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ABSTRACT

Bioturbation by non-native common carp (carp) can facilitate an ecosystem phase shift from clear to
turbid water in shallow lakes and ponds, with negative effects on abundance of aquatic animals and
plants. Management of carp often involves reducing populations below a threshold biomass at which
important components of the aquatic ecosystem, like submerged aquatic vegetation (SAV), recover.
To evaluate control targets for a nuisance carp population in Malheur Lake in SE Oregon, USA, we
conducted a mesocosm experiment in a small wetland within the lake’s drainage basin. We stocked
200-m? enclosures with individual or multiple carp of different age classes at target biomasses of 50,
100, and 300 kg ha~'. We measured turbidity, total suspended sediments, nutrients, chlorophyll-a,
and surface coverage of SAV four times within a single growing season. Turbidity increased through
time and soluble P was higher in 300 kg ha™' carp treatments compared to the control, but few
changes were observed for any of the other variables at any biomass. Results suggest that with
well established SAV, a maintenance carp biomass threshold of <200 kg ha™' will not result in a
phase shift from a clear- to turbid-water state in the short-term.

Keywords: alternative stable states, bioturbation, Cyprinus carpio, mesocosm, N, non-native, P, UAS
imagery, water clarity.

Introduction

Shallow lakes and ponds can exist in clear or turbid stable states that are driven and
maintained by reinforcing feedback loops (alternative stable states theory; Scheffer et al.
1993; Williams 2005; Janssen et al. 2014). The clear state is characterised by an
abundance of aquatic macrophytes, diverse aquatic biota, low water column nutrients and
phytoplankton biomass, whereas the turbid state is characterised by the opposite (Scheffer
et al. 1993; Hargeby et al. 2004; Janssen et al. 2014). A shift from a clear to a turbid state can
be induced by several physical or ecological factors, and interactions among them, including
climatic drivers, nutrient fluxes, hydrologic variability, and biotic invaders (Scheffer et al.
1993; Giineralp and Barlas 2003; Scheffer and Carpenter 2003). Biotic invaders, in
particular, have been shown to facilitate shifts in water clarity in shallow wetland and lake
ecosystems, with cascading effects on ecosystem services (Scheffer et al. 1993; Crooks 2002;
Kaemingk et al. 2017). One such biotic invader frequently implicated in the shift of shallow
lakes and ponds are Eurasian common carp (Cyprinus carpio; hereafter ‘carp’).

Carp are the eighth most prevalent non-native invader in the world (Lowe et al. 2000),
with an extensive introduced range, where they achieve high population densities
(>1000 kg ha™'), and have devastated aquatic ecosystems on multiple continents (e.g.
Bajer et al. 2009; Weber and Brown 2009; Vilizzi et al. 2015). Carp are considered
‘ecosystem engineers’ (sensu Jones et al. 1994) because they can alter the structure and
function of aquatic systems through middle-out processes (Kaemingk et al. 2017), which
is related to their mode of feeding (benthic foraging) where they physically uproot
aquatic vegetation and simultaneously suspend sediment, while also excreting nutrients
into the water column (reviewed by Weber and Brown 2009). These factors increase
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turbidity by (1) increased suspended sediment concentrations
and (2) increased water column nutrients, which promote
the growth of algae (Weber and Brown 2009; Badiou and
Goldsborough 2010, 2015), further diminishing light
penetration, and in turn inhibiting the recruitment and
growth of aquatic vegetation (Weber and Brown 2009).
These processes initiate reinforcing feedback loops implicated
in the state transition from clear to turbid water (e.g. Scheffer
et al. 1993; Vilizzi et al. 2014), which can lead to changes in
the community composition and abundance of aquatic
vegetation (Bajer et al. 2009; Kaemingk et al. 2017),
benthic invertebrates (Parkos et al. 2003), fishes (Kopf et al.
2019; Marshall et al. 2019), and water birds (Bajer et al.
2009; Maceda-Veiga et al. 2017).

