1993d)
post-Kjeldahl digestion in the University of Florida Analyt-
ical Research Laboratory.

Wemeasured leaf blade elongation and biomass produc-
tion at 1-mo, 3-mo, and6-mo intervals for 18mo (May2015–
December 2016) in Silver River and 12 mo (January 2016–
January 2017) in Alexander Springs Creek. We collected
SAV in upstream plot quarters at 1-mo and 3-mo intervals
to examine short-term growth responses and seasonal vari-
ation, as well as from the downstream plot half at 6-mo in-
tervals to assess long-term production. After each collection,
harvested biomass was stored on ice until it was washed to
remove epiphytic algae, separated by species, andmeasured
for shoot length. We dried biomass (dry mass, or dm) at
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707C to constant mass (≥24 hr) and normalized to clipped
area (g dm/m2).

We calculated shoot elongation rates (cm/d) for the
2 species at each site from themean length of clipped leaves
for each sampling interval (1, 3, and 6 mo). Aboveground
biomass growth rates (g m22 d21) were obtained from SAV
dm adjusted for sampling interval. We used aboveground
biomass accrual rates in most analyses because we judged
them to be more reliable and repeatable than shoot elonga-
tion rates, which were susceptible to broken leaves during
sampling. Shoot elongation and biomass accrual were posi-
tively correlated (Pearson’s r) for both S. kurziana (r2 5
0.44, p < 0.001) and V. americana (r2 5 0.15, p < 0.001).
We estimated daily biomass turnover for each site by di-
viding initial SAV biomass (g dm/m2; measured May 2015
inSilverRiver and January2016 inAlexanderSpringsCreek)
by mean biomass accrual rate (g dm m22 d21). We divided
this turnover rate by 365 to yield an annual biomass turnover
frequency. Monthly growth rates were mean centered by site
and log-transformed to explore seasonal growth patterns.

At each site, we measured water depth, velocity, SAV
cover, epiphytic algal cover, and light availability at 1-mo in-
tervals and sediment properties, water column chemistry,
and porewater chemistry at 3-mo intervals. Water velocity
was estimated at 60% of stream depth with a Sontek acous-
tic doppler velocimeter (San Diego, California), and water
depth was obtained from the stadia rod of that device. SAV
density and epiphyte cover were estimated visually by a sin-
gle researcher with a 5-point Braun–Blanquet scale (0 5
<1%, 1 5 1–5%, 2 5 5–25%, 3 5 25–50%, 4 5 50–75%
and 5 5 75–100% cover). We estimated stream surface
light fromboth seasonal densiometer (%canopy cover)mea-
surements in each cardinal direction as well as open-sky
irradiance (W/m2) measurements from a nearby weather
station (http://fawn.ifas.ufl.edu/; Ocklawaha station).

We field filtered (0.45 lm) porewater and water column
samples and stored them frozen in acid-washed 20-mL scin-
tillation vials until laboratory analysis of NOx-N (Method
353.2; USEPA 1993c), NH3-N (Method 350.1; USEPA
1993b),OrthoP(Method365.1;USEPA1993d),Ca12 (Method
200.7; USEPA 1994), and Cl2 concentrations (Method 300.0;
USEPA 1993a) at the University of Florida Analytical Re-
search Laboratory.

We collected ∼1 L of sediment at each site to assess root
zone conditions. Samples were dried at 607C for 72 h, then
ground and homogenized to pass through a 2-mm sieve,
and analyzed for %C, %N, and %S with an elemental ana-
lyzer (Carlo Erba NA1500). We extracted sediment metals
(P, K, Ca, Mg, Mn, and Fe) with a Mehlich-1 solution and
measured them with an ICP-MS (Method 200.7; USEPA
1994). We estimated loss on ignition or % organic matter
from mass loss following combustion of 5 g of dried sam-
ple at 4507C for 6 h.

We measured sediment redox potential (Eh) at 15-min
intervals for 1 wk at each site with nine 8-mm submersible
platinum redox electrodes (Paleo Terra, Amsterdam, The
Netherlands) installed at each of 3 sediment depths (shal-
low5 1.5 cm, medium5 4.5 cm, and deep5 7.5 cm). This
replication was vital to capture heterogeneity in redox po-
tential through the root zone (Vepraskas et al. 2001, Laing
2016). We fastened electrodes to PVC stands surrounding
each plot to minimize sediment disturbance and maintain
vertical electrode position. Eh initially declined with time
because of sediment disturbance during installation, so we
only analyzed Eh values after all electrodes had equilibrated
(Laing 2016). We defined electrode equilibration as the
point at which the slope of Eh vs time in a 3-h moving win-
dow (12 readings)was≥0. Eh valueswere normalized for pH
(6.8) and temperature (227C). All 3 depths were included
in all subsequent prediction models.
Statistical analysis
We assessed if chemical and physical properties (e.g.,

flow velocity, light, sediment andwater column solute com-
position, sediment Eh) differed between rivers with the Stu-
dent’s t-test applied to the mean observed values observed
at all 32 sites. No transformations were necessary prior to
comparisons of river physicochemical attributes.

