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Abstract In many spring-fed rivers, benthic macroalgae and periphytic algae are increasing and, in some
cases, replacing rooted vascular plants, which are critical to ecosystem function. While most research has
focused on the role of nutrients in driving this change, in-channel hydrodynamics also control vascular plant
and algal abundances and their interactions. Understanding relationships between hydrology and
primary producers is essential for developing ecologically relevant flow regulations. We investigated the
relationship between flow velocity and primary producer abundance in spring-fed rivers using observational
data from 16 springs to determine critical velocity thresholds for periphyton, macroalgae, and vascular
plants. We also used flow suppression experiments to quantify periphyton growth rates and test for
hysteretic behavior. Results suggest a critical velocity of 0.22 m/s (95% CI: 0.13-0.28 m/s) for periphyton but
no specific thresholds for macroalgae or vascular plants. Experimental and theoretical results supported
these findings and suggest periphyton establishment is not hysteretic.

Plain Language Summary Spring-fed rivers are ecologically, socially, and economically
important ecosystems. In many springs, algae has been increasing—and in some cases replacing
—submerged plants, with negative ecosystem impacts. Restoring springs requires an improved
understanding of the drivers of plant and algae abundance. In this study, we investigated the relationship
between the speed of flowing water and the abundance of plant and algae using two approaches. First, we
used observations of water speed and plant and algal abundances from 16 springs to determine if there
was a critical flow speed above which plants and algae decreased. Second, we performed field experiments
where we artificially reduced water speed, allowing algae to grow on submerged plants, and then quantified
its growth and removal rates. The observational study showed that algae growing on plants (periphyton)
is reduced at flow speeds above ~0.22 m/s. In contrast, submerged plants and algae growing on the river
bottom did not have identifiable thresholds. The experimental study and theoretical calculations agreed with
these results and identified the mechanism for this threshold. Finally, we found that increased algae
abundance returns to its previous state when flow is restored, suggesting that restoring water flows can also
help reduce algal levels in impacted springs.

1. Introduction

Globally, lotic ecosystems face degradation from flow reduction, nutrient and contaminant pollution, inva-
sive species introduction, channel and floodplain modification, and other anthropogenic drivers (Malmqvist
& Rundle, 2002). Changes in primary producer community structure (PPCS) are a highly visible and funda-
mental symptom of ecosystem disturbance (Townsend et al., 2017) and have motivated intensive river
restoration efforts in recent decades (Bernhardt et al., 2005; Wohl et al., 2015). A substantial portion of
restoration efforts do not achieve their desired results (Kail et al., 2015) however, highlighting the need
for improved understanding of physical-biotic interactions in lotic systems and the development of general
methodologies for their elucidation. In particular, understanding how flow regime structures PPCS in lotic
ecosystems is critical for attributing causal mechanisms of observed ecological change and setting flow man-
agement or restoration goals.

Hydrodynamics is known to play an important role in shaping primary producer communities in rivers and
streams (Biggs, 1996; Biggs & Stokseth, 1996; Franklin et al., 2008; Jowett & Biggs, 2010). Higher flow velo-
cities can increase nutrient delivery by thinning the diffusive boundary layer over primary producer
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surfaces, increasing their productivity (Biggs, 1996; Biggs & Stokseth, 1996; Larned et al., 2004; Nepf, 2012a,
2012b; Saravia et al., 1998). However, if velocities are too high, primary producers can be dislodged from the
substrate or prevented from colonizing (Franklin et al., 2008; Ghosh & Gaur, 1998; Ryder et al., 2006;
Wellnitz & Rader, 2003). Primary producers also exert control on the structure of lotic ecosystems, modifying
both their hydrodynamics and morphology through complex flow-vegetation-sediment feedbacks (Gurnell,
2014). Lotic primary producers include rooted vascular plants (VP), macroalgae, and periphyton (O'Hare,
2015), and for all communities, biomass is generally negatively correlated with velocity (Biggs, 1996; Biggs
& Stokseth, 1996). As such, changes in velocity driven by natural or human-induced flow alterations have
the potential to drive substantial variation in PPCS, a phenomenon that has been widely observed in
Florida (USA) springs.