Effects of carp appear to follow a density-impact
relationship. For example, Bajer et al. (2009) demonstrated
in a shallow lake in the Midwestern USA that vegetative
cover and duck abundance decreased dramatically after
carp density increased above 100 kg ha™'. Studies in other
locations have reported substantially higher biomass levels
of carp before negative effects were apparent (e.g. Fletcher
et al. 1985; Drenner et al. 1997; Lougheed et al. 1998),
which suggests threshold values may be site-specific and
context dependent. Vilizzi et al. (2015) conducted a meta-
analysis on the effects of carp and observed considerable
variation in results among study methods and geography.
Analyses indicated average threshold densities for carp at
which negative effects were observed were dependent on
whether the response variable was abiotic (e.g. water
clarity) or biotic (e.g. abundance of organisms), and for
organisms it can vary by taxon (Vilizzi et al. 2015). From a
management context, these results indicate that carp
populations could potentially be suppressed to a level of
functional extinction (sensu Green and Grosholz 2021) such
that improved water quality promotes the recovery of
desired plant and wildlife populations.

A variety of methods have been used to control nuisance
carp populations (Rytwinski et al. 2019), including active and
passive fishery suppression (traps, netting, electrofishing; Bajer
etal. 2011; Stuart and Conallin 2018), overfishing by commer-
cial harvest (Koehn et al. 2000), fish toxicants (Huser et al.
2022), and by blocking access to spawning habitat (Shields
1958; Hillyard et al. 2010; Taylor et al. 2012). However,
carp are very difficult to eradicate from large waterbodies
due to density dependent responses to suppression and their
ability to survive in refugia habitat (Brown and Walker
2004; Weber and Brown 2009; Bajer and Sorensen 2010).

The effect of carp may differ by size or life stage (e.g. Driver
et al. 2005). For example, carp shift from pelagic feeding on
zooplankton to benthic feeding on macroinvertebrates as they
grow (e.g. diet shift at >100-mm length), therefore the effect
of bioturbation of sediment can change with size structure of
the population (e.g. Kloskowski 2011). Excretion has been
cited as one mechanism for nutrient enrichment by carp,
and smaller fish have higher per-capita excretion rates than
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larger fish (e.g. Morgan and Hicks 2013). Environmental
variation can lead to shifts in age and size structure of a carp
population (Maiztegui et al. 2019). For instance, modelling
has demonstrated that carp populations can exhibit boom
or bust reproduction related to water level fluctuations,
such that persistent drought can skew the population
towards large adults (Pearson et al. 2022). Fisheries
management can also influence population structure, as
some capture methods are size selective (e.g. Weber et al.
2011). Control efforts targeting adults may result in
unintended responses in the carp population dynamics due
to compensatory responses (i.e. increased recruitment and
juvenile survival; Pine et al. 2009; Weber et al. 2016).

Malheur Lake is a large, shallow, endorheic lake located
within the Malheur National Wildlife Refuge (Malheur
NWR), and provides critical habitat for migratory
waterfowl (e.g. Pacific Flyway) as well as resident birds and
fishes (Duebbert 1969; Cornely 1982). Common carp were
first noted in Malheur Lake in the 1950s with subsequent
losses of submerged aquatic vegetation, reduced populations
of waterfowl, and more generally a shift in the stable state
from a clear- to turbid-water state (e.g. Scheffer et al. 1993;
Ivey et al. 1998). Controlling the carp population
in Malheur Lake is a key part of the overall management of
Malheur NWR (US Fish and Wildlife Service 2013). The
biomass for carp at which ecological processes or ecosystem
components would start to recover in Malheur Lake is
unknown. Therefore, we conducted a manipulative field
experiment in a small wetland within Malheur NWR to
identify a carp biomass threshold applicable to the
physiographic context of Malheur Lake. We constructed
enclosures (mesocosms) in a wetland where carp were absent
and submerged aquatic vegetation (SAV) was already
established. Enclosures were stocked with individual carp
or multiple age classes of carp at three biomass levels. We
measured water clarity, suspended sediments, chlorophyll-
a, nutrients, and SAV in treatment enclosures, control
enclosures (no carp) and unenclosed reference plots during
a single growing season (June-October) in 2019.

