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ARTICLE INFO ABSTRACT

Keywords: Proliferation of nuisance algae in aquatic ecosystems is an increasingly common, global problem that can be
Macrophytes attributed to a broad suite of anthropogenic activities. One particular concern is that algae can shade rooted
Spring-fed system vascular plants, decrease their productivity, and, in extreme cases, cause mortality and a loss of the ecological
Bioindicator

services they provide. The loss of macrophytes in Florida’s iconic spring-fed systems is especially alarming. In the
Chassahowitzka River, for example, increases in epiphytic algae correlated with reductions in the abundance of
important macrophytes such as Vallisneria americana. However, the relationships between loads of epiphytic
algae and associated periphyton and the growth of vascular plants have not been characterized adequately. Here,
we quantified the effect of epiphytic algae and associated periphyton using direct, in-situ measurements of
growth rates for V. americana. Periphytic loads ranged from 11 to 15,211 mg DM per shoot (0.08 to 32.37 mg DM
cm ™2 of leaf), and weekly growth rates ranged from 0 to 197 mg DM or 0 to 87 cm? per shoot (0 to 94 mg DM or
0 to 39 cm? per leaf). Data indicated that changes in the growth rates of V. americana were the consequences of
combined stresses from environmental factors (e.g., light at the water’s surface and periphytic loads) and
physiological factors (e.g., leaf age). Life spans were shorter and turnover rates were faster only when shoots
were exposed to higher periphytic loads throughout their lives. Boundary analyses of data for growth of leaves
identified a threshold of 4-5 mg DM cm ™2 of leaf in full sunlight, with heavier periphytic loads considered
detrimental, and that threshold indicated that 20%-26% of incident, full sunlight was the minimum light re-
quirement for V. americana in the Chassahowitzka River. A threshold for periphytic loads represents a valuable
indicator that complements data on water quality, and the method to calculate a threshold provides a valuable
tool that can improve management of all aquatic systems where the effects of periphyton on macrophytes are of
concern.

1. Introduction grazers (Seddon et al., 2000; Smith, 2003; Dodds et al., 2009; Waycott

et al., 2009; Liebowitz, et al., 2014; Reaver et al., 2019).

Submersed macrophytes are critical components of many aquatic
systems, because they stabilize sediments and reduce turbidity, assim-
ilate and store nutrients, sequester carbon, and provide refuge and
foraging habitat for higher-level organisms (Gregg and Rose, 1985; van
Donk and van de Bund, 2002; O’Hare et al., 2017; Ruiz-Frau et al.,
2017). However, reductions in the abundance of submersed macro-
phytes have been reported globally over the past decades, with human
activities in the affected watersheds commonly viewed as causes. In-
creased loads of macronutrients (nitrogen and phosphorus) represent
key changes, but other important stressors include reductions in water
velocities due to water withdrawals and declines in abundances of

In combination, these stressors can lead to eutrophication of aquatic
systems that manifests as phytoplankton blooms or increased loads of
epiphytic algae that have detrimental effects on rooted macrophytes
(Silberstein et al., 1986; Lauridsen et al., 1994; Duarte, 1995; Dodds
et al., 2009). In particular, epiphytic algae and associated periphyton
inhibit performance of macrophytes by shading leaves (Taylor and
Lewis, 1970; Bulthuis and Woelkerling, 1983; Kurtz et al., 2003; Guan
et al., 2020), increasing the boundary layer around leaves leading to
slower exchange of carbon dioxide and oxygen (Sand-Jensen, 1977;
Sand-Jensen et al., 1985), competing for nutrients (Silberstein et al.,
1986; Borowitzka et al., 2007), and causing physical damage (Howard-
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Table 1
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Trends in key water quality parameters in the Chassahowitzka River from 2000 to 2016.

Parameter Anderson-Darling test Levene’s test
Total nitrogen (TN, pg L) p > 0.05 p > 0.01
Total phosphorus (TP, ug L) p > 0.05 p > 0.05
Color (Col, Pt-Co units) p > 0.05 p > 0.05
Chlorophyll-a (Chl, pg LY p > 0.05 p > 0.05
Light attenuation coefficient (Kg, m ™) p > 0.05 p > 0.05

Regression equation df Significance R?

