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Abstract: This study quantifies the loss of vegetative cover in Alley and Big springs, Missouri,
following a catastrophic, ‘100 year’ flood, and documents their subsequent recovery. Foliar cover
of aquatic vegetation was measured in each spring along six transects, each having three sample
cells (1 m?, N = 18). Species diversity analyses included taxa richness, Shannon’s diversity index,
and Simpson’s diversity index, which were expressed as the effective number of species (S, He,
and De). Species metrics were calculated as individual species frequency (ISF), percent foliar cover
(PFC), and species importance value (SIV). Post-flood community diversity metrics (S, He, and
De) for the springs were largely not significant for most measures (Epps-Singleton test p > 0.05).
This suggests that they may not be sufficiently sensitive for detecting change in springs when the
sample size is small. Bare substrate increased significantly at Big Spring post-flood (mean = 87.50%;
Epps-Singleton test, p = 0.02), but not at Alley Spring (Epps—Singleton test, p = 0.42). Various alga
taxa generally exhibited increased frequency and abundance following the flood, which is reflected
in their overall higher SIVs. Most hydrophyte species at Alley Spring showed a marked decline
compared to the pre-flood average, only to substantially increase in the last year of sampling, thus
maintaining their approximate species important values relative to their pre-flood averages. Several
hydrophyte species at Big Spring showed significant decreases (Epps—Singleton test p < 0.05) in their
respective community metrics, and recovery had not returned to pre-flood levels on the last sampling
date. This study showed that loss and recovery of aquatic vegetation in high-magnitude Ozark
springs following flooding are a function of flood intensity as well as substrate size and retention,
and proximity to the receiving stream.
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1. Introduction

Floods can have substantial impacts on the ecological functioning and survivability of
aquatic vegetation in lotic waters [1]. Impacts can be either beneficial (e.g., soil and nutrient
supplements), or destructive (e.g., physical damage and physiological stress). Previous
research on flooding impacts on aquatic vegetation has focused largely on physiological
impacts such as respiration and photosynthesis [2-10]. Fewer studies have addressed the
physical consequences of flooding on aquatic vegetation. Moreover, research on impacts
of scouring floods on lotic vegetation has primarily been conducted for rivers and small
streams [1,11-14], while springs have received little attention by comparison [15]. Unlike
other lotic systems, aquatic vegetation in springs is often more diverse and stable given
the physical and chemical stability of those systems due to their flows largely coming from
groundwater sources [15-19]. Because of such stability, flooding impacts on springs are
therefore expected to be less destructive compared to those in surface-fed streams.

The karst topography of the Ozarks physiographic region [20] supports thousands of
springs, including several first-magnitude springs (>3 m3/s flow) [16,21,22]. The occurrence
and distribution of aquatic vegetation in these springs are becoming increasingly better
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known [16,18,19,23]. The Heartland Inventory and Monitoring Network (HTLN) of the U.S.
National Park Service has conducted annual aquatic vegetation surveys at large (first- and
second-magnitude) springs located at Ozark National Scenic Riverways (OZAR), Missouri
since 2007 [18,24-26]. This historical data provided a unique opportunity to document and
assess recovery of aquatic vegetation in two of those springs following a catastrophic flood.

This paper quantifies the loss of vegetative cover in Alley and Big springs, Missouri
following a catastrophic flood, documents its subsequent recovery, and explains differential
responses in recovery. Based on the historical data, the hypothesis for this study was that
aquatic vegetation in both springs would recover rapidly (e.g., weeks) and at similar rates
in each spring.

2. Materials and Methods

2.1. Study Sites

This study was conducted at Alley Spring (Shannon County) and Big Spring (Carter
County), Ozark National Scenic Riverways (OZAR), Missouri (Figure 1).
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Figure 1. Map showing the locations of large springs at Ozark National Scenic Riverways
(OZAR), Missouri.