Methods

Study area, sample plot collection, and
enclosures

Windmill Pond is an ~3.2-ha human-made waterbody located
within the western portion of Malheur NWR in south-eastern
Oregon, USA (Fig. 1). The pond is in the floodplain of Silver
Creek, a tributary to Harney Lake, but is physically isolated
except in years with flooding by overland flow. Water level
in Windmill Pond is maintained by pumping water from a
well (~1 km away) through an underground pipe that
discharges into the south-west edge of the pond. The pond
was selected for the study because it was small, fishless,
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Fig. 1. Windmill Pond study area located on the Malheur National Wildlife Refuge (NWR), Oregon, USA.
Malheur NWR contains Harney and Malheur lakes, which are the terminus of three closed-basin watersheds
in eastern Oregon. Windmill Pond is an artificial wetland within the Silver Creek watershed, within the
western end of Malheur NWR.
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and the water level could be controlled, to some extent.
Windmill Pond was dry as of 2014, re-watering began in
spring 2015, and by summer 2016 aquatic macrophytes
had begun to reestablish.

Windmill Pond was divided into three blocks based on
position relative to the pond’s water source and an
exploratory principal components analysis of specific
conductivity, water temperature, turbidity and chlorophyll-
a concentration collected using a sonde (YSI model 6920,
Yellow Springs, OH, USA'). Enclosure sites were randomly
selected within blocks (see the °‘Additional details for
methods’ section in the Supplementary material). In 2017,
the 21 walled enclosures (0.02 ha, 14.1 m per side) were
constructed of nylon reinforced plastic sheeting with the
1.5 m tall sides supported by metal fenceposts and fastened
by plastic cable ties. The bottom edge was buried in
the substrate and secured with earth anchors and sandbags
(see the ‘Additional details for methods’ section in the
Supplementary material for additional details). In 2018, we
discovered that flooding the previous spring had permitted
common carp to invade Windmill Pond. The invading carp
and their progeny were eradicated with piscicide in July
2018, and the study was delayed until 2019 to permit
recovery of any invertebrate fauna affected by the piscicide
treatment. During 19-20 June 2019, enclosures were
inspected for damage and gaps, and the sides were raised
above the water line and secured.

Biomass treatments and fish stocking

We tested carp biomass treatments of 50, 100, and
300 kg ha™!, and each biomass treatment was stocked with
either a single or multiple fish. The 100 kg ha™! treatment
was based on Bajer et al. (2009), which had been
incorporated as an interim management target in Malheur
Lake under Malheur NWR’s Comprehensive Conservation
Plan (US Fish and Wildlife Service 2013). The 50 kg ha™!
treatment was based on a threshold for effects on waterfowl
from a meta-analysis of studies using exclosures and natural
experiments (Vilizzi et al. 2015). The 300 kg ha™!
treatment would be expected to cause significant changes
to many components of the ecosystem (water quality,
vegetation, invertebrates, and vertebrates; Vilizzi et al. 2015)
and is similar to estimated and modelled biomass of carp in
Malheur Lake (e.g. Pearson et al. 2019). At each biomass,
we used two stocking treatments consisting of: (1) three to
four carp of multiple age classes (age-1+; representing a
population with annual reproduction) or (2) a single large
carp (representing a population where recruitment may
be periodic due to abiotic factors). Both scenarios have
been observed in the endorheic Malheur Lake, where
fluctuations in lake area, both seasonally and annually

(e.g. minimum ~550 ha in 1992, maximum ~54 000 ha in
1986), are driven by winter precipitation and snowmelt
runoff (Hubbard 1975; Pearson et al. 2022). Each of the
three blocks had eight sample units: an open reference plot
lacking enclosure walls, a zero biomass enclosure, and
six enclosures with carp (three biomass treatments X two
size/age structures). Carp and zero biomass treatments
were randomly assigned within blocks.

Carp were captured in Malheur Lake and Moon Reservoir
(dammed portion of Silver Creek), moved to the study site in a
1136-L aerated fish transport tank installed on a truck, and
held temporarily in 660-L circular tanks staged adjacent to
the pond. Study fish were sedated with MS-222, measured
(total length, TL, to the nearest millimetre), weighed (to the
nearest gram), and then double tagged with a 12-mm full-
duplex PIT tag implanted into the dorsal sinus cavity using
a syringe and a 23-mm half-duplex PIT tag implanted into
the body cavity through a small incision. Tagged study fish
were stocked during 28-29 June 2019. At the end of the
study (29 September—2 October 2019), we used a pair of
custom-made mobile PIT tag antenna systems (PIT-packs,
sensu Hill et al. 2006) to locate carp within enclosures, and
then used a pair of backpack electrofishers operated at
175-250 V and 30-40 Hz (LR-24, Smith-Root, Vancouver,
WA, USA) to immobilise fish for netting. Recaptured carp
were measured, weighed, and then euthanased.