TN = 12.35 X year + 360.61 1,15 p < 0.001 0.71
TP = 0.05 X year + 20.65 1,15 p > 0.05 0.02
Col = 0.26 x year + 12.24 1,15 p > 0.05 0.10
Chl = 0.15 x year + 7.02 1,15 p > 0.05 0.14
Kq = -0.005 X year + 1.508 1,15 p > 0.05 0.02

Williams et al., 1978; Kigrbe, 1980; Fong et al., 2000). Among these
effects, heavy periphytic loads that shade the leaves of submersed
macrophytes have been shown to be a major cause of reduced photo-
synthetic rates (Orth and Van Montfrans, 1984; Neckles et al., 1993;
Drake et al., 2003; Guan et al., 2020). Without sufficient photosynthetic
production, growth of submersed macrophytes declines, and, ulti-
mately, these key primary producers die, which leads to loss of the
ecosystem services they provide (Phillips et al., 1978; Duarte, 1991;
Wynn et al., 2014). Thus, an understanding of the influence of epiphytic
algae and associated periphyton on growth of submerged macrophytes
represents a valuable guide for successful management of aquatic sys-
tems.

Although interactions between periphyton and macrophytes have
been studied for decades, most work has focused on estuarine or
nearshore marine environments. A few studies related to freshwater
systems have been conducted in lakes (Phillips et al., 1978; Sand-
Jensen and Sgndergaard, 1981; Cattaneo et al., 1998) or in the la-
boratory (Asaeda et al., 2004). In particular, there is little quantitative
information on the effects of periphytic loads on the performance of
host plants in lotic systems. For example, the effects of periphyton on
the growth of macrophytes has not been investigated in Florida’s
spring-fed systems, even though substantial ecological changes in per-
iphytic loads and macrophytes have been documented (Stevenson et al.,
2007; Spring Management Plan, 2016). The Chassahowitzka River re-
presents a good example of this situation, with documentation of a
fundamental shift from dominance by submersed macrophytes, espe-
cially Vallisneria americana, to a proliferation of epiphytic algae and
associate periphyton (Frazer, 2000; Frazer et al., 2001; Frazer et al.,
2006).

Given this situation, we quantified the effect of periphytic loads on
the growth of V. americana through in-situ measurements in the
Chassahowitzka River, Florida. The resulting measurements provided a
basis for identifying a threshold for problematic loads of periphyton,
and such a threshold represents an indicator of the health of the system
and a useful guide for management actions, e.g., establishing safe loads
of nutrients or safe levels of flow that can remove excess periphyton.

2. Materials and methods
2.1. Study sites

The study was conducted in the Chassahowitzka River, a spring-fed
system along the west coast of peninsular Florida. The river originates
at the Chassahowitzka Spring, a first magnitude spring, and it flows into
the Gulf of Mexico (Yobbi and Knockenmus, 1989). The river is influ-
enced by approximately 1 m tides, and a supply of groundwater
maintains relatively uniform water temperatures that average about
24.0 °C across 12 months throughout the river (Frazer et al., 2006).

Conditions in the river are suitable for the growth of submersed
aquatic vegetation (SAV), with macrophytes, macroalgae, and epiphytic
algae observed throughout much of its length (Hoyer et al., 2004).
Based on visual estimates, Vallisneria americana was a dominant mac-
rophyte, comprising up to 26% of the total vegetative biomass (Frazer
et al., 2001). However, more recent sampling documents losses of V.
americana and increases in loads of epiphytic algae (Frazer et al., 2006).
Compared to surveys from 1998 to 2005 (Frazer, 2000; Frazer et al.,

2001, 2006), surveys in 2016 (J. Guan unpubl) recorded aboveground
areal biomass of V. americana that was close to the historical low or
10% of the historic average (mean =+ standard devia-
tion = 1,295.53 + 189.68 g DM m~%); mean epiphytic loads on leaves
of V. americana that were approximately twice the historic average of
2.45 + 1.48 g chlorophyll-a g~ DM host plant; and maximum loads
that were about four times higher than the historic maximum of 6.53 pg
chlorophyll-a g~! DM host plant.

The increase in epiphytic loads correlates with increasing con-
centrations of total nitrogen but not with changes in other key para-
meters. From 2000 to 2016, the average annual concentrations of total
nitrogen increased approximately 12-fold per year (Table 1). In con-
trast, there were no statistically significant changes in the average an-
nual concentrations of total phosphorus, color, concentrations of
chlorophyll-a, or light attenuation coefficients (Table 1). Thus, the
Chassahowitzka River receives increased loads of nitrogen that are not
accompanied by substantial decreases in light attenuation in the water
column due to increasing color or concentrations of chlorophyll-a.
These conditions make the river a suitable place to examine the influ-
ence of epiphytic algae and associated periphyton on the growth of V.
americana as an indicator of eutrophication resulting from increased
loads of a key macronutrient.