The springs are strikingly different with respect to landscape features and in-channel
habitat characteristics although water chemistry is similar in both (Table 1). Most large
springs at OZAR, including Alley Spring, have coarse, large pebble to small cobble sub-
strates (32-90 mm) that are well embedded [25]. In contrast, the substrate at Big Spring
consists largely of fine sands, silt, and smaller gravels (<8 mm). The channel of Alley Spring
is well separated from its receiving stream (Jacks Fork) and is not inundated in its upper
reaches by flooding of that stream (Figure 2). The stretch of spring run used for monitoring
purposes is located approximately 600 m upstream from the Jacks Fork. In contrast, the
channel of Big Spring runs parallel to and is narrowly separated from the Current River
by a narrow peninsula ranging in width from approximately 50 to 300 m (Figure 3). Flood
waters from the Current River sometimes cross the barrier between the two channels, thus
exacerbating scouring and flooding in the spring channel. There is no US Geological Survey
(USGS) discharge gage at Alley Spring, but mean discharge for Alley Spring measured
during annual monitoring from 2007 to 2016 was 3.62 m3/s (range = 1.23-5.58 m?/s) and
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following procedures described in Bowles et al. [24]. Discharge for Big Spring during
sampling from 2007 to 2012 at Big Spring ranged from 9.85 to 13.93 m?/s. The historic mean
discharge for this spring, based on a 95 year period of record, is approximately 15.94 m?/s
(USGS gage 07067500b) [27].

Table 1. Habitat and watershed variables for Alley and Big springs, Ozark National Scenic Riverways.
Data from Mugel et al. [28], and the Heartland Inventory and Monitoring Network database. Values
are the means.

Variable Alley Big

Recharge area (km?) 382.20 1118.00
Mean annual discharge m?/s 3.78 12.49

Forested (km?) 227.50 899.60
Cultivated (km?2) 2.86 6.24

Open (km?) 148.46 199.16
Urban (km?) 3.90 10.40

Public owned land (km?) 80.60 663.00

Human population in recharge area 1767.00 5355.00
Channel width (mean) (m) 13.98 32.77
Depth (cm) 55.75 71.27

Length of spring run (m) 988.00 656.00

Source elevation (m asl) 217.93 137.77
Mouth elevation (m asl) 205.74 130.45
Overall channel slope (%) 0.94 0.95
Current velocity (m/s) 0.46 0.38
Dominant substrate size (mm) 58.91 36.50
Substrate embeddedness (%) 0.32 0.54
Canopy cover (%) 0.24 0.23
Water temperature (°C) 13.78 14.24
Specific conductance (uS/cm) 266.71 311.53
Dissolved oxygen (mg/L) 9.41 9.32
pH 7.24 7.27

Spring source

Figure 2. Map of Alley Spring showing the flow path to the Jacks Fork. Base photo from Google
Earth. Perpendicular bars on the channel marker define the sampling reach for this study.



Hydrobiology 2022, 1

167

¥

\

r

Figure 3. Map of Big Spring showing the flow path to the Current River. Base photo from Google
Earth. Perpendicular bars on the channel marker define the sampling reach for this study.

2.2. The Flood Event

Substantial precipitation events in the Current River Watershed in southcentral Mis-
souri began on 17 April 2017 and continued through 23 April 2017, resulting in over 12.7 cm
rainfall being deposited to the recharge basins of the two springs. Subsequently, the last
weekend of April 2017 saw torrential rainfall in the Ozarks physiographic region. From
Friday 28 April to Sunday 30 April 2017, area rainfall ranged from to 20.3 to 30.5 cm. The
collective rainfall during this period caused widespread flooding. On 30 April 2017, the
Current River at Van Buren, Missouri crested at a record 11.3 m. Flood stage at this location
is 6.1 m. This historic, ‘100 year’, flood event caused substantial and unprecedented damage
to natural resources and park infrastructure at OZAR, which resulted in much of the park
being closed to the public for several months while repairs and cleanup were conducted. In
addition to the flooding and damage on the Current River and its major tributary the Jacks
Fork, there also was destructive flooding of springs at OZAR. Because there is no discharge
gage at Alley Spring, flood specific flow data are unavailable. However, discharge was
estimated for this area during the flood event as the difference between the discharge
for the Jacks Fork approximately 0.9 km upstream of its confluence with Alley Spring
USGS gage 07065495 [27]) and the discharge for the Jacks Fork at Eminence approximately
9 km downstream USGS gage 07066000 [27] (Figure 4). Under typical flow patterns, Alley
Spring contributes approximately 80% or more of the discharge in the Jacks Fork at the
downstream location. There are three tributaries in this stretch of river and each has a
discharge of approximately 0.20 m3/s or less. Those respective adjustments were applied
to the total discharge measurement. The estimated discharge is not likely accurate for the
spring because the flood flows upstream of Alley Spring were far greater than previously
recorded, but it reasonably reflects the dynamics and duration of the flood event in that
drainage. The peak discharge for Big Spring during this flood was approximately 35 m3/s
and flows above 30 m>/s were sustained for several days (Figure 5).