To quantify the impact of repeated clipping on SAV bio-
mass accrual, we evaluated SAV growth rates (g m22 d21)
as a function of time since initial harvest (mo). The result-
ing fitted slopes quantify changes in site productivity over
the sampling period (gm22 d21 mo21), with negative values
indicating that repeated clipping lowers site productivity.

We evaluated differences in growth rate between spe-
cies with a 2-sample t-test on mean measured 1-mo shoot
elongation rates. Temporal variability in SAV growth (log-
normalized productivity rates) was assessed on a monthly
basis across all sites over the sampling duration.

We used analysis of variance (ANOVA) to determine if
SAV growth rates differed by site in each river and Tukey’s
honest significant difference (HSD) post-hoc contrasts to
identify significant pairwise site differences to characterize
spatial heterogeneity in growth. We used R for both tests
(aov function for ANOVA; lsmeans with cld function for
post-hoc Tukey’s HSD; version 3.2.2; R Project for Statis-
tical Computing, Vienna, Austria).

We used a 2-sample t-test to determine if SAV growth
differed between rivers, and thereby, the potential NO3

2 ef-
fects on SAV growth. We used bivariate correlations (Pear-
son’s r) to obtain preliminary insights about links between
chemical and physical variables at each site and SAV growth.
To specifically test the hypothesis that SAV growth is con-
trolled primarily by physical attributes rather than by chem-
ical and biological conditions, we evaluated multivariate
relationships between SAV biomass accrual and environ-
mental variables with both regression trees and general lin-
ear mixed-effects models. Regression trees use recursive bi-
nary partitioning of predictor variables, selecting each split
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to maximize homogeneity of the response variable in the
resulting nodes (Clark and Pregibon 1992). We implemented
regression trees separately for each river with the rpart
function (Therneau et al. 2015) in R. One advantage of this
package is that it uses 10-fold cross-validation to reduce
model overfitting. Given the relatively low sample sizes in
this study, we further pruned the resulting trees based on
the criterion that the selected simpler tree produced cross-
validation errors within 1 standard deviation of the best
fit tree.

We used general linear mixed-effects models (GLMM)
to test for associations between SAV and different environ-
mental predictors. This approach allows for fixed (e.g., en-
vironmental covariates such as light, depth, sediment re-
dox, surface water and porewater chemistry) and random
(site) effects. The slopes of the site effects indicate the sign
and sensitivity of SAV growth responses to variation in the
predictor variable. We used the lmer function in the lme4
package (Bates and Sarkar 2007) in R for this analysis. To
limit model complexity given the low power in our cross-
site comparison, we initially selected those variables which
were significantly (p < 0.05) correlated with SAV growth.
We then iteratively omitted variables based on model per-
formance, selecting the subset of covariates that best de-
scribed SAV growth based on minimizing the Akaike infor-
mation criterion (AIC).

Regression tree and GLMMmodels are complementary
rather than redundant. Regression trees provide simple,
non-parametric, and visually-intuitive predictions that help
identify threshold behaviors in growth responses. However,
the model output of regression trees can be sensitive to
data idiosyncrasies, particularly for small datasets, leading
to unwarranted confidence in the specific threshold values.
Moreover, in contrast to regression trees, fitted GLMM
slopes can provide information on the sensitivity of SAV
growth to environmental variation.
RESULTS
River characteristics

We observed significant differences between rivers for
only a few variables, most notably for canopy cover, water
column NO3

2, sediment Ca, and chloride concentrations
(Table 1).Most variables, including water depth, flow veloc-
ity, algal cover, OrthoP, sediment organic matter, and redox
potentials, did not differ significantly between rivers.
Sampling interval
Mean aboveground SAV biomass accrual (i.e., daily pro-

ductivity) diminished with longer sampling intervals (1, 3,
and 6 mo) as plots approached the biomass of the initial
standing crop. These results indicate that intervals >1 mo
between clippings underestimate maximum growth rates
(Fig. 2A). Recovery time to initial biomass varied between
rivers, with 72% recovery of initial biomass within 6 mo in
Silver River but full recovery of initial biomass within 6 mo
in Alexander Springs Creek (Fig. 2B).