During the months of June, July, and August in 2016, investigations
to elucidate the effects of periphyton on growth of V. americana were
conducted at two sites in the Chassahowitzka River: Salt Creek
(28°43’18” N, 82°35’30” W) and Small Creek (28°43’13” N, 82°35'29”
W). The two sites were characterized by similar environmental condi-
tions, including mean summer water temperatures of 25.9 °C; mean
salinities of 3.55; coefficients of light attenuation in the water column
(Ky) of 3.27 m™%; concentrations of dissolved oxygen at 8.84 mg LY
mean pH values of 7.89; and meadows of V. americana, with varying
periphytic loads on their leaves and little drift macroalgae. In contrast,
there were substantial differences in water depths and surface irra-
diances between the two sites. The mean water depth in Small Creek
(0.41 m) was approximately half that in Salt Creek (0.74 m). In addi-
tion, shade from riparian vegetation in Small Creek lowers its mean
surface irradiance to 26% of Salt Creek, which receives full sunlight or
1,560 to 1,904 yEm ™2 s~ 1,

2.2. Characterizing the two meadows of Vallisneria americana

Due to the significant differences in incident light at the water’s
surface in Salt Creek and Small Creek and consequent effects on the
morphology of V. americana, samples were collected and processed
separately for the two meadows. A snorkeler counted the number of
shoots in five, haphazardly tossed, quadrats (25 cm X 25 cm) before
collecting six shoots for estimates of biomass of V. americana and per-
iphyton. Samples were stored in labeled plastic bags on ice during
transport to the laboratory where they were frozen until processing.

In the laboratory, the number of leaves per shoot were counted, and
the heights and maximum widths of leaves were measured using a
transparent sheet of plastic marked with a 1-cm grid. Leaves were
gently scraped to deposit periphyton into individual plastic weighing
boats that had been pre-weighed and labeled. The clean leaves and the
periphyton were dried at 60 °C to a constant mass before being weighed
to the nearest 0.001 with an electronic balance. Areal biomasses (g DM
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m™~2) for V. americana and its associated periphyton were calculated for
each site by multiplying the mean dry weight of V. americana shoots or
the mean dry weight of periphyton on shoots by the mean density of
shoots. Analyses of areal biomass, periphytic loads, and morphological
characteristics of V. americana (including dry mass per shoot, number of
leaves per shoot, leaf area, and new leaves recruited) were performed
with Levene’s test that assesses the equality of variances and Student’s t-
test (assuming equal variances or unequal variances as appropriate).

2.3. Measuring growth rates for Vallisneria americana and quantifying
periphytic loads

During the June to August 2016 growing season for V. americana
(Hauxwell et al., 2007), the negative influences of periphyton on
growth rates were investigated in Salt Creek and Small Creek. Growth
of V. americana was measured via a modified leaf-marking technique
that has been applied for SAV with wide leaves and a basal meristem
(Odum, 1957; Zieman, 1968; Zieman and Wetzel, 1980; Hauxwell et al.,
2007). During each sampling event, a quadrat (25 cm X 25 cm) was
tossed haphazardly five times within each meadow, and six shoots of V.
americana in each quadrat were identified by placing a pink flag on a
stake immediately adjacent to each shoot. All leaves comprising the
selected shoots were marked by carefully punching two holes with a
syringe needle approximately 3 cm above the rhizome (Hauxwell et al.,
2007). Each of the aforementioned shoots was retrieved one week after
punching, at which time new shoots were identified and punched. This
procedure provided 7 consecutive sets of measurements. At the ap-
propriate times, shoots and their associated belowground tissue were
collected by hand, rinsed in ambient water, and placed in each of 30
pre-labeled plastic bags. All samples were stored on ice for transport to
the laboratory and stored frozen until they were processed.

Processing involved multiple steps that yielded information on
growth of leaves, and the amount and composition of periphytic ma-
terial. Leaves comprising each shoot were separated and ranked by age
from senescent to new. For a given shoot, senescent leaves were located
at the outside of the bundle, and they bore holes that were at the same
height as when they were initially punched because these leaves did not
grow. These holes served as reference points for measuring the growth
of younger leaves. New growth for younger leaves was identified as the
material between their holes and the reference point. All leaves without
holes were considered new growth. Sections of new growth were se-
parated from old leaf tissues with a scalpel for subsequent measures of
dry mass, and the area of each section was estimated with a reference
grid. The rate of leaf growth was calculated by dividing the dry mass or
area of the new growth by the number of days of growth (one week).
The absolute leaf age in days was estimated from the rank of each leaf
by multiplying the plastochrone index by the plastochrone interval
(Erickson and Michelini, 1957; Lamoreaux et al., 1978). Life span for
each shoot was estimated as the product of total number of leaves per
shoot and the plastochrone interval, and turnover rate for each shoot
was calculated as the inverse of life span expressed as a percentage
change per day (Bulthuis and Woelkerling, 1983). The periphyton on
each leaf was gently removed with a scalpel and saved for determina-
tion of load per unit area. Representative samples of periphyton were
examined with the aid of a microscope to identify the dominant epi-
phytic algae using 100 x and 400 X magnifications and a standard key
(Wehr et al., 2015).