The other large springs at OZAR (Figure 1) also had increased flow levels following
the storm event, but the flooding in those springs was not as severe. This is due in part
because they have different recharge zones. Those data are not presented here.
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Figure 4. Estimated discharge (m3/s) at Alley Spring Missouri, 15 April-1 July 2017. Data ex-
trapolated from [27]. The solid horizontal line represents the historic mean flow for this spring of
approximately 3.60 m3/s.
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Figure 5. Discharge (m3/s) at Big Spring, Missouri, 15 April-1 July 2017. Data from [27]. The solid
horizontal line represents the historic mean flow for this spring of approximately 15.90 m3/s.

2.3. Vegetation Assessment

Alley and Big springs each have robust growths of aquatic vegetation in their re-
spective channels (Figures 6 and 7). The upstream boundary of the sampling reach in
each spring is located at the first wadable area downstream of the spring source [24]. The
accessible reach of Alley Spring is 190 m and that of Big Spring is 460 m. Aquatic vegetation
was sampled at six transects oriented perpendicular to flow with three equally-spaced
sample cells (1 m?) per transect (N = 18) using a 1 m? PVC sampling frame and view bucket
to observe vegetation. Plant species foliar cover in each sample cell was recorded using a
modified Daubenmire scale: 1 = 0-0.99%, 2 = 1-5%, 3 = 5-25%, 4 = 25-50%, 5 = 50-75%,
6 =75-95%, 7 = 95-100% [24,29]. All sampling was done during July and August. The 2017
sampling data were collected three months following the flood. See Bowles et al. [24] for
further details on methodology used for monitoring vegetation in the springs. Additional
data on water quality and instream and riparian habitat at the springs can be found in
Bowles and Dodd [18]. Ten years of aquatic vegetation monitoring data are available for
each spring collected prior to the 2017 flooding event that were used for baseline compar-
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isons. Additional monitoring data for Alley Spring extends through 2019 and 2020 for Big
Spring. Bowles and Dodd [18] provided a summary of the plant community data collected
from 2007 to 2012.

Figure 6. Alley Spring, Missouri. Downstream perspective from the upper end of the sampling reach
showing typical vegetation patterns. The bridge crossing the channel was washed away during the
2017 flood. Photo taken by author in July 2005.

Figure 7. Big Spring, Missouri. Downstream perspective from the bridge crossing the channel
showing typical vegetation patterns. The dominant plant species in this photo are Ranunculus aquatilis
(dark green) and Nasturtium officinale (light green). Photo taken by author in July 2008.

2.4. Metrics and Statistical Analyses

Data collected from all sample cells were summarized by plant taxa for the area sam-
pled, first by transect, then by site. Mean values along with a measure of variability (£1
standard error of the mean) were calculated for the community. Foliar cover estimates for
each species were used to determine measures of species diversity, which were analyzed
using the midpoints of the respective cover classes. Analyses were conducted using two
broad categories: (1) diversity, and (2) individual species dynamics. Diversity analyses
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included taxa richness, Shannon’s diversity index [30], and Simpson’s diversity index [31],
which were subsequently expressed as the effective number of species (S, He, and De,
respectively) [24,32,33]. The advantage of converting Shannon’s diversity index and Simp-
son’s diversity index to the effective number of species is that it makes their values linear,
thus allowing for direct comparison. The effective number of species for each diversity
measure reflects the number of species found in a similar community when all species
occur in equal density [24]. If all species occur in equal abundance in the community within
and among sample years, then taxa richness, Shannon’s diversity index and Simpson’s
diversity index would all be equal [32].

Metrics calculated for individual taxa were individual species frequency (ISF), percent
foliar cover (PFC), and species importance value (SIV) (see Bowles et al. [24] for details
on calculating these metrics). Species importance values are a measure of the relative
dominance of species in a spring community—the larger the importance value, the more
important the species. In some instances, species identifications were not practical for this
study (i.e., algae, moss). In such instances, ‘taxa’ is a more appropriate term, but species is
retained for the metric names to avoid confusion.