The impact of repeated clipping on biomass recovery
was negligible based on fitted slopes between time and mean
site productivity over the sampling period (Fig. 2C). The
mean slope across all sites was 0.09 g m22 d21 mo21 (±0.09),
and most of the slopes in both rivers were positive, suggest-
ing that repeated clipping did not inhibit growth and may
have modestly stimulated growth. We hereafter report re-
sults for only 1-mo clipping interval data.
Table 1. Summary of river characteristics (mean ± SD) for
16 sites measured from May 2015 through December 2016 in
Silver River and January through December 2016 in Alexander
Springs Creek. Bolded variables indicate statistically-significant
differences between rivers based on a Student’s t-test (p < 0.05).
BDL indicates measurements below analytical detection limits.

Silver River
Alexander

Springs Creek

Water depth (m) 0.64 ± 0.22 0.62 ± 0.13

Water velocity (m/s) 0.16 ± 0.11 0.1 ± 0.07

Incident light (W/m2) 90.21 ± 54.50 148.67 ± 65.32

Canopy cover (%) 57.3 ± 23.4 34.9 ± 25.4

Algal cover (Braun–Blanquet) 3.0 ± 2.0 4.0 ± 1.0

Water column Ca12 (mg/L) 80.8 ± 3.1 52.9 ± 15.0

Water column Cl2 (mg/L) 11.9 ± 0.9 305.4 ± 124.6

Water columnNH32N (mg/L) 0.17 ± 0.24 0.04 ± 0.01

Water columnNOx2N (mg/L) 1.31 ± 0.23 0.14 ± 0.11

Water column OrthoP (lg/L) 37.7 ± 30.1 37.4 ± 6.7

Porewater Ca12 (mg/L) 91.1 ± 21.7 63.9 ± 25.0

Porewater Cl2 (mg/L) 14.2 ± 4.3 367.8 ± 186.3

Porewater NH32N (mg/L) 0.27 ± 0.34 0.27 ± 0.52

Porewater NOx2N (mg/L) 0.81 ± 0.42 0.12 ± 0.08

Porewater OrthoP (lg/L) 223.0 ± 414.4 101.7 ± 78.6

Sediment P (mg/kg) 13.2 ± 10.4 226.1 ± 194.8

Sediment K (mg/kg) 24.68 ± 14.4 62.0 ± 86.9

Sediment Ca (mg/kg) 6338.0 ± 1168.0 4185.0 ± 1606.0

Sediment Mg (mg/kg) 236.4 ± 121.9 707.0 ± 468.2

Sediment Mn (mg/kg) 0.29 ± 0.3 0.48 ± 0.42

Sediment Fe (mg/kg) BDL 10.5 ± 11.2

Sediment %C 16.4 ± 6.2 8.5 ± 7.9

Sediment %N 0.6 ± 0.5 0.5 ± 0.5

Sediment %S 0.5 ± 0.5 0.3 ± 0.5

Sediment organic matter (%) 14.8 ± 11.7 13.5 ± 13.4

Shallow redox potential (mV)a 2115.8 ± 170.4 2151.1 ± 56.6

Medium redox potential (mV)a2107.4 ± 163.2 2155.6 ± 86.9

Deep redox potential (mV)a 2175.5 ± 139.8 2175.8 ± 55.5
a Redox probe depths: shallow (1–2 cm), medium (4–5 cm), and deep
(7–8 cm).
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Standing crop and growth rates
We observed high spatial heterogeneity in SAV stand-

ing crop and productivity across sites. Initial standing crop
(dm) ranged from 40.9 to 394.7 g/m2 (mean 5 165.0) in
Silver River and 34.6 to 371.2 g/m2 (mean 5 126.5) in Al-
exander Springs Creek. Site mean SAV productivity (dm)
ranged from 0.11 to 2.31 g m22 d21 (mean5 1.02) in Silver
River and 0.39 to 1.89 (mean5 1.02) in Alexander Springs
Creek. ANOVA revealed significant differences in mean
productivity among sites within each river (Silver River:
F 5 12.01, df 5 15/184, p < 0.001; Alexander Springs
Creek: F 5 7.98, df 5 15/131, p < 0.001; Fig. 3A). Initial
standing crop was weakly correlated with site productivity
in Silver River (r2 5 0.36, p 5 0.01) but not in Alexander
Springs Creek (r2 5 0, p 5 0.83; Fig. 3C).
Annual biomass turnover (mean growth : initial stand-
ing crop; y21) was positively correlated with productivity
in Alexander Springs Creek (range 5 0.78–9.70/y; r2 5
0.33, p 5 0.02) and Silver River (range 5 0.89–4.94/y;
r2 5 0.48, p < 0.01; Fig. 3B). Mean SAV biomass turnover
in Alexander Springs Creek (4.16/y) was significantly higher
(p 5 0.04) than in Silver River (2.25/y).