To yield dry mass (DM) as a standard measure of periphytic loads,
new growth, and biomass of old leaf tissues, the appropriate materials
were placed in preweighed weighing boats. The weighing boats were
held in a forced-air drying oven at 60 °C for 36-48 h before dry masses
were measured to the nearest 0.001 g on a Mettler P 163 balance. Using
these data, weekly growth rate was determined for V. americana as an
increase in either area (cm?) or dry mass (mg DM), and periphytic
densities were determined by dividing the dry mass of periphyton by
the surface area of one side of the relevant section of a leaf (mg DM
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cm™?). Periphytic loads for leaves were summed to yield periphytic
loads per shoot.

In addition, the heterogeneous distribution of periphytic loads along
the leaves of V. americana was assessed from another set of 30 shoots
taken from Salt Creek. From base to tip, each leaf was separated into
consecutive, 5-cm sections that had relatively homogeneous periphytic
loads. The distance to the base of the leaf, area, and periphytic loads
were measured and recorded for each section.

As one approach to estimating a threshold for detrimental loads of
periphyton, a logarithmic curve was fit to growth rates recorded for
leaves with different periphytic loads. The x-intercept, where no growth
was recorded, represented one estimate of the threshold for detrimental
effects.

Boundary analyses also were employed to identify periphytic loads
that impeded the growth of V. americana (Ludwig and Tongway, 1995).
The analyses involved (1) ranking growth rates from those associated
with the highest periphytic loads to those associated with the lowest
loads, (2) bracketing contiguous sets of growth rates in a window of
preassigned width (w = 4, 6 or 8), (3) splitting each window into two
equal groups (%w = 2, 3 or 4), (4) averaging the growth rates in the two
groups (H; and Hs), (5) computing a dissimilarity index as squared
Euclidean distance (SED) = [(Mean H;) — (Mean H»)1?, (6) moving the
window one position further along the ordered series of growth rates,
(7) computing another dissimilarity index, (8) repeating this process for
the entire dataset, and (9) examining the dissimilarity indices versus the
appropriate loads of periphyton. A threshold for the effect of periphytic
loads in each creek was identified as the load associated with the first
large increase in a dissimilarity index. To confirm the thresholds,
growth rates of all leaves equal to and below the thresholds were
compared to growth rates of leaves with periphytic loads above the
thresholds with an appropriate Student’s t-test selected using the results
of Levene’s tests for homoscedasticity.

Life spans and turnover rates for shoots were evaluated to determine
if they varied with periphytic loads. Differences in life spans and
turnover rates between the two creeks were evaluated with Levene’s
test to assess the equality of variances and the appropriate Student’s t-
test.

3. Results

Analyses examining the influence of light regimes on the two
meadows of seagrass identified significant differences in some mor-
phological characteristics of V. americana. Dry mass per shoot was
significantly higher in Salt Creek than in Small Creek (t-test assuming
unequal variances, df = 109, p < 0.05), with a mean dry mass per
shoot of 0.8 g DM in Salt Creek and 0.5 g DM in Small Creek. In con-
trast, the number of leaves per shoot was significantly higher in Small
Creek compared to Salt Creek, with means of 11 leaves per shoot and 8
leaves per shoot, respectively (t-test assuming equal variances,
df = 131, p < 0.05). Finally, mean leaf areas per shoot differed
by < 2 em?, and they were not significantly different (256.5 cm? for
Small Creek and 258.4 cm? for Salt Creek; t-test assuming equal var-
iances, df = 131, p > 0.10).

Measurements of the growth rates of V. americana with varying
periphytic loads were obtained from 134 shoots and 1,236 leaves from
the two sites. The weekly growth rates of V. americana ranged from 0 to
205.0 mg DM per shoot and 0 to 87.0 cm? per shoot. The mean growth
rates of V. americana in the shaded Small Creek were higher than rates
in Salt Creek, with more new leaves recruiting per shoot per week and
the addition of more dry mass and surface area per shoot per week.
Shoots in Small Creek gained an average of 2 leaves per week, while
shoots in Salt Creek averaged 1 new leaf per week (t-test assuming
unequal variances, df = 97, p < 0.05). The mean dry mass of weekly
new growth per shoot was 98.5 mg DM in Small Creek and 61.4 mg DM
in Salt Creek (t-test assuming equal variances, df = 83, p < 0.05), and
the mean surface area added per week was 34.9 cm ™2 per week in



J. Guan, et al.

Small Creek and 29.3 cm™~2 per week in Salt Creek (t-test assuming
equal variances, df = 129, p < 0.05).