Because the data series was not monotonic due to the discrete flood event in 2017, the
data were analyzed as two groups with the groups being prior to the flood (2007-2016) and
after the flood (2017-2019 Alley Spring; 2017-2020 Big Spring). The Epps-Singleton [34] test
(e = 0.05) for equality of distributions was used to analyze data, including diversity metrics
(S, He, De, Evenness, and bare substrate), and individual metrics (ISF, PFC, SIV) for each
taxon [35] (PAST statistical software, version 4.06b). The small-sample correction factor
was used for calculations since the total sample size was below 25 [34]. The Epps-Singleton
test was used because it has greater power than similar non-parametric tests, is valid for
both discrete and continuous distributions, and it allows for small and unequal sample
sizes [36].

3. Results
3.1. Community Diversity

Alley Spring and Big Spring experienced catastrophic flood damage to their respective
channels, resulting in aquatic vegetation being denuded so that mostly bare substrate
remained immediately following the flood (Figure 8). Community diversity metrics (S,
He, and De) decreased at Alley Spring in 2017, but they recovered to pre-flood levels in
2018 (Figure 9), and those differences were not significant (Epps—Singleton test p > 0.05,
Table 2). Although mean species richness declined in Alley Spring in 2012, He and De
did not decline appreciably compared to 2017 when all three metrics decreased (Figure 9).
Discharge for Alley Spring in 2012 at the time of sampling was 1.23 m3/s, which was the
lowest discharge measured for this site during annual sampling between 2007 and 2017
(mean = 3.62 m3/s). The low flow at Alley Spring in 2012 resulted in a smaller area of
channel that was assessed, thus leading to decreased species richness for this site. Similar to
that observed for Alley Spring, the community diversity data for Big Spring also decreased
following the 2017 flood (Figure 10) and remained below the pre-flood average through
2020, but only the observed decrease in species richness (S) was significant (Epps-Singleton
test, p = 0.02, Table 2). Although the observed p-value of 0.08 for He was not significant,
biological significance cannot be ruled out.
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Figure 8. Big Spring, Missouri. Upstream perspective from the bridge crossing the channel: (a) Top
photo taken in 2008; (b) middle photo taken in July 2017; (c) bottom photo taken in August 2020.
Note large tree in top photo is missing in post-flood photos. All photos by author.
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Figure 9. Community diversity metrics for aquatic vegetation at Alley Spring, Missouri. S is taxa
richness, He and De are the effective numbers of species for the Shannon’s diversity index, and
Simpson’s diversity index, respectively. Values are the means with standard error bars.

Table 2. Epps—Singleton test (« = 0.05) results for community diversity metrics measured at Alley
Spring and Big Spring, Missouri, for data collected in the period 2007-2020. W = test statistic;
p = probability. Abbreviations for effective numbers of species: taxa richness (S), Shannon’s diversity
index (He), and Simpson’s diversity index (De).

Spring A p
Alley

S 3.71 0.45

He 2.6 0.63

De 3.79 0.43

Evenness 0.86 0.93

Bare Substrate 3.87 0.42
Big

S 11.54 0.02

He 8.37 0.08

De 6.86 0.14

Evenness 941 0.05

Bare Substrate 12.24 0.02

For Alley Spring, taxa evenness in 2017 remained essentially unchanged from the
preceding year (2016), and the comparison of pre- and post-flood data was not signifi-
cant (Epps-Singleton test, p = 0.93, Table 2). The average evenness at Alley Spring for
the 2007-2016 pre-flood period was 0.74 (se = 0.01) while it was 0.73 (se = 0.01) in 2017
(Figure 11). In contrast, taxa evenness for Big Spring in 2017 was 0.36, which is markedly
lower than the pre-flood average evenness value of 0.61 (se = 0.03), and it remained lower
through the 2020 sampling event (Figure 12). Although the comparison of pre- and post-
flood evenness data for Big Spring was not significant (Epps—Singleton test, p = 0.05,
Table 2), the potential for biological significance cannot be ruled out.
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Figure 10. Community diversity metrics for aquatic vegetation at Big Spring, Missouri. S is taxa
richness, He and De are the effective numbers of species for the Shannon’s diversity index, and

Simpson’s diversity index, respectively. Values are the means with standard error bars.
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Figure 11. Species distribution evenness for aquatic vegetation and percent bare substrate at Alley