Mean shoot elongation in Silver River was 0.49 cm/d
(range 5 0.10–1.50 cm/d) for S. kurziana and 0.61 cm/d
(range 5 0.12–1.92 cm/d) for V. americana. In Alexander
Springs Creek, where V. americana was the only SAV spe-
cies, mean shoot elongation was 0.57 cm/d. Shoot elonga-
tion rates were significantly higher for V. americana than
S. kurziana (p5 0.03) in Silver River. However, based on a
t-test,V. americana growth rates did not differ between riv-
ers (p 5 0.42). Mean aboveground biomass accrual (1-mo
growth period) was 1.02 g dmm22 d21 in both Silver River
and Alexander Springs Creek (Fig. 2A).

Minimum growthwas observed for both S. kurziana and
V. americana inwinter, andmaximumgrowth for both spe-
cies occurred in summer (Fig. 3D). Notably, only January
and September (in Alexander) and July (in Silver) were sig-
nificantly different from the annual mean. In Silver River,
the monthly growth minimum occurred in January (0.83 dm
m22 d21; 64% of mean growth) and the maximum oc-
curred in July (2.08 g dm m22 d21; 160% of mean growth).
In Alexander Springs Creek, minimum growth occurred in
January (0.78 g dm m22 d21; 76% of mean growth) with
maximum growth in September (1.31 g dm m22 d21; 127%
of mean growth).
Drivers of SAV growth
Based on bivariate correlations, few environmental fac-

tors were associated with SAV productivity. Sediment re-
dox potential was the best univariate predictor of SAV in
both rivers. In Silver River, the best single predictors were
sediment redox potential (r 5 10.64), canopy cover (r 5
20.62), porewater Cl2 (r 5 20.37), and epiphytic algal
cover (r 5 20.36). In Alexander River, the best predictors
included sediment redox potential (r 5 10.49), sediment
Fe (r 5 10.32), water column OrthoP (r 5 20.28), and
porewater Cl2 (r 5 20.24).

The initial regression tree models that included every
parameter were unstable and difficult to interpret, indicat-
ing overfitting and, thus, limited utility for predicting SAV
growth.We therefore developed regression tree models with
the subset of measured predictors (light, water velocity, al-
gal cover, water depth, sediment organic matter, redox po-
tential, NOx-N, Cl2, andOrthoP) that were most promising
based on bivariate correlations. We included Cl2 in these
models because its values variedwithin and across sites.Wa-
ter column and porewater NH4

1were omitted because val-
ues were consistently near analytical detection limits. Even
the cross-validated trees were likely to be overfitted and
Figure 2. Summary of sampling impacts. A.—Mean (195%
confidence interval) aboveground biomass accrual for 3 growth
periods. B.—Aboveground biomass recovery relative to initial
standing crop (±95% confidence interval) vs time. C.—Fre-
quency distributions of the slopes of monthly mean site produc-
tivity estimates (g dm m22 d21 mo21) used to assess repeated
clipping effects. Positive slopes indicate increasing SAV growth
with repeated clipping.
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unstable because of our limited sample size, so we focused
on the primary and secondary splits as most informative
for assessing SAV growth. In Silver River, low canopy cover
(<33.3%) and high sediment redox potential (>2214 mV at
1.5-cm depth) predicted high SAV productivity (2.33 g dm
m22 d21). Water velocity and sediment organic matter
were also important factors in the regression trees (Fig. 4A).
In Alexander Springs Creek, high sediment redox poten-
tial (>2141.3 mV at 4.5-cm depth) and low canopy cover
(<42.2%) predicted high SAV productivity (2.01 g dm
m22 d21). Water column Cl2, water depth, algal cover, and
porewater OrthoP also influenced the prediction of SAV
productivity (Fig. 5A). Tree-based model goodness-of-fit
for SAV growth was similar in both Silver River (Fig. 4;
R2 5 0.53, RMSE 5 0.65 g dm m22 d21) and Alexander
Springs Creek (Fig. 5; R2 5 0.57, RMSE 5 0.44 g dm m22

d21).
We considered multiple GLMM model configurations,

includingmain effects and 2-way interactions. However, we
only report the selected main effects results because 2-way
interactions were inconsistent and weak, and including them
uniformly produced higher AIC scores. Themodel with the
lowest AIC in Silver River explained 50% of the SAV growth
variation based on significant main effects of canopy cover,
Figure 3. A.—Mean aboveground biomass accrual ranked by productivity. Different lowercase letters indicate significant differ-
ences (Tukey’s HSD) between sites (p < 0.05). B.—Annual frequency of biomass turnover across all sites. C.—Relationship between
initial standing crop and productivity at each site. D.—Mean-centered log10-normalized daily SAV growth (195% confidence interval)
from January through December 2016.