Furthermore, areal productivity of V. americana and periphytic
loads were significantly different between the two creeks. The mean
areal biomass (aboveground) of V. americana in Salt Creek was 143 g
DM m 2 as estimated by multiplying mean dry mass per shoot by mean
shoot density (177 shoots m~2); whereas the mean areal biomass in
Small Creek was 37 g DM m ™2, with a mean shoot density of 70 shoots
m~ 2 At both sites, the periphyton on V. americana leaves was domi-
nated by Ulva sp., a green filamentous macroalgae. The mean periphytic
loads of 2.88 g DM per shoot in Salt Creek were significantly higher
than the mean loads of 0.17 g DM per shoot in Small Creek (t-test as-
suming unequal variances, df = 76, p < 0.05). Thus, Salt Creek, with
higher incident light held more biomass of both V. americana and
periphyton.

Distributions of leaf ages were different between Small Creek and
Salt Creek, which likely arose due to the difference in growth rates of V.
americana at the two sites. Estimated leaf ages ranged from 3 to 81 days,
with new leaves produced about every 5 days. Leaves were grouped
into three age classes: new leaves (< 10 days old), maturing leaves (11
to 30 days old), and senescing leaves (> 30 days old). Of the total
number of leaves sampled in Small and Salt creeks respectively, new
leaves represented 22% and 17%, maturing leaves represented 37% and
27%, and senescing leaves represented 41% and 56%.

The growth rates of leaves were affected by leaf age. Growth rates
increased with leaf age until they reached a maximum value for leaves
that were 15 days old. The maximum growth rates were 84.3 mg DM
per leaf per week and 38.6 cm ™2 per leaf per week in Small Creek and
94.4 mg DM per leaf per week and 30.2 cm ™~ 2 per leaf per week in Salt
Creek. Subsequently, growth rates decreased to essentially zero in the
few leaves that were older than 40 days.

Periphytic loads on the sampled shoots varied greatly, ranging from
11 to 15,211 mg DM per shoot (or 0.08 to 32.37 mg DM cm ™~ 2 of leaf).
The mean periphytic load + one standard deviation (n = 134) was
1,735 = 2,556 mg DM per shoot or 6.66 + 7.26 mg DM cm ™2 of leaf.
Although total periphytic loads per shoot varied widely, the mean
periphytic loads on different sections of leaves increased linearly along
most of the length of the leaves of V. americana (Table 2). That is,
periphytic loads were heavier on the older, distal sections of leaves,
with no or minimal periphyton visible on newer, basal sections. In
addition, periphytic loads increased with leaf age (Table 3). Although
the distribution of periphytic loads on leaves of different ages was
variable, the mean reached a maximum of 6.86 mg DM cm ~ 2 on leaves
that were 39 days old. There was no or minimal periphyton visible on
leaves younger than 3 days. Up to 39 days, the rate that periphyton
accumulated apparently exceeded the rate of losses from grazing or
sloughing. Eventually, declines of periphytic loads were likely due to
loss of heavily loaded leaf tissue because leaves became shorter (mean
length + SE for leaves 10-50 d old = 28.2 + 0.5 cm and older than
50d = 26.2 * 0.7 cm, t-test assuming unequal variances, df = 522,
p < 0.05), and an overload of periphyton can reduce the flexibility of
leaves and lead to mortality or sloughing of sections of leaves (Howard-
Williams et al., 1978; Fong et al., 2000).

Of the 1,236 leaves that were processed to determine growth rates,
8 were excluded due to damage, 684 were senescent and displayed no
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growth, and 407 had no epiphytes. Separate logarithmic curves fit to
the remaining data for Salt and Small creeks explained 43% and 24% of
the variation in the relationship between additions of surface area
(cm ™2 per leaf per week) and epiphytic loads (mg DM cm ~2), respec-
tively (Fig. 1). The x-intercepts or thresholds for no growth were 6.7 mg
DM cm ™2 (95% confidence limits of 3.5 mg DM cm ™2 and 21.7 mg DM
em™~?) and 0.8 mg DM cm ™2 (95% confidence limits of 0.2 mg DM
em ™2 and 1.4 mg DM cm ™~ 2) for Salt and Small creeks, respectively.
Based on previous measures of light attenuation by periphyton on V.
americana in the Chassahowitzka River (Guan, et al., 2020), periphytic
loads of 6.7 mg DM cm ™2 of leaf in Salt Creek would attenuate ~ 88%
of incident light, and in Small Creek, with an average surface irradiance
of 26% of full sunlight, periphytic loads of 0.8 mg DM cm ™2 would
equate to ~ 84% attenuation of full sunlight.