Spring, Missouri. Values are the means with standard error bars.
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The amount of bare substrate measured at Alley Spring increased in 2017 (mean = 51.42%)
relative to most previous years, although the average amount of bare substrate had been
comparably high in other years, especially following floods in 2008 and 2011 (Figure 11).
Bare substrate measured in 2019 (mean = 18.65%) show values have largely returned to pre-
flood levels in that spring (Figure 11), and the comparison of pre- and post-flood portions of
bare substrate in Alley Spring showed they are not significantly different (Epps-Singleton
test, p = 0.42, Table 2). Taxa evenness remained higher than the amount of bare substrate in
all years at Alley Spring. Data from previous sampling years show the dynamic nature of
vegetative cover at this spring. Collectively, the data show that aquatic vegetation at Alley
Spring has largely recovered since the 2017 flood.

In contrast, the amount of bare substrate at Big Spring greatly increased following
the flood (mean = 87.50%) and remained significantly higher than that recorded during
previously sampled years through the 2020 sampling date (Figure 12, Epps-Singleton
test, p = 0.02, Table 2). Moreover, taxa evenness was consistently greater than the average
amount of bare substrate prior to the flood, but the percentage of post-flood bare substrate
remained greater that taxa evenness (Figure 12). The data show that the vegetative commu-
nity at Big Spring had not fully recovered to pre-flood levels by the 2020 sampling date.
Generally, the recovery of vegetation in the two springs was slower than hypothesized, and
it occurred at different rates.

3.2. Individual Species Dynamics

Individual species dynamics for the effective number of species at Alley Spring across
years showed that various taxa of algae responded positively to the flooding event of
2017 and generally showed increased occurrence and abundance post-flood, which is
reflected in their overall higher species importance values (Figure 13). This was especially
true for filamentous green algae, whose pre-flood average SIV was 10.56, had increased
to 11.58 in 2019. It is noteworthy that the pre-flood mean SIV of 8.36 for the red alga
Batrachospermum increased to 23.81 after the flood only to drop precipitously thereafter
(Table 3). However, the only significant post-flood responses were for Batrachospermum
(PFC, p = 0.005), filamentous green algae (ISF, p = 0.002), and the cyanobacterium Nostoc
parmelioides (SIV, p = 0.04) (Epps—Singleton test, Table 3). Mosses, in comparison to algae,
at Alley Spring stayed at relatively high densities following the flood and maintained
their high species importance values across years sampled. Only the ISF for mosses was
significantly higher post-flood (Epps-Singleton test, p = 0.03, Table 3). Moss rhizoids
firmly attach to the rock substrate making them more resilient to increased flood velocities
during floods.

Hydrophytes at Alley Spring exhibited a broad range of responses in the effective
number of species after the flood (Table 3). Most hydrophyte species showed a marked
decline in effective numbers of species compared to the pre-flood average, only to rebound
and substantially increase in the last year of sampling, thus recovering their approximate
species important values relative to their pre-flood averages. However, most of the observed
differences were not significant. The exceptions were for Callitriche heterophylla, which had
significantly lower PFC post-flood (Epps-Singleton test, p = 0.002), and Veronica anagallis-
aquatica had significantly lower ISF and SIV (Epps-Singleton test, p = 0.0003 and 0.004,
respectively). Interestingly, the submersed duckweed, Lemna trisulca, exhibited increased
frequency, percent foliar cover, and species importance following the flood, but returned
to near average values in 2019, although those responses were not significantly different
(Epps-Singleton test, p > 0.07).
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Figure 13. Individual species frequency, percent foliar cover, and species importance values for
aquatic vegetation at Alley Spring, Missouri. Values for the period 2007-2016 represent the means for
that period and the error bars are the standard error for the entire period. Values for 2017 to 2019
represent the means and standard errors across transects for those specific years. Rare and singleton
species occurrences are excluded from these graphs.
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Table 3. Epps-Singleton test (o« = 0.05) results for individual species metrics measured at Alley Spring
and Big Spring, Missouri, for data collected in the period 2007-2020. Bold values are significant
(p < 0.05). W = test statistic; p = probability. p-values are limited to four or less decimal places. Some
comparisons could not be tested because zero specimens were encountered post-flood. Metrics are
ISF = individual species frequency, PFC = percent foliar cover, and SIV = species importance value.