Figure 5. Regression tree for SAV growth at Alexander Springs Creek. Estimated aboveground productivity (g dm m22 d21) and
sample size (n) are shown for decision and terminal nodes. At each decision node, an observation is assigned to daughter nodes based
on a predictor variable threshold (e.g., redox potential above or below 2141.3 mV). Overall model R2 5 0.57, with a root-mean
squared error of 0.44 g m22 d21.
Figure 4. Regression tree for SAV growth in Silver River. Estimated aboveground productivity (g dm m22 d21) and sample size
(n) are included in decision and terminal nodes. At each decision node, an observation is assigned to daughter nodes based on a
predictor variable threshold (e.g., canopy cover above or below 33%). Overall model R2 5 0.53, with a root-mean squared error of
0.65 g m22 d21.
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sediment redox potential (at 4.5-cm depth), and porewater
OrthoP (Table 2).We note that none of these predictor var-
iables were significantly correlated, so variance inflation due
to multicollinearity was negligible (variance inflation fac-
tor5 1.10, 1.13, and 1.04 for canopy, redox, and porewater
SRP, respectively, where values >5 are considered cause for
concern; Belsley et al. 1980). The lowest AIC model for Al-
exander Springs Creek explained 37% of the variation and,
like the Silver Rivermodel, included significantmain effects
of canopy cover, sediment redox potential (at 4.5-cm depth),
and porewater OrthoP (Table 2). No significant multicollin-
earity was evident (variance inflation factor5 1.26, 1.95, and
1.66 for canopy, redox, and porewater SRP, respectively).
Comparisons among model candidates indicated that a
similar model form yielded the lowest AIC for both rivers.
Inclusion of site random effects (n5 16) yieldedmodels for
both rivers with slightly higher predictive power but also
higher AIC, suggesting improved performance was due to
overfitting. In both rivers, redox potential at the same depth
(4.5 cm) was the strongest predictor with strong positive
slopes indicating that higher Eh (more oxidized conditions)
leads to faster SAV growth—notably, inclusion of the other
2 redox depths (1.5 and 6 cm) yielded poorer models. Sim-
ilarly, bothmodels imply that light likely exerts a strong con-
trol on growth. SAV growth was negatively related to can-
opy cover on both rivers. Finally, SAV growth was negatively
related to OrthoP, indicating that higher P concentrations
inhibit SAV growth viamechanisms that are, as yet, unclear.

DISCUSSION
Spatial and temporal heterogeneity in SAV growth

The substantial spatial heterogeneity in SAV initial stand-
ing crop (40.9–394.7 g dm/m2 in Silver River, 34.6–371.2 g
dm/m2 in Alexander Springs Creek) and mean growth
(0.11–2.31 g m22 d21 in Silver River, 0.39–1.89 g m22 d21

in Alexander Springs Creek) underscores the need to un-
derstand SAV growth controls. Restoration success is fre-
quently assessed by comparing ecosystem structure to ref-
erence conditions, and our findings reveal how spatially
variable SAV growth and establishment can be. These re-
sults highlight the risk that poor growth responses follow-
ing SAV restoration plantings may occur, particularly if we
Table 2. A.—Fitted model comparisons for SAV productivity in river from which the best model was
selected (bold) based on minimum Akaike information criterion (AIC). Other variables (flow velocity,
sediment OM, porewater and surface water Cl, algal cover) were rejected prior to model construction based
on weak pairwise correlation with SAV growth. B.—Summary of the best-fit model goodness of fit and values
of fitted main effects identified for each river, along with mean-centered standardized slope, standard error,
and t-value. The Silver River model was statistically significant (p < 0.001) with a conditional R2 of 0.50. The
Alexander Springs Creek model was also significant (p < 0.001) with a conditional R2 of 0.37.

A. Model comparisons

Model Form Silver AIC Alexander AIC

∼f (Canopy) 536.7 303.7

∼f (PW_OrthoP) 567.9 303.5

∼f (SW_NO3) 574.8 303.5

∼f (PW_NO3) 562.2 296.9

∼f (Redox) 299.1 271.7

∼f (Canopy 1 Redox) 281.1 269.1

∼f (Canopy 1 Redox 1 PW_OrthoP) 265.6 251.2

∼f (Canopy 1 Redox 1 PW_NO3) 269.0 267.2

∼f (Canopy 1 Redox 1 PW_NO3 1 PW_OrthoP) 267.8 254.1

∼f (Canopy 1 Redox 1 SW_NO3) 272.9 269.8

∼f (Canopy 1 Redox 1 PW_OrthoP 1 SW_NO3) 268.9 253.3
B. Best Fit Model Summary

Silver River Alexander Springs Creek

Main effect
Standardized

slope
Standard
error t-value

Standardized
slope

Standard
error t-value

Canopy 20.30 0.11 22.65 20.19 0.08 22.43

Redox @ 4.5 cm 0.35 0.17 2.07 0.47 0.11 4.16

PW_OrthoP 20.65 0.19 23.44 20.30 0.10 22.88
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fail to recognize critical site-specific factors that may actu-
ally influence growth (e.g., light, redox potential).