Springs are highly productive, clear-water ecosystems fed by groundwater discharge (Scott et al., 2004).
Compared to surface water-fed systems, springs have extremely stable discharge, temperature, and chemical
composition, making them excellent settings for controlled experiments (Heffernan et al., 2010; Odum,
1957). Florida has one of the highest concentrations of springs in the world (FSTF, 2000), and these unique
ecosystems represent a vital ecological, cultural, and economic resource (Bonn & Bell, 2003; Borisova et al.,
2014; Dunbar et al., 1989; Huth & Morgan, 2011; Laist & Reynolds, 2005). Florida's springs were historically
dominated by VP (primarily Vallisneria americana and Sagittaria kurziana), but benthic and periphytic
algae are increasing in a majority of springs (Stevenson et al., 2004), substantially shifting PPCS and asso-
ciated ecological and recreational functions (Foss et al., 2012). Notably, these shifts have occurred contem-
poraneously with observed increases in nitrogen concentration and declines in the discharge of many
springs (FSTF, 2000).

Understanding the root cause(s) of observed PPCS shifts is vital for springs restoration and management,
and multiple plausible hypotheses have been advanced (Heffernan et al., 2010; Hensley & Cohen, 2017;
Liebowitz et al., 2014). One potential driver is hydraulic control of algal abundance, specifically the ability
of flow velocity to limit or prevent algal colonization, establishment, and accumulation. In this work, we
investigated hydrodynamic control of PPCS using complementary observational, experimental, and theore-
tical methodologies. We hypothesized that if velocity exerts a consistent control on primary producer abun-
dance, the effect will be evident in field observations across multiple springs. We tested this by applying a
critical threshold velocity model to observational data sets of VP, macroalgae, periphyton, and velocity from
16 Florida springs. Additionally, we manipulated velocity in one spring (Silver River, FL) to experimentally
verify threshold velocities for periphyton, quantify periphyton growth dynamics and test for hysteretic
effects (i.e., whether algal abundance returned to initial levels after flow manipulation ceased). Finally,
we applied a physical model to describe a plausible mechanism for the existence of critical
velocity thresholds.

2. Data and Methods
2.1. Observational and Experimental Data Sets

Observational data sets from five separate studies involving 16 springs were used to identify critical velocity
thresholds, if present, for VP, macroalgae, and periphyton abundance. Specific data formats varied among
data sets; however, all studies included primary producer abundance and flow velocity measurements,
which were harmonized as described in section 2.2 and the supporting information (SI). The five studies
were (1) the Gulf Coast Springs Survey, containing periphyton, macroalgae, and VP data from three springs
from 2003 to 2011 (Canfield & Hoyer, 1988; Frazer et al., 2001, 2006; Hoyer et al., 2004; Moss, 1976); (2) the
Gum Slough Filamentous Algae Survey, containing macroalgae data from one spring from 2010 to 2013
(King, 2014); (3) the Synoptic Biological Springs Study, containing periphyton, macroalgae, and VP data
from 14 springs from 2015 (AFW, 2016); (4) the Collaborative Research Initiative on Sustainability and
Protection of Springs (CRISPS) Submerged Aquatic Vegetation Groundtruthing Survey, containing periph-
yton and VP data from one spring from 2014 to 2016; and (5) the CRISPS Hydraulics and Hydrodynamics
Periphyton Survey, containing periphtyon data from one spring from 2017. A complete description of each
data set is given in Text S1.

Experimental data were derived using in situ flow manipulation structures to reduce velocity in a section of
the Silver River, observing the rate of periphyton growth or colonization on VP in areas with suppressed
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Figure 1. (a) Conceptual summary of the critical velocity threshold model. One primary producer abundance distribution
(in this case algal percent cover) exists below the critical velocity (black), while a different distribution exists above this
velocity (red). (b) Conceptual summary of the periphyton growth dynamics model and test for hysteresis. Flow is
interrupted at time 0, after which periphyton abundance increases logistically from its initial value, Ay, to the carrying
capacity, K. When flow is restored, periphyton abundance is reduced. Comparison of periphyton abundance distributions
before and after flow modification indicates potential hysteretic behavior.