Taxa PFC ISF SIV
W p w p W 4
Alley Spring
Batrachospermum spp. 14.83 0.005 3.17 0.53 5.88 0.21
Filamentous green algae (Chlorophyta) 3.24 0.52 17.34 0.002 3.41 0.49
Nostoc parmelioides Kiitz. ex Bornet 297 056 344 0.49 9.98 0.04
and Flahault
Mosses (Bryophyta) 5.06 0.28 10.5 0.03 3.61 0.46
Lemna trisculca L. 8.6 0.07 2.74 0.6 171 0.79
Callitriche heterophylla Pursh 17.4 0.002 6.88 0.14 7.38 0.12
Cardamine bulbosa (Schreb. ex Muhl.)
Britton, Sterns and Poggenb. 1.34 0.85 2.1 0.72 2.63 0.62
Elodea spp. 7.21 0.12 1.43 0.84 217 0.7
Glyceria striata (Lam.) Hitchc. 4.32 0.36 1.06 0.9 6.33 0.18
Nasturtium officinale W.T. Aiton 0.81 0.94 2.67 0.99 1.25 0.87
Sparganium americanum Nutt. 4.07 0.4 3.7 0.45 2.2 0.69
Veronica anagallis-aquatica L. 4.96 0.29 21.26 0.0003 15.35 0.004
Big Spring
Batrachospermum spp. 2.37 0.67 1.76 0.78 0.98 091
Filamentous green algae (Chlorophyta) 9.03 0.06 3.18 0.53 422 0.38
Nostoc p amff:g?ﬁé 111:1? ex Bornet no test no test no test no test no test no test
Mosses (Bryophyta) 4.42 0.36 6.79 0.15 2.15 0.71
Callitriche heterophylla Pursh 16.2 0.003 5.16 0.27 3.55 0.47

Cardamine bulbosa (Schreb. ex Muhl.)

Britton, Sterns and Poggenb. 0.59 0.96 9161.2 0 67.01 <0.0001
Elodea spp. 1.12 0.89 2.24 0.69 7.38 0.12

Lemmna trisculca L. no test no test no test no test no test

Nasturtium officinale W.T. Aiton 14357  <0.0001  106.93  <0.0001 72.49 <0.0001
Poa annua L. 1.41 0.84 2.28 0.68 6.14 0.19

Ranunculus aquatilis L. 31.06 0.0003 221.64  <0.0001 35.71 <0.0003
Sparganium americanum Nutt. 1.97 0.75 9.1 0.06 411 0.39

Veronica anagallis-aquatica L. 6.31 0.18 31.99 0.0001 50.29 <0.0001

The plant community at Big Spring showed a much different pattern compared to
Alley Spring (Figure 14) with multiple taxa showing significant trends among taxa relative
to the post-flood data (Table 3). Similar to that observed for Alley Spring, filamentous
green algae showed dramatic increases in frequency, cover and species importance values
in the years following the flood and remaining higher that the pre-flood average three years
after the flood in 2020 (Figure 14), but those differences were not statistically significant
(Table 3). Similarly, Batrachospermum also showed no significant differences pre- and post-
flood. Nostoc parmeliodies could not be tested because no examples of this species were
not detected in post-flood samples. Thus, although it could not be tested statistically, the
population of N. parmelioides, in Big Spring clearly was negatively impacted suggesting that
the effects of scouring may be long-term. Moss showed a recovery response similar to that
observed at Alley Spring, and it generally retained a high species importance value at Big
Spring (SIV = 33.75 in 2020).
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Figure 14. Individual species frequency, percent foliar cover, and species importance values for
aquatic vegetation at Big Spring, Missouri. Values for the period 2007-2016 represent the means for
that period and the error bars the are standard error for the entire period. Values for 2017 to 2019
represent the means and standard errors across transects for those specific years. Singleton species
occurrences are excluded from these graphs.
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In stark contrast to Alley Spring, several species of hydrophytes in Big Spring had
marked decreases in their respective frequency, foliar cover and species importance values
(Table 3). In the post-flood years at Big Spring, recovery of most hydrophyte species has
been slow with metric values far lower compared to those of the pre-flood years. The most
striking examples of this response were for Nasturtium officinale and Ranunculus aquatilis,
which showed significant differences in pre- and post-flood responses for ISF, PFC, and
SIV (Epps-Singleton test, p < 0.0001), and V. anagallis-aquatica, for which ISF and SIV were
significantly different (p < 0.0001). Veronica anagallis-aquatica with a pre-flood SIV of 2.61
was not found again in Big Spring until sampling was conducted in 2020. For N. officinale,
the pre-flood average SIV was 17.81, but the SIV did rise above 9.77 through the 2020
sampling event. Similarly, the pre-flood average SIV for R. aquatilis was 35.52, but following
the flood the SIV has not increased above 13.76. In contrast, the non-native grass (Poa annua)
gained in frequency, foliar cover, and importance following the flood, although these gains
were not significant. The emergent bur reed (Sparganium americanum) and spring cress
(Cardamine bulbosa) exhibited reduced foliar cover in the post-flood years, but, conversely,
their importance values in the community increased after the flood, thus indicating their
resilience to flooding. For C. bulbosa, the observed post-flood decrease in ISF and increase
in SIV were significant (Epps-Singleton test, p < 0.0001).