Boundary analyses also identified thresholds for periphytic loads
that inhibited but did not preclude the growth of V. americana leaves,
with lack of periphyton on most new leaves or lack of growth for most
senescing leaves restricting these analyses to maturing leaves. For Small
Creek, boundary analyses using windows of four, six or eight datapoints
indicated thresholds of ~ 0.4 mg DM cm~2, and for Salt Creek,
boundary analyses using the three different windows indicated
thresholds of 5.1-5.3 mg DM cm ™2 Levene’s tests and appropriate
Student’s t-tests confirmed consistent differences in the growth rates of
V. americana when periphytic loads were less than or greater than or
equal to the thresholds (p < 0.05 in all cases; Fig. 2). Overall, plants
appeared to be more vulnerable to periphytic loads in low light, which
was found in Small Creek. Based on previous measures of light at-
tenuation by periphyton on V. americana in the Chassahowitzka River
(Guan, et al., 2020), periphytic loads of 4.0-5.3 mg DM cm ~ 2 of leaf in
Salt Creek would attenuate 74%-82% incident light, and in Small
Creek, with an average surface irradiance of 26% of full sunlight, per-
iphytic loads of 0.4-0.8 mg DM cm cm ™2 would equate to 82%-83%
light attenuation. Thus, growth of V. americana was measurably af-
fected when incident light was attenuated by 74%-83%, which is
equivalent to less than 17%-26% of incident light reaching the surfaces
of leaves.

Life spans and turnover rates for shoots varied between the two
creeks, but these metrics did not vary consistently with periphytic loads
(Fig. 3). Periphytic loads per shoot ranged from 11 mg to 15,211 mg,
life spans ranged from 30 to 84 d, and turnover rates per shoot ranged
from 1.2% d* to 3.3% d™. Life spans were 1.4 x longer in Small Creek,
and as expected, turnover rates were 1.4 x faster in Salt Creek (Fig. 3).
It appears that leaves were replaced more rapidly when shoots were
exposed to higher periphytic loads for periods greater than their life
spans, but responses to differing periphytic loads over shorter intervals
were not consistent.

4. Discussion

This study identified a threshold for periphyton on V. americana
leaves of 4-7 mg DM cm ™2 derived from measuring realized detri-
mental effects of periphytic loads at a site receiving full sunlight. This
result is in line with an estimate of 6 mg DM cm ™2 of leaf for the
Chassahowitzka River derived from measurements of light transmitted

through periphyton and previous reports of minimum light
Table 2
Distribution of periphytic loads along the leaves of Vallisneria americana.
Value Distance from leaf base (cm)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Mean periphytic load (mg DM cm ™~ %) 0.00 0.00 0.05 0.17 0.57 0.69
Standard deviation 0.00 0.00 0.16 0.41 1.11 1.19

Equation and R? of trendline y = 0.14x — 1.83, R2 = 0.94

2.86 2.57 3.38 3.36 4.25 5.84 6.05 8.95 8.61 8.23
1.62 1.51 2.63 3.24 3.28 4.64 3.52 3.46 4.00 2.90

DM = dry mass, y = periphytic load (mg DM cm~2), x = distance from the leaf base (cm)
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Table 3
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Distribution of periphytic loads on leaves of Vallisneria americana at different ages.

Value Leaf age (days)

0 3 9 15 21

27 33 39 45 51 57 63 69 75 81

Mean of periphytic loads (mg DM cm ~2) 0.00 0.00 0.14 0.94 3.64

5.39 6.81 6.86 6.36 5.54 3.88 3.36 2.05 2.97 1.79

Standard deviation 0.00 000 078 318 733 807 879 1039 1026 894 634 427 285 432 059
DM = dry mass
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Fig. 1. Logarithmic curves fit to data on growth versus periphytic load for
Vallisneria americana from (A) Salt Creek and (B) Small Creek. Data = measured
values; LCL and UCL = 95% lower and upper confidence limits, respectively;
Regression = curves described by the equations; dashed line = x-axis or zero
growth; DM = dry mass.

requirements for submersed focused on light attenuation in the water
column (Guan, et al., 2020). Unlike this estimate of potential effects,
the direct, in-situ measurements of growth accounted for additional
environmental factors other than periphyton, for example, light at-
tenuation in the water column. In fact, light attenuation by water in the
Chassahowitzka River is affected significantly by tide and freshwater
runoff from the adjacent watershed, with K; values ranging from
0.43 m~! to 3.27 m~! during our study. Moreover, the direct mea-
surements accounted for any mechanical and biological effects of per-
iphyton on tissues of V. americana beyond the effects of light attenua-
tion (Sand-Jensen, 1977; Howard-Williams et al., 1978; Kigrbe, 1980;
Sand-Jensen et al., 1985; Silberstein et al., 1986; Fong et al., 2000;
Borowitzka et al., 2007). Finally, the higher thresholds derived from
curves fit to relevant data represent estimates of periphytic loads that
will preclude growth, whereas the thresholds derived from boundary