velocity (and paired controls without flow manipulation), and then restoring flow and measuring
periphyton loss. The structure diverted flow above and around its footprint, effectively reducing velocity
behind the structure to 0, without blocking light (Figures S1 and S2 and Movie S1). Structures were
deployed at 19 sites in the Silver River across gradients of velocity and VP/periphyton cover. During each
deployment, periphytic algal cover on VP was measured using digital photography (n = 6 images per site,
per sampling event, maximum sampling interval of 2 days). After 1 week, flow was restored, and
periphyton cover was measured using the same procedure. Periphyton abundance was quantified by
randomizing the order of images and visually assigning each an abundance of “very low,” “low,”
“medium,” “high,” or “very high” (Text S1). This post-field ranking methodology mitigates potential
observer bias or error present when using other defined-threshold categorization schemes, such as Braun-
Blanquet classification (Wikum & Shanholtzer, 1978), or estimating cover directly (Klimes, 2003; Lep§ &
Hadincova, 1992).

2.2. Estimating Critical Velocity Thresholds From Observational Data

We applied a critical threshold velocity model that tests whether two distinct primary producer abundance
distributions exist above and below a critical velocity threshold (Figure 1a). Any measure of primary produ-
cer abundance could be used for this test; here we use algal percent cover (A) based on the availability of
these data across all studies. The distribution of A can be written as
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where f[u;, 01%] is a Beta distribution with mean, y;, and variance, 0,2, for flow velocities, v, below the cri-
tical threshold velocity, v.. Similarly, B[, 0'22] is a Beta distribution with mean, y,, and variance, 0,2, for v
above v.. We used the Beta distribution for A since it has finite support between 0 and 1, which corresponds
to the 0% to 100% range for A. Using the Heaviside step function, @( ), we can rewrite equation (1) as a sin-
gle distribution with its parameters u(v) and o*(v) as functions of v,

AW)~Blu(v),a*(v)]
) = @) + (= )P (v—vc) @)

o*(v) = 01?D(v) + (07— * ) P(v—re)

Equation (2) is illustrated conceptually in Figure 1a. A form of equation (2) was used for all observational
data sets that quantified VP/algal abundance in terms of cover, while an analogous form was used for those
that measured algal biomass (see SI).

We used Bayesian statistical inference to calibrate equation (2) for each of the observational data sets, result-
ing in probability distributions for each of the model parameters (v, u1, 0.2, Mo, and 0,°), for each data set.
When calibrating equation (2) to N values of algal abundance and flow velocity observations (i.e., {A;},{vi}),
Bayes theorem can be written as

p(v07ﬂ170127ﬁ{27022|{Ai}> {Vi}) (HB[A |M vi), Vt)] )P(VC)P(M)P(UIZ)P(#Z)P(UZZ) 3

where S[A;lu(vy), o*(vy)] is the likelihood of a single abundance observation, A;, given the corresponding
v; and equation (2); and p(...) are the prior probability distributions for each parameter (e.g., p(v.) is a
uniform distribution). Explicit functional forms of the posterior distributions for each data set are given
in the SI (Text S2). Posterior probability distributions were sampled using a random walk Metropolis-
Hasting Gibbs Sampling algorithm (Text S2). One-dimensional marginal probability distributions for
v. for each observational data set were obtained from samples of corresponding multivariate posterior
distributions. Overall estimates of v. for each primary producer class (i.e., periphyton, macroalgae,
and VP) were obtained by creating mixture distributions from all v, marginal distributions for each
class.