Growth was less variable over time than across space,
although there was some evidence for consistent but subtle
annual growth variation with peaks occurring in summer.
Modest temporal variation in growth is consistent with
relatively-constant stream surface light, which can occur
when open sky irradiance and canopy cover vary inversely.
This pattern of growth is also consistent with the chemical
and thermal stability of spring ecosystems (Odum 1957b)
because temperature strongly controls growth of these taxa
elsewhere (Hauxwell et al. 2007). Most importantly, mod-
est temporal variation in SAV growth suggests that the fac-
tors that control growth at a location are stable over time.
Pre-restoration sampling of these specific environmental
conditions is likely to be informative for predicting restora-
tion success.

ThemeanmeasuredSAVbiomasswemeasured (165g/m2

in Silver River; 127 g/m2 in Alexander Springs Creek) was
lowerthanSAVbiomassmeasuredinpreviousstudies.Quin-
lan et al. (2008) found Silver River biomass standing stocks
of 584 ± 402 g dm/m2 in summer and 426 ± 323 g dm/m2 in
winter. Odum (1957b) found 578 g dm/m2 standing crop
in upper Silver River. These studies imply that the distribu-
tion and abundance of SAV biomass has not changed sig-
nificantly over the last 60 y despite significant increases in
NO3

2 loading and changes in flow, recreation, and epiphyte
cover. Similarly, the wet mass estimated by Canfield and
Hoyer (1988) was 4400 g/m2 in Alexander Springs Creek,
roughly twice what we observed (after adjusting our dm
measurements 1:10 for dry:wet mass; Cohen et al. 2017).
In contrast, Nifong (2017) observed ameanwetmass stand-
ing crop of 1720 g/m2, and Hauxwell et al. (2007) measured
total dm of V. americana (above and below ground, assum-
ing 70% is aboveground) between 162 and 1013 g dm/m2

in a spring-fed estuary in Florida. These studies are more
closely alignedwith ourmeasuredmean values and the high
spatial variation in SAV standing crop.

The discrepancy between our low standing cropmeasure-
ments and prior studies of the same systems (Odum 1957b,
Duarte and Canfield 1990, Quinlan et al. 2008) is probably
the result of sampling different types of sites. Our clipping
method required sites to be shallow (<1.5 m) to avoid use
of SCUBA, necessitating the use of sites on channel mar-
gins. Channelmarginsmay exhibit naturally lower standing
crops and biomass accrual rates because of their substrate
and light conditions (e.g., lower redox, high canopy cover).
Despite this possible sampling effect, our uniform sampling
approach across sites remains useful for comparing drivers
of SAV growth.
Multivariate controls of SAV productivity
Both multivariate approaches were significantly more

successful in predicting SAV growth than simple bivariate
predictors, indicating that controls on growth are complex.
This result has important implications for management
decision-making because it suggests a nuanced perspective
is needed to understand the likelihood of site-based resto-
ration success. Moreover, the 2 multivariate models offer
complementary information relevant to managers. In one
case (regression trees) the resulting model is intuitive and
highly applicable, but threshold estimates are likely farmore
uncertain than estimated. The GLMM models are less in-
tuitive, but the fitted slopes allow us to better explore the
sensitivities of measured responses to continuous variation
in the controlling variables, rather than overemphasizing
threshold effects.

Notably, the central inference from both multivariate
model types was similar across both rivers. SAV growth in
springs appears to be controlled by light (positive effect),
sediment redox conditions (positive effect), and porewater
OrthoP (an unexpected negative effect). Water column Cl2

concentrations, water depth, flow velocity, and sediment or-
ganic matter composition were less important predictors.
Given that the 2 river models were constructed indepen-
dently, their convergence in structure, parameterization, and
goodness-of-fit suggests some important generality for pre-
dicting SAV growth. This result is relevant for future man-
agement actions because it suggests ourmodels may be used
to predict SAV planting success at new sites.

Existing literature suggests light is the main factor con-
trolling SAVdistribution, abundance, and growth (Canfield
and Hoyer 1988, Duarte and Canfield 1990, Hauxwell et al.
2007), but our results and those of others suggest that other
factorsmay be of similar importance. Notably, Canfield and
Hoyer (1988) suggested that substrate type, water depth,
and water velocity influence growth. Butcher (1933) found
that water velocity and substrate type in addition to light
availability were key factors driving SAV growth. Our re-
sults suggest that researchers should continue to focus on
light and flow velocity as well as redox potential and, by ex-
tension, sediment texture.