Creek, position relative to threshold load of periphyton

Fig. 2. Growth of Vallisneria americana leaves with periphytic loads less than or
greater than or equal to a threshold expressed as change in (A) dry mass and (B)
surface area. In each creek, growth rates were significantly higher (Student’s t-
test; p < 0.05) for leaves with periphytic loads below the threshold. DM = dry
mass; < = periphytic load was below the threshold; = = periphytic load was
equal to or above the threshold.

analyses represent estimates of periphytic loads that reduce growth
rates substantially and indicate the presence of stress.

The threshold for detrimental periphytic loads of 4-7 mg DM cm ™~
was higher than most previous estimates, which primarily focused on
seagrass in brackish or marine environments. In a review of available
literature, Nelson (2017) proposed four categories for periphytic loads
that would cause increasingly severe consequences, with the categories
based on loads that would cause < 25%, 25%-50%, 51%-75%,
and > 75% reductions in responses of macrophytes. Converted upper
boundaries for the first three classes were 0.77 mg DM cm ™2, 1.35 mg
DM cm ™2, and 2.90 mg DM cm ~ 2. Hillman et al. (1991) suggested that
periphytic loads > 0.97 mg DM cm ™2 were excessive for Australian
Posidonia spp., and Dennison et al. (1992) stated that when the dry mass
of periphyton was equal to the dry mass of the host plant (1 g DM g~ *
DM or 1.93 mg DM cm ™ ?) periphytic loads of Ulva sp. would cause
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Fig. 3. Life spans (A) and turnover rates per Vallisneria americana shoot (B) versus periphytic loads per shoot in Small (black dots) and Salt (gray dots) creeks.

mortality of macrophytes in the Chesapeake Bay. In another study,
Glazer (1999) determined that periphytic loads of 20 mg DM cm ™2
caused some mortality for Zostera marina, and loads of 200 mg DM
cm ™2 resulted in nearly 100% mortality. However, Bendell (2006)’s
study of Halophila ovalis in Australia suggested that negative impacts of
periphyton occurred at 4.7 mg DM cm ~ 2. The differences among these
estimates likely are due to varying morphologies among species of
macrophytes and periphyton, methodological differences in measure-
ment of macrophytic responses and periphytic loads, or environmental
differences among the systems.

The periphytic thresholds derived from boundary analyses sug-
gested that 20%-26% of incident, full sunlight may be the minimum
light requirement for V. americana in the Chassahowitzka River. This
result was consistent with the report of Choice et al. (2014) indicating
that 18%-25% of incident light was required by most prominent es-
tuarine macrophytes in this area. A similar result was reported for Lake

Onalaska, where survival of V. americana seedlings was significantly
greater when they received at least 25% of incident light (Kimber et al.,
1995). In addition, other studies have reported that some seagrasses
have similar light requirements for long-term survival. For example, in
Tampa Bay, Florida the minimum light requirement for Thalassia tes-
tudinum was determined to be 20%-25% of incident light (Dixon and
Leverone, 1997), and Kenworthy and Haunert (1991) concluded that at
least 20% of incident light was required to maintain a seagrass com-
munity. These observations provide support for the critical thresholds
calculated for V. americana in the Chassahowitzka River.

In this study, periphytic loads influenced the growth rates of mac-
rophytes more than overall light regime. In Salt Creek, where more
light was available, heavier periphytic loads suppressed the growth of
plants more strongly, shortened the life span of shoots, and led to more
rapid turnover rates compared to Small Creek, where leaves had lower
periphytic loads. Similar results can be found in earlier work on a
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variety of freshwater macrophytes (Sand-Jensen, 1977; Phillips et al.,
1978; Bulthuis and Woelkerling, 1983; Twilley et al., 1985; Asaeda
et al., 2004).

Besides periphytic loads, aging has been shown to lead to changes in
photosynthesis (Mazzella and Alberte, 1986), synthesis of proteins
(Thayer et al., 1984; Zieman et al., 1984), and other physiological
processes (Cebrian and Duarte, 1994) that influence growth rates of
macrophytes. In addition, the increased biomass of periphyton that
accumulated on older leaves created a more detrimental influence
(Bulthuis and Woelkerling, 1983; Borum, 1987; Asaeda et al., 2004).
The variation in growth documented for V. americana leaves of different
ages confirms and extends these results.