2.3. Quantifying Periphyton Growth Dynamics and Hysteresis From Experimental Data

We applied a logistic growth model to describe the growth dynamics of periphyton released from hydrau-
lic control. The model assumes that the mean behavior of periphyton cover as a function of time, A(t), is
logistic and that variance around this mean follows a Beta distribution. Mathematically, this can be
expressed as

A(D)~B[u(),o?]
- KAOe” (4)
/"(t) _K+A0(e"—1)

where A, is the initial periphyton coverage, K is the carrying capacity, and r is the intrinsic growth rate.
Equation (4) is illustrated conceptually in Figure 1b. We again used Bayesian statistical inference to calibrate
equation (4) to periphyton abundance time series. Since periphyton abundance was quantified categorically
(section 2.1), relative thresholds between categories were defined as explicit parameters (¢; @, 3, and @y),
which corresponded to the divisions between periphyton abundance categories. For this calibration, Bayes
theorem is written as
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P(A0, K, r,0%, 01,0, @3, 4IN1, {t1:}, N2, {t25}, N3, {tax }, Nu, {taw}, Ns, {ts4})

(Fr 0.1 ) (Hi i) -1 .7

( kllilw (tss). 0% ~I,, (13 ] ) ( szll 1o tew), o, [tan), o7 ) )

(ﬁl—% [u(tsq),0%] > P(Ao)p(K)p(r)p(a®)p(®1)p(92)p(93)D(94)

where L u, *] is the regularized incomplete Beta function (Text S2); N1, N,, N3, Ny, and Ns are the number of
periphyton abundance observations of very low, low, medium, high, and very high, respectively; {t; ;}, {2},
{t3 ik}, {taw}, and {ts o} are the corresponding timings of the periphyton abundance observations; and p(...) are
the prior probability distributions for each parameter. Explicit functional forms of each posterior distribution
are given in the SI (Text S3).

Calibrated posterior probability distributions were used to quantify characteristics of periphyton growth,
including the intrinsic doubling time, T4,

In(2
r, = 2% ©)
r
and growth potential, G,
G, = K—A, ™)

We used growth potential as an indicator of periphyton growth suppression when under hydraulic control,
with high (unrealized) values indicating greater suppression. Overall estimates of T, and K were obtained by
creating mixture distributions from the marginal distributions of T; and K for each deployment.
Additionally, G, estimates for each deployment were paired with corresponding pre-manipulation flow velo-
city to verify velocity thresholds derived from observational data.

To test for hysteresis in periphyton abundance, we compared abundance distributions before flow modifica-
tion and several days after flow was restored (periphyton abundance quickly declined and stabilized after
~1 day; Movie S2). Figure 1b conceptually illustrates our approach. Periphyton abundance distributions
can be written as

Ab~6 [:ub7 O’bz}

Ag~Blitg, UaZ] ®

where b corresponds to before flow modification and a corresponds to after flow modification. Statistical dif-
ference was assessed by comparing the distributions of u;, — 1o and o> — o,,> for each deployment. If the 95%
credible intervals of u; — u, or op> — 0,2 contained 0, A, and A, were considered statistically indistinguish-
able, and no hysteretic effect was supported; if they did not contain 0, there was evidence for a hysteretic
effect. Explicit functional forms of all posterior distributions are given in Text S3.

2.4. Threshold Velocity for VP Canopy Motion

One plausible physical mechanism for the existence of critical velocity thresholds for periphyton is a corre-
sponding velocity threshold for VP canopy continuous motion. Since periphyton grows and accumulates on
VP surfaces, it is susceptible to mechanical removal from abrasion as VP blades slide past one another. The
frequency of contact-induced abrasive events increases dramatically when the VP canopy is in continuous
motion (Doaré et al., 2004). Flexible VP canopy motion is known to be sustained by the generation of travel-
ing vortices caused by Kelvin-Helmholtz instabilities, which can induce traveling waves within VP known as
monami (Okamoto et al., 2016; Okamoto & Nezu, 2009; Patil & Singh, 2010) (Movie S3). Monami occur
when the instantaneous drag force exerted by the vortices exceeds the buoyancy and rigidity of the VP
(Nepf, 2012a), which has a well-defined physical threshold. Using conceptual frameworks, formulae, and
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values from Ghisalberti and Nepf (2002, 2006), Nepf (1999, 2012a), and Ortiz et al. (2015), we derived an
approximation (Text S4) of the minimum average mixing layer (i.e., turbulent layer above the VP canopy)
velocity required for monami generation, v,,,