The mechanisms by which light and redox potential in-
fluence SAV growth are relatively well understood (Duarte
1991, Dennison et al. 1993, Sederias and Colman 2009), but
the mechanism by which elevated OrthoP might have a
negative effect on SAV growth is less clear. P is critical to
plant growth, and increased P availability often results in
accelerated production, but our models showed that in-
creased P had a negative influence on SAV growth. This as-
sociation could be the result of covariation of P with an un-
measured environmental parameter. Plants require a wide
range of elements (e.g., N, P, K, Ca, Fe), so SAV growthmay
be limited by nutrients, such as Fe, that are depleted or
absent in many springs (Kurz et al. 2015). OrthoP-caused
growth inhibition may also result from indirect or interac-
tion effects with sediment redox conditions or light. In ox-
idized sedimentswithhigh redoxpotential, phosphate com-
plexes with Fe, reducing the amount of P available to plants
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(Moore and Reddy 1994). As such, the presence of rooted
macrophytes may inhibit porewater OrthoP availability via
root zone oxidation. High levels of OrthoP do not cause
decreased growth, but rather decreased growth (and atten-
dant reduction in root zone oxidation) allows locally-lower
redox conditions which, consequently, enhance P availabil-
ity. However, we observed the OrthoP effect after including
the direct effect of redox potential. Finally, diminished SAV
productivity could result from indirect effects of elevated
P availability on periphyton increases and the resulting re-
ductions in light inputs (Dierberg et al. 2002). Further in-
vestigation of P inhibition is needed, even though system-
atic increases in P loads to springs have been observed in
these spring ecosystems (Scott et al. 2004).
Redox potential
Despite marked spatial heterogeneity in redox condi-

tions, mean site redox potential values (2306.6 to 172.2 mV
in Silver River and2235.2 to272.2mV inAlexander Springs
Creek) confirm highly reducing conditions (<2100 mV).
These conditions could enable accumulation of phytotoxic
compounds such as sulfide in the root zone (Reddy and De-
Laune 2008). Redox potential was the best bivariate pre-
dictor of aboveground SAV productivity and the strongest
predictor variable in both multivariate models. Indeed, we
estimate that SAV productivity increases by 1 g m22 d21 for
a redox potential increase of 200 mV in Alexander Springs
Creek (slope 5 0.005) and 350 mV in Silver River (slope 5
0.0028). In short, our study suggests sediment redox con-
ditions are required for successfully predicting site suitabil-
ity for SAV planting.

However, the mechanisms behind the strong associa-
tion between redox potential and SAV growth are not en-
tirely clear. Redox potential controls nutrient availability
and abundance of phytotoxic compounds in aquatic ecosys-
tems (Reddy and DeLaune 2008). Our results support this
as a mechanism because higher growth rates were associ-
ated with redox potentials in which phytotoxic compounds
(e.g., sulfide and NH4

1) are less likely to accumulate. SAV
can alter sediment conditions and protect against phyto-
toxic compounds via rhizosphere oxidation (Sand-Jensen
et al.1982, Carpenter et al. 1983, Wigand et al. 1997). This
aerated root zone may explain high microscale heteroge-
neity of sediment redox conditions, and further suggests
that declines in SAVdistribution andabundance for any rea-
son (e.g., shading, disturbance, overgrazing) may alter re-
dox potential. Thus, decreases in SAV cover could influence
the growth and vigor of the remaining SAV as well as efforts
to restore SAV assemblages via replanting.
Nitrate effects
NO3

2was not associated with SAV growth in our study.
Water column NO3

2 was uncorrelated with aboveground
SAV productivity across rivers (r2 5 0.00, p 5 0.94), and
there was no significant difference (p5 0.88) in mean SAV
biomass accrual between rivers. Together, these results sup-
port the hypothesis that SAV growth does not depend on
NO3

2 and add to growing evidence that growth primary
production (GPP) and SAV growth in these ecosystems are
not, and historically were not, nutrient limited (Duarte and
Canfield 1990, Heffernan et al. 2010, Nifong et al. 2014).
SAV are stoichiometrically homeostatic across 3 orders of
magnitude ofN concentrations (Nifong et al. 2014), and au-
totrophic N demand is saturated via advection even at low
concentrations (King et al. 2014). In light of weak evidence
for N controlling growth rates, the regulatory emphasis on
N concentration for SAV management overshadows the far
clearer role of other drivers. Instead, a systems perspective
(Odum 1957b) on SAV growth controls that explicitly con-
siders light (Odum 1957a), redox potential (Laing 2016),
herbivory (Liebowitz et al. 2014), water velocity (King 2014,
Hensley and Cohen 2017), and micronutrients (Kurz et al.
2015) is crucial for effective spring ecosystem management.
Gross primary production
Primary production and respiration (i.e., metabolism)