The ambient light regime is another important influence on inter-
actions between V. americana and periphyton. In this study, the areal
biomass of V. americana and the mean periphytic loads per shoot in Salt
Creek were higher than values recorded in Small Creek, which had 74%
less incident light. These differences in biomass demonstrated the
strong positive effect of incident light on productivity of both macro-
phytes and periphyton (Burnell et al., 2014; Asaeda et al., 2004). Si-
milar effects on the growth of V. americana were reported by Blanch
et al. (1998) where available light in the River Murray in South Aus-
tralia was lowered by turbidity, and by Kurtz et al. (2003) who con-
ducted a shading experiment in Perdido Bay, at the border between
Alabama and Florida. In addition, higher light availability generated a
greater abundance and diversity of macrophytes in eight coastal sys-
tems along the Gulf coast of peninsular Florida (Choice et al., 2014).
Furthermore, the higher levels of incident light and periphytic loads in
Salt Creek were accompanied by shorter life spans and faster turnover
rates, which confirms previous findings that overall productivity re-
sponds to light regimes over the longer term because there was not a
clear relationship between life spans or turnover rates and periphytic
loads within either creek (Bulthuis and Woelkerling, 1983; Ruesink,
2016).

Potential morphological adaptations to low light and shallow water
were observed for V. americana in Small Creek, with short and narrow
leaves yielding reductions in mean masses of shoots and areas of leaves.
Similarly, V. americana was found to have small leaves at other loca-
tions with low light availability (Blanch et al., 1998; Kurtz et al., 2003).
Furthermore, Asaeda et al. (2004) recorded decreases in leaf area for
Potamogeton perfoliatus growing in areas with low light. Although plants
growing in low light environments within our study area had small
leaves, they also tended to have more leaves per shoot resulting in no
significant difference in total leaf area per shoot as compared to plants
in higher light. These findings apparently contradicted earlier studies
that reported an increased total leaf area per shoot in low light condi-
tions to optimize exposure to light (Tomasko and Dawes, 1988; Abal
et al., 1994; Dalla Via et al., 1998; Carlson et al., 2003). This dis-
crepancy likely is due to lower periphytic loads in Small Creek that
offset the suppression of growth due to lower light availability. In this
study, numbers of new leaves that recruited to each shoot each week,
growth rates per shoot, and total leaves per shoot were higher in the
low light environment that characterized Small Creek. These values
may be due to enhanced production of leaves in light conditions where
they are protected from direct sunlight (Muenscher, 1936; Kimber
et al., 1995).

Information about the health of V. americana is valuable because it
is a very hardy macrophyte that is native to Florida, and historically, it
was distributed extensively throughout fresh and brackish systems
(Kraemer et al., 1999). As a major factor causing the decline of this
species, the over-proliferation of periphytic algae should engender
concern for all who value these aquatic systems. A threshold for det-
rimental periphytic loads on macrophytes represents a valuable in-
dicator of an aquatic system’s response to anthropogenic impacts
(Wood and Lavery, 2000; Bricker et al, 2003; Gobert et al., 2009; U.S.
EPA, 2010; Sutula et al., 2011; Nelson, 2017). Periphyton can respond
to environmental changes more rapidly than their host macrophytes
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(Giovannetti et al., 2010); therefore, they provide an early warning of
the need for management actions. Additionally, a threshold for per-
iphytic loads can be considered complementary to traditional indicators
based on water quality parameters (Wood and Lavery, 2000; Gobert
et al., 2009; Balata et al., 2010; Giovannetti et al., 2010), especially
given that tracking concentrations of nutrients has not always yielded a
robust assessment of environmental status given the variety of factors
that influence the effects of increased nutrient loads or concentrations
(Bricker et al, 2003).

5. Conclusions

Since the performance of macrophytes is a consequence of com-
bined stresses from environmental factors (e.g., light availability and
loads of epiphytic algae and associated periphyton) and physiological
factors (e.g., leaf age), it is essential to apply a standard experimental
method for estimating thresholds for periphytic loads that have detri-
mental impacts on macrophytes. Direct, in-situ measurement of growth
via a leaf-marking technique appears to be an optimal approach that is
effective for quantifying detrimental changes due to periphytic loads on
V. americana. Applying boundary analyses to growth data identified a
threshold of 4-5 mg DM cm ™2, which translated into a minimum light
requirement of 20%-26% of incident, full sunlight for V. americana in
the Chassahowitzka River. As an indicator that complements traditional
indicators based on water quality parameters, this threshold can guide
improved management of aquatic systems containing this important
macrophyte. For example, if there is a level of flow in a lotic system that
maintains periphytic loads below the threshold that causes detrimental
effects, then management actions should safeguard that amount of flow.
In addition, the methods used here can be transferred to other systems
where the effects of epiphytes on macrophytes are of concern.
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