S (][22 E73 2Aptg(8, + 2h)
wela - - BB e s ®

where v, is the traveling velocity of the vortices; (2 is the ratio “j—fn, which ranges between 1 and 1.8; v; is the
maximum instantaneous velocity of a vortex, related to v, byv, = %vi, S = %ﬁfl and is the depth into which
the vortices can penetrate the canopy; Cs = 1.11 + 0.02 5—“: + 5—“‘; and is the drag coefficient of an individual
VP blade; Cj, is the bulk drag coefficient of the whole VP canopy, Ap = (o, — 0s); pw is the density of water; pg
is the density of VP tissue; E is the Young's modulus of VP tissue; AS is the characteristic distance between
VP blades; W is the characteristic VP blade width; h is the characteristic VP height; 7 is the characteristic VP
blade thickness; and g is the acceleration due to gravity. Equation (9) was parameterized using VP morphol-
ogy data from the two CRISPS studies described above and (Hauxwell et al. (2007), Lei and Nepf (2016), Nepf
(2012b), and Tanino and Nepf (2008), with resulting parameters, Cp = 1, oy = 850 kg/m3 ,E=0.883 GPa, AS=
15.3 mm, W= 12.0 mm, h = 787 mm, and 7= 0.7 mm. Estimates of v,, were then compared to critical velocity

threshold estimations for periphyton abundance from observational and experimental data.

3. Results

Observational critical velocity threshold analyses are summarized in Figure 2. Representative model calibra-
tions for each primary producer class (periphyton, macroalgae, and VP) are given in Figures 2a-2c, and
Figures 2d-2f summarize v, estimates across all data sets for each class. Periphyton showed a clear velocity
threshold, exemplified both by the sharp decline in median primary producer abundance (red line in
Figure 2a) as well as by the relatively narrow 95% credible interval (0.13-0.28 m/s) around the overall med-
ian periphyton v, (0.22 m/s) across studies (Figure 2d). In contrast, there was no clear velocity threshold for
macroalgae or VP (Figures 2b and 2c), and v, for these classes had 95% credible intervals that encompassed
nearly the entire velocity range in the data sets (0.02-0.63 m/s for macroalgae and 0.02-0.61 m/s for VP).

Figures S3 and S4 show an example of the digital images and logistic growth model calibrated to periphyton
abundance data from one deployment of the flow suppression experiment, illustrating that periphyton abun-
dance at the control sites remained essentially unchanged throughout the deployment, while it increased
dramatically at treatment sites. Results from all flow suppression experiments are summarized in
Figure 3. Figure 3a shows G, as a function of velocity for all deployments and illustrates a distinct transition
between lower and higher values of G, near 0.2 m/s, similar to the finding of median v, = 0.22 m/s for per-
iphyton abundance in the observational study. Figures 3b and 3¢ summarize results for periphyton T, and K,
which were estimated at 0.64 days (95% CI: 0.14 to 2.3 days) and 82% cover (95% CI: 45-98%), respectively.
Hysteresis analysis revealed that only 3 of 19 deployments showed statistically distinguishable periphyton
distributions before and after the flow manipulation; two had significantly more periphyton after the manip-
ulation, and one had significantly less (Table S2). Finally, we estimated a mean monami generation velocity
threshold, v,,, of 0.23 m/s, with a range between 0.13 and 0.33 m/s for sparse and dense VP
canopies, respectively.