4. Discussion

The most important findings of this study are that loss and recovery of aquatic vegeta-
tion in high-magnitude Ozark springs following flooding primarily are a function of flood
intensity as well as geomorphology of the spring channel, especially substrate size and
retention. Although Alley and Big springs each experienced previous floods during the
period for which annual plant monitoring data had been collected (particularly in 2008 and
2011), those floods did not result in a loss of vegetation similar to the magnitude observed
after the 2017 flood. The flood reported in this study was the flood of record, and it resulted
in historically high, scouring flows at both springs that were sustained for over a month.

This study showed that individual species metrics (ISF, PFC, and SIV) were the
strongest indicators of disturbance and recovery evaluated based on the number of sig-
nificant results. Bare substrate and evenness also showed distinct responses, which are
useful for assessing recovery. In contrast, diversity metrics (S, He, and De) for both springs
generally did not provide statistically significant responses, especially for Alley Spring.
However, those results do not obviate biological significance because diversity in each
spring did markedly decrease following the flood. This unexpected response may be due to
the relatively small sample size in this study (i.e., <14 years), which may not be sufficient
for detection of significant change. Larger sample sizes may show those diversity metrics
to be more robust indicators of disturbance. Regardless, diversity metrics were a strong
visual tool for showing when impacts occurred in the springs in this study. Collectively, all
of the previous metrics should be considered when evaluating impacts to these springs.

The physically destructive hydrodynamic forces that occur during floods can substan-
tially decrease plant biomass (e.g., mechanical fragmentation and uprooting), as well as
alter the geomorphological profile of the channel (e.g., substrate alteration) [11,12,14,37—40].
Previous research has shown that current velocities of less than 0.5 m/s generally result in
positive growth rates of most submersed plants [40], while velocities in excess of 1 m/s
usually decrease their presence and abundance [12]. Point velocities within the channels of
both Alley and Big springs commonly exceed 0.5 m/s [41], yet the springs in this study
contain a broad diversity of aquatic vegetation with substantial areal coverage [26]. The sta-
bility of springs systems and lower flooding frequency and intensity compared to streams
and rivers may help account for this discrepancy. Indeed, Kim and Choi [42] found that
flow turbulence rather than flow velocity is what causes most damage to plants during
floods, and that appears to be true for the large springs in this study.

The extent of the damage sustained by individual plants is directly related to the
morphology of the plant species as well as their root system structure [43—46]. Although
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high breaking and anchoring strength are the primary adaptations for resisting mechanical
damage from water movement, stressors damage the plants when they can no longer resist
breaking or uprooting at a certain point [44-47]. Scouring floods surpass those resistance
mechanisms leading to excess breakage or uprooting of aquatic plants, and it also can wash
out fine sediment along with seed banks. Moreover, higher-magnitude floods, at a certain
point, result in catastrophic damage to plants because uprooted vegetation and other debris
itself become destructive to other downstream vegetation as well as channel integrity [48].
All of these stressors appear to have been involved in the removal of vegetation from Alley
and Big springs.