Nutrients and water quality

Field data collection

We monitored a suite of water quality parameters in
enclosures and reference plots during four monthly sampling
events: once in June (24-26 June) immediately before
stocking carp in enclosures, and three times after stocking
(29-31 July, 3-5 September, and 24-26 September). A 1-L
plastic sample pitcher connected to a telescoping fibreglass
pole was used to collect a water sample at ~40% of the water
depth in the centre of each of four equal-area quadrants within
each enclosure or reference plot (see the ‘Additional details for
methods’ section in the Supplementary material for additional
details). Each water sample was poured into a clean, pre-rinsed
1-L Nalgene collection bottle and placed on ice inside a cooler.
Concurrently, a sonde (YSI model 6920) was used to measure
instantaneous water temperature (0.01°C) at 40% depth, and a
telescoping measuring rod was used to measure water depth
(nearest cm) at each sample location.

Laboratory processing and analyses

Chilled water samples were transported to a wetlab at
Malheur NWR and kept on ice for no more than 24 h before
processing and shipping to an analytical laboratory. In the
wetlab, the four 1-L samples from each enclosure were

!Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the US Government. The findings and
conclusions in this article are those of the authors and do not necessarily represent the views of the US Fish and Wildlife Service.
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combined and mixed in an 8-L churn splitter (Bel-Art SP
Scienceware, South Wayne, NJ, USA) to produce a
composite from which samples were drawn and processed
for laboratory analyses. Before drawing samples, the
specific conductance (uS cm™), pH, turbidity (NTU), and
chlorophyll-a content (ug L~! and RFU) in the composite
was measured with a sonde (YSI model 6920).

Dissolved nutrients samples (P, N, and Si) were collected by
filtering ~40-45 mL of water through surfactant-free cellulose
filters with pore size 0.45 pm and diameter 2.8 cm (Corning,
Inc., Corning, NY, USA) affixed to a 60-mL syringe. A clean
syringe and 60-mL HDPE sample bottle was used for each
composite sample, and both were rinsed three times with
sample water before collecting the filtrate. Filtrate samples
were frozen, shipped on dry ice to the analytical laboratory,
and subsequently analysed using a continuous flow automated
analyser (SEAL AutoAnalyzer Model AA3, Seal Analytical, Inc.,
Mequon, WI) after Gordon et al. (1993) and following standard
methods (SM4500-) for ammonia (NH,), nitrate (NO3) and
nitrite (NO,), phosphate (PO,), and silicic acid (Si(OH),)
(Rice et al. 2012). Samples for total nitrogen (TN) and total
phosphorus (TP) were collected by measuring a known
volume of composited water (generally 40 mL) with a
graduated cylinder rinsed three times with sample water,
and pouring the sample into an autoclaved 60-mL HDPE
sample bottle rinsed once with sample water. The TN and TP
sample was frozen, shipped on dry ice to the analytical
laboratory, and analysed using a continuous flow automated
analyser (Technicon Model AAII, SEAL Analytical, Inc.,
Mequon, WI) after SM4500-P-J (Rice et al. 2012).

Total suspended sediments (TSS) samples were collected
by filtering a known volume of composite sample water
(nearest mL) through a pre-weighed glass fibre filter (GFF)
with pore size 0.7 ym and diameter 2.5 cm (Whatman
1825-025, GE Healthcare Life Sciences, Chicago, IL, USA)
placed in a 25-mm polysulfone filter funnel (50-mL
capacity, Pall Inc., Port Washington, NY, USA) connected to
a 125-mL capacity glass filtering flask placed under vacuum
(<20 Hg) using a mechanical pump (Welch model 2522B-
01, Mount Prospect, IL, USA). Filters were shipped to the
analytical laboratory, dried at 103-105°C, and the dry
weight of the filtered material was recorded using a
microbalance (nearest 0.01 mg, Mettler-Toledo AX205,
Columbus, OH, USA) after SM2540-D (Rice et al. 2012).

Chlorophyll-a samples were analysed by filtering a known
volume of composite water through the same type of GFF
filter, filtration, and vacuum system as for TSS. The filters
were placed in plastic vials, covered with aluminium foil,
and immediately frozen. Frozen filters were shipped on dry
ice to the analytical laboratory where they were extracted
with acetone and analysed using fluorometry (Turner
Model TD700 Fluorometer, Turner Designs, San Jose, CA,
USA) following method EPA 445.0. All laboratory analyses
for nutrients, TSS, and chlorophyll-a were performed at the
University of Washington’s Marine Chemistry Laboratory.