4. Discussion

Flow has been described as a “master variable” (Poff et al., 1997) that controls the fundamental physical,
energetic, and biological characteristics of lotic ecosystems (Naiman et al., 2008; Poff et al., 2010).
Alterations in riverine flow regimes have wide-ranging physical, chemical, and biological effects (Richter
et al., 1996) at the point- (Song et al., 2018) to whole-river (Timpe & Kaplan, 2017) scales. Flow magnitude
directly effects riverine eco-hydraulics through interactions among primary producers, sediments, channel
morphology, and local-scale hydrodynamics (Gurnell, 2014; Larsen & Harvey, 2010; Murray et al., 2008;
Nepf, 2012a). Systems with altered flow regimes can thus undergo rapid ecological change, including the loss
of vegetated features (Heffernan, 2008), degradation of ecosystem patterning (Casey et al., 2016), and altera-
tion of primary producer and associated invertebrate assemblages (Choudhury et al., 2015); these changes
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Figure 2. Summary of observational critical velocity threshold results. (a, b, and c) Representative critical threshold velo-
city model calibrations for periphyton (CRISPS Hydraulics and Hydrodynamics Periphyton Survey), macroalgae (Gulf
Coast Springs Survey), and VP (Synoptic Biological Springs Study), respectively. The solid red lines represent median
primary producer abundance, and the dotted black lines represent 95% credible intervals. Solid black horizontal lines give
the thresholds between the visual classification values. (d, e, and f) The medians with 95% credible intervals for v, across
all observational data sets (black) and the overall mixture distribution (gray) for periphyton, macroalgae, and VP,
respectively. CRISPS = Collaborative Research Initiative on Sustainability and Protection of Springs; SAV = Submerged
Aquatic Vegetation.

are often associated with transitions to states that are resistant to restoration (Corenblit et al., 2007). In this
context, understanding the physical-biotic interactions controlling PPCS is vital for successful management
and restoration of lotic ecosystems.

In this study, we synthesized and analyzed paired observations of abundance and velocity from 16 springs
for three primary producer classes, finding that periphyton abundance had a distinct critical velocity thresh-
old (Figure 2d), while benthic macroalgae and VP did not (Figures 2e and 2f). This consistency across 16
springs, using a variety of data collection methods, suggests that 0.22 m/s (95% CI: 0.13-0.28 m/s) does
indeed represent a significant hydraulic-driven control on periphyton abundance. In contrast, macroalgae
and VP abundance did not appear to have well-defined velocity-driven controls, a finding that is at odds with
several previous studies. Specifically, Hoyer et al. (2004) observed substantial reductions in macroalgae and
VP biomass at velocities >0.25 m/s, Riis and Biggs (2003) found VP abundance declined at velocities
>0.40 m/s (measured in vegetation-free zones), King (2014) found macroalgal cover to decrease substantially
for velocities >0.22 m/s, and Nilsson (1987) found VP species richness declines for velocities >0.48 m/s.

The lack of well-constrained macroalgae and VP velocity thresholds in our study does not necessarily indi-
cate an absence of hydraulic-driven control for these classes, only that critical threshold velocities were not
statistically identifiable across these 16 springs within the range of observed velocities. These findings could
be due to a genuine lack of control in this velocity range or may be driven by interactions among location-
dependent hydraulic controls. Notably, many hydraulic-driven controls on primary producer abundance
(e.g., uprooting) are inherently site-specific (Edmaier et al., 2011, 2015), indirectly related to flow velocity
and may function via reciprocal feedbacks associated with VP-sediment dynamics (Gurnell, 2014) or inter-
actions between VP patches (Folkard, 2005; Schnauder & Moggridge, 2009). For example, Hoyer et al. (2004)
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X 1 PR bulk flow velocity but also influenced by local morphology and vegetation
o Q- conditions (Etminan et al., 2018), potentially obscuring the coherence of
its effects on primary producer abundance when assessed across multiple

<3 3 sites (as in our study).
; While the relationships between above-canopy flow velocities and near-
o ' bed hydrodynamics are modulated by vegetation and sediment properties
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Figure 3. Results of flow manipulation experiments (n=19 deployments).
In all subplots, solid circles represent median values and whiskers repre-
sent 95% credible intervals. (a) Growth potential, Gp,asa function of flow
velocity. (b) Intrinsic doubling time, T, for each deployment (black) and the
overall mixture distribution (gray). (c) The carrying capacity, K, for each

deployment (black) and the overall mixture distribution (gray).

(Marjoribanks et al., 2017), higher bulk flow velocities will usually lead to
higher velocities and shear stresses near the bed. At a sufficiently large
above-canopy velocities, we would thus expect near-bed hydrodynamic
controls to be large enough to extirpate VP and macroalgae. The absence
of such behavior in our observational data sets suggests that such extirpa-
tive velocities are rarely experienced in these spring run systems, which is
consistent with their generally stable nature. Another potential reason for
the discrepancies in VP and macroalgae behavior between this and other
studies is variation in the quantification of abundance. This study and Riis
and Biggs (2003) used percent cover, while Nilsson (1987) used species
richness, and Hoyer et al. (2004) used biomass, which is not always well
correlated with cover (Figures S6-S9).