Higher frequency and magnitude of flooding generally result in decreased plant de-
velopment and establishment, but infrequent, low-intensity flooding can provide optimum
conditions for plant development [15,46,49,50]. This was substantiated by Haslam [1],
who found that a flood in rivers of 2.5-fold the normal flow regime removed some of
the dominant aquatic plants in a stream, but a flood of 4-fold the normal flow rate re-
moved half the dominant species and most of small plants. Even though interflood water
velocities might be favorable, few or no macrophytes will be present soon after intense
or frequent floods [46]. That finding mirrors my observations at Alley and Big springs
following the 2017 flood where the channels of each spring were heavily scoured nearly
three months later.

In this study, some species in the springs were substantially impacted by the flood
while others suffered less impacts and even demonstrated increased foliar coverage in
subsequent years. Notably, the observed increases among algae in this study following
the flood may be due to decreased competition for space and sunlight with hydrophytes
that were substantially impacted by the scouring. The broader range of responses among
hydrophytes in this study likely indicate some species have more adaptive potential to
higher water velocities, while other species are more vulnerable to destruction and may
lose most of their biomass during floods [1,40,46,51]. Two species represented in this
study, Veronica anagallis-aquatica and Nasturtium officinale, have been shown to have high
susceptibility to stem breakage at high current velocities [46], which was apparent in this
study. In addition, Riss and Biggs [46] also found that Ranunculus trichophyllus, a species
with morphology similar to R. aquatilis, had an optimum water velocity ranging from 0.4 to
0.6 m/s, beyond which plant damage occurred. While specific current velocities in either
of the springs were not measured during the flood, it is strongly suspected that velocities
greatly exceeded 1 m3/s, thus helping to explain why that species was so readily removed
from Big Spring.

Substrate size and stability have been shown to be important in plant responses and
survivability to flooding [37,46], and it appears substrate size played a key role in the
response of vegetation to flooding in this study. Depending on channel slope and sub-
strate size of a stream, floods may flush or bury propagules, completely remove deposits
of fine sediment in some cases, or lead to the deposition of fine sediment in other situa-
tions [40,47,51]. Furthermore, the presence of aquatic vegetation in a spring channel can
influence local substrate composition by increasing roughness and retention of substrate up
to some current velocities, especially fine grain sizes [37,39,46]. Scouring eliminates those
substrate deposits, thus further exacerbating plant damage by removing roots. As reported
here, the recovery response of the plant community at Alley Spring was faster compared to
Big Spring. This finding is attributed to the larger, less mobile substrate of the former spring
compared to the finer substrate of the latter, which was more resistant to scouring and
allowed better retention of root masses and propagules. The finer substrates in Big Spring
likely resulted in a higher flush rate or loss of plant propagules (i.e., roots, seeds, fragments)
from the substrate, which delayed recolonization and recovery [39,52-56]. Indeed, plants
with extensive roots systems in well anchored substrates have a better chance of not being
uprooted in floods although their leaves may be damaged [1,39,43,53,57,58]. Additionally,
the elevated discharge and scouring potential at Big Spring was sustained much longer
than that of Alley Spring due in part to its close proximity and parallel orientation to its
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receiving stream, the Current River, which allowed for mixing of flood waters from the two
systems, thus augmenting the intensity of the flood in the spring channel. These various
impacts were more severe in Big Spring during the flood, and it likely explains the slower
recovery of the vegetation community in that spring.

The springs in this study are much less dynamic and are comparatively stable with
scouring floods occurring less frequently compared to surface streams. Thus, the recovery
mechanisms exhibited by spring-inhabiting plant species may not allow them to respond or
recover as quickly. The results of this study show that large springs take far longer to recover
from a scouring flood. Such a response may be applicable to spring ecosystems worldwide.
The data presented here also show that there is a standard need for an increased sample
size and frequency following flood events to adequately capture taxa richness due and
community evenness. Impacts to aquatic vegetation in springs following scouring floods
may last years before recovery is fully achieved. Therefore, monitoring aquatic vegetation
following a major flood may yield skewed results, which in turn may erroneously influence
management decisions by conservation organizations.

5. Conclusions

This study showed that recovery of aquatic vegetation in large springs following a
major flood can be a long process, taking months to years to complete. This study also
showed that rate of recovery is related to an assemblage of variables including flood
magnitude and duration, and channel characteristics such as substrate size and retention.
Future research efforts in these springs should include assessments of flood impacts on
individual species, including the role of factors such as root type, mass, and retention,
interactions with other species, as well as microhabitat characteristics.
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