Submerged aquatic vegetation

SAV surface area coverage

We used aerial imagery collected with a small unmanned
aerial system (UAS; 3DR Solo, Berkley, CA, USA) fitted with
a multi-spectral camera that takes geo-referenced images
(MicaSense RedEdge-M, Seattle, WA, USA) to estimate the
surface area coverage of SAV within enclosures and reference
plots four separate times (22-26 June, 31 July, 4 September,
and 24-25 September) concurrent with monthly water
quality sampling. Images were collected by autonomous
flights at 91.3-m elevation, 6.1 m s~ flight speed, 75%
endlap, and 75% sidelap, which resulted in a ground sample
distance of 6.22 cm. Flights were typically flown in the
morning, under clear conditions. We used Agisoft Metashape
(ver. 1.5.5, Saint Petersburg, Russian Federation) to convert
images to composite georeferenced orthomosaics. We used
ArcMap (ver. 10.6, ESRI, Redlands, CA, USA) to perform a
raster split to isolate the pond area, and ENVI (ver. 5.5,
64-bit, Harris Geospatial, Broomfield, CO, USA) to create
regions of interest (ROI) representing the water surface
within each enclosure or reference plot, excluding any
shadows. We then developed a supervised maximum
likelihood classification routine to assign individual pixels as
water or vegetation (see the ‘Additional details for methods’
section in the Supplementary material for additional details),
and used ENVI to extract the relative surface coverage of
vegetation within each enclosure or reference plot.

SAV composition and biomass

At the end of the study (26-27 September, 1 October 2019)
we used ocular surveys in four 1-m? sample plots (within each
enclosure and reference plot) to determine SAV composition
and surface coverage. A 1-m? PVC frame was placed randomly
within each of four quadrants of the enclosure (or reference
plot), and percentage surface coverage by SAV functional group
was estimated (nearest 1%) within the plot area enclosed by the
frame. We defined functional groups as ecologically and
morphologically similar genera, e.g. pondweeds (Potamogeton,
Stukenia, Zanichellia), milfoil (Myriophyllum), or algae
(Chara). After estimating surface (canopy) coverage, we gently
parted the SAV canopy and recorded the presence of any
additional SAV functional groups below the water surface
(understorey). We recorded the water depth (nearest cm) at
each sample plot. We calculated the Simpson’s dominance
index (4,) for each plot (p) based on surface coverage of each
taxa as:

1= ci(ci—1)

=) =
C(C-1)

where c; is the proportion surface coverage of the ith taxon

and C is the total surface coverage of each sample plot.

Simpson’s dominance index ranges from O (infinite

diversity) to 1 (no diversity; complete dominance by a
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single taxon). We calculated the arithmetic mean 4 for each
enclosure based on the four plot-level estimates.

At one randomly selected plot within each enclosure or
reference plot, we also collected SAV samples using a two-
headed rake similar the methods in US Department of the
Interior (2018). For the selected plot, three SAV sub-
samples were collected by dragging the rake for 1 m across
the pond bottom, twisting the rake head 180° as it is lifted
off the bottom, gently sweeping it in the water to remove
sediment, and gently compressing the vegetation along the
rake tines. Individual sub-samples were drained, placed in
labelled plastic bags, and frozen. We estimated SAV biomass
per 1-m? plot by weighing (nearest g) individual rake sub-
samples dried in an isothermal oven at 70°C for 4-6 days.

Analyses

Values for nitrate (NO3-N) and nitrite (NO,-N) were combined
(NO,-N) before analyses. We also calculated a set of four
stoichiometry variables with nitrogen and phosphorus to
better understand the nutrient dynamics of Windmill Pond
and whether they changed in response to carp. The ratio of
soluble N (nitrate + nitrite + ammonium) to total N (soluble
N:TN) and the ratio of soluble P (orthophosphate) to total P
(soluble P:TP) were calculated to determine whether nitrogen
and phosphorus tended to be bioavailable or sequestered.
We calculated the ratio of soluble N to soluble P (soluble N:
soluble P) and total N to total P (TN:TP) to help understand
which nutrient was limiting.