The coherent hydraulic-driven control of periphyton as compared to
macroalgae and VP in our study likely arises from biophysical differences
in anchoring mechanisms and substrate types. The periphyton studied
here typically requires VP as a substrate (Notestein et al., 2003). This
places its anchoring point higher in the water column subjecting it to
higher velocities and shear stresses relative to benthic macroalgae and
VP under the same conditions, which anchor to the river bottom.
Additionally, periphyton's VP substrate is flexible and capable of substan-
tial motion and abrasive interactions, which can cause mechanical
removal of the periphyton. Indeed, closer inspection of the King (2014)
data set revealed that these observations were of macroalgae colonizing
VP (and thus effectively acting as periphyton). The median macroalgae
V. estimate from this data set was 0.23 m/s and was relatively well con-
strained (95% CI 0.20-0.35 m/s). This velocity closely matches the values
of v, (0.22 m/s) and v, (0.23 m/s) that we found for periphyton, which also
colonizes VP; this point is discussed further below.

We augmented these observational findings using an in situ flow manip-
ulation experiment to verify critical threshold velocity behavior for per-
iphyton and characterize its growth dynamics when released from
hydraulic-driven control. Agreement between observational and experi-
mental findings is illustrated in Figure 3a, which shows a transition from
low to high G, at velocities above ~0.2 m/s, indicating strong growth
suppression at higher velocities. This threshold-type behavior corre-
sponds to our mean observational periphyton v. estimate of 0.22 m/s.
In combination with findings in Figures 3b and 3c, that is, rapid periph-
yton growth (median T4 = 0.64 days) and high carrying capacity (median
K = 82% cover), these results indicate that without hydraulic-driven con-

trol, periphyton rapidly accumulate and reach to near-complete coverage of their host substrate. This
behavior has important implications for spring ecosystems, where periphyton can directly compete with
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VP for light (O'Hare, 2015; Zhang et al., 2015). Without sufficient hydraulic-driven control of periphyton,
VP can be outcompeted and lost from the ecosystem (O'Hare, 2015), with broad and cascading effects
across trophic levels (Choudhury et al., 2015; Duarte, 1995; UFWI, 2017). In springs exhibiting reduced
flow, this process may play a major role in restructuring the PPCS. However, results from our hysteresis
analysis suggest that management activities to reintroduce velocities greater than v, in systems where per-
iphyton has accumulated to nuisance levels can return the system to a previous state with low
periphyton abundance.

Finally, we proposed the onset of continuous VP canopy motion and associated abrasive contacts within the
canopy as a physical mechanism explaining critical threshold velocity behavior of algae growing on VP and
estimated this velocity (v,,) from theory. It is striking how similar the theoretically derived value of v,,
(0.23 m/s), is to our observationally determined periphyton v., experimentally determined periphyton v,
and the v, estimate for macroalgae growing on VP using data from King (2014; 0.22, ~0.20, and 0.23 m/s,
respectively). It is likely that when macroalgae colonizes VP, it is subject to the same mechanical removal
and would hence have a v, close to that for periphyton. In short, the similarity between the suite of observa-
tional and experimental v, estimates for algae growing on VP, and to the theoretically derived threshold for
monami creation, supports the hypothesis that the initiation of continuous VP canopy motion generates the
critical threshold velocity behavior in algal abundance.

Overall, this nexus of theory, observation, and experimental findings suggests that hydrodynamic con-
trols are critical for structuring flowing-water ecosystems by shifting the competitive balance between
primary producers. Explicit consideration of the interactions between primary producers and hydrody-
namics, along with water quality and other anthropogenic drivers, is thus critical for developing success-
ful ecosystem management and restoration strategies in lotic ecosystems. The multimethod approach
presented here can be applied to better understand these important physical-biotic interactions in other
lotic systems.
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