play a central role in ecosystem energy flow and elemental
processing (Bernhardt et al. 2018).GPP, the aggregatephoto-
autotroph fixation of C, is often measured at the reach
scale by diel oxygen variation (Odum 1957a, b, Appling et al.
2018), but this approach does not readily reveal contribu-
tions from different vegetation types. We estimated SAV
contributions to GPP (GPPsav) based on measurements of
aboveground SAV biomass accrual rates, which measures
net primary production (defined as GPP less autotroph
respiration, Ra). These estimates required several assump-
tions, all of which we estimated with ranges, from which
we extracted uncertainty using a Monte Carlo simulation
(10,000 permutations of parameters). Specifically, we esti-
mated aboveground net primary production bymultiplying
abovegroundnet primary production by SAV root-to-shoot
biomass ratios measured during vegetation surveys on Sil-
ver River (Cohen et al. 2017) and in other similar studies
(Wigand et al. 1997, Van den Berg et al. 1999). For this pa-
rameter, we used a uniform distribution of ratios between
1.1 and 1.5. We then converted net primary production
to GPP by assuming autotrophic respiration was 50% of
GPP (Hall and Tank 2003, Hall and Beaulieu 2013; Monte
Carlo uniform distribution range5 40–60%), which yielded
GPP estimates (g biomass m22 d21).We converted GPP es-
timates to C fluxes (g C m22 d21) based on mean foliar C
content for S. kurziana and V. americana blades of 36.8
and 34.2%, respectively, (uniform distribution range5 30–
40%) from the same vegetation survey (Cohen et al. 2017).
Finally, we converted GPP from C to O2 with molecular
weights, assuming a photosynthetic quotient of 1.0 (uni-
form distribution range 5 0.9–1.1).
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Weestimate thatSAVcontributes2.43and2.47gO2m
22

d21 to GPP in Silver River and Alexander Springs Creek, re-
spectively. In Silver River, estimates of GPPSAV ranged from
0.27 to 5.67 g O2 m

22 d21 across sites, with no systematic
longitudinal variation. In Alexander Springs Creek, GPPSAV
estimates had a similar range of 0.95 to 4.57 g O2 m

22 d21,
but upstream GPPSAV exceeded downstream GPPSAV
(3.32 g O2 m

22 d21 vs 2.27 g O2 m
22 d21).

These GPPSAV estimates were lower than open channel
measurements made during the same period (Cohen et al.
2017). From May 2015 through December 2016, mean
open-channel GPP was 8.76 g O2 m

22 d21 (±2.79 g O2 m
22

d21) in Silver River and 10.62 g O2 m
22 d21 (±3.28 g O2

m22 d21) in Alexander Springs Creek (Cohen et al. 2017).
We therefore estimate SAV accounts for∼25%of ecosystem
GPP. Propagating uncertainties in the variable range es-
timates using the Monte Carlo simulation suggests SAV
contributes between 12 and 40% of GPP in these rivers.
These values are surprisingly low given the dominance of
SAV in spring-river submerged biomass (Hoyer et al. 2004)
and historical estimates of standing stock biomass (Odum
1957b, Munch et al. 2006).

Our estimates of relative SAV contribution to ecosystem
GPP in Silver River and Alexander Springs Creek are con-
sistent with findings from the St Lawrence River, where SAV
accounted for 27% of the annual C budget (Vis et al. 2007).
In the St Lawrence River, annual primary production is
nearly equally distributed between submerged macrophytes,
phytoplankton (34%), epiphyton (16%), and emergent mac-
rophytes (23%).

Two plausible explanations exist for the surprisingly
small fractionofopen-channelGPPattributedtoSAVgrowth.
First, benthic and epiphytic algae may dominate GPP. Rapid
biomass turnover rate (Odum 1957b) and relative abun-
dance in many of the springs in Florida, both today and
under historical conditions, may enable a metabolic contri-
bution disproportionate to their standing stock. Second,
systematic bias in our site selection process would lead to
underestimates of the SAV contribution to GPP. Specifi-
cally, the densest SAV is typically in deep, well-lit parts of
the channel, but our measurements were taken in shallow
water near channel margins. These results suggest micro-
flora are an important component of spring ecosystem pro-
ductivity, although we likely underestimated SAV produc-
tivity by a factor of 2 or more, which implies that GPPsav is
more important than our study suggests.

Our findings that SAV growth is likely controlled by lo-
cal variation in light and sediment redox conditions and is
independent of N concentrations underscore the need for
a broadened scope of environmental management in Flor-
ida’s springs. The fact that the underlying factors of light
and sediment properties were consistent across both rivers
will be useful for practitioners interested in maximizing the
success of SAV restoration. Given the importance of SAV
restoration to spring ecosystem management, expeditious
field-scale management experiments to validate the find-
ings of this study are clearly warranted.
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