We used linear mixed models and simple linear regression
models followed by a set of a priori contrasts to evaluate
the effect of carp biomass, fish composition, spatial variation,
and enclosure effects on water quality, nutrients, and water
surface coverage of SAV. For analysis of carp effects, we
created a composite variable termed ‘treatment combination’
with eight levels comprising the open reference plots, zero
biomass control enclosures, and the six combinations of
carp biomass x fish composition. Data were transformed
using In (water quality parameters and nutrients), logit
(nutrient ratios), or arcsine square root (proportion SAV
cover) before analyses.

For each dependent variable, we fit a mixed model with
block, sample period, treatment combination, and treatment
combination x sample period as fixed effects, and enclosure as
a random intercept using restricted maximum likelihood
(R package lme4, ver. 1.1-21, see https://CRAN.R-project.
org/package =1me4; Bates et al. 2015). Enclosure and block
could represent much of the same spatial variation in response
variables among enclosures, so we conducted a likelihood
ratio test of the random enclosure term using the rand
function in the R package ImerTest (ver. 3.1-2, see https://
CRAN.R-project.org/package =ImerTest; Kuznetsova et al.
2017) and compared the model’s conditional R?> (which
includes fixed and random effects) with the marginal R>
(fixed effects only) to evaluate how much additional
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variation was explained by the random enclosure term. If
the likelihood ratio test for the random enclosure term was
statistically significant, then the term was retained; fit
was assessed by inspecting residuals, and the mixed model
was used for linear contrasts. If the random enclosure
term was not statistically significant, then it was dropped,
and a simple linear model was fit and used for contrasts
after inspecting residual plots.

To understand the extent of spatial variation in response
variables within the pond, we performed linear contrasts to
compare the marginal means among blocks while averaging
over the other independent variables (R package emmeans,
ver. 1.4.5, R. Lenth, see https://CRAN.R-project.org/
package=emmeans). To determine whether there were
enclosure effects resulting from isolating water within
enclosures, we performed linear contrasts to compare the
marginal means of the reference plots to marginal means of
the zero biomass control enclosures for each sample period.

To test for an effect of carp biomass, we compared the
marginal means for zero biomass controls to those for 50,
100, and 300 kg ha! biomass treatments at each sample
period (12 comparisons per dependent variable). To test the
effect of fish composition, we compared the marginal
means of single v. multiple-fish treatments within each
level of biomass (50, 100, 300 kg ha™1) during each sample
period (12 comparisons total). For both contrasts we
adjusted the significance level for comparisons within a
biomass level (i.e. family of four comparisons). We used
a = 0.1 as the threshold for statistical significance given the
modest sample sizes in this study and the desire to reduce
the probability of a Type II error. Significance levels of
contrasts were adjusted using the Holm method (Holm 1979).

To evaluate whether dry biomass of SAV at the end of the
study was affected by the presence and biomass of carp, we
conducted an ANCOVA-type analysis. We fit a fixed-effects
model for dry biomass of SAV to the ocular estimate of SAV
surface water coverage in 1-m? sample plots and its
interaction with the categorical variable for carp biomass.
We determined the significance of the interaction term and,
subsequently, carp biomass using likelihood ratio tests on
nested models, and evaluated any significant effect of carp
biomass on SAV biomass using linear contrasts. Owing to
small sample sizes and lack of temporal replication, we did
not attempt to evaluate enclosure effects, block effects, or
differences between single- and multiple-fish biomass carp
treatments. For analysis we combined reference plots and
zero biomass controls into single group, and at each
biomass treatment combined the single- and multiple-fish
treatments such that there were four categories for carp
biomass (0, 50, 100, and 300 kg ha™!).

Animal research ethics

The use of piscicide (Rotenone) to remove common carp that
had invaded the study site within Malheur National Wildlife
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Refuge was authorised under Pesticide Use Proposal (PUP)
number R1-18-13570-020 approved under the authority of
the US Fish and Wildlife Service’s Integrated Pest Management
Policy (569 FW 1). Use of carp in the experiment followed
guidance in Use of Fishes in Research Committee (2014).

Results

Carp

At the time of tagging, the 41 carp stocked in enclosures
ranged from 181 to 800 mm TL and from 86 to 6650 g in
weight (Table 1). Across all enclosures the stocked
biomasses averaged within 2.9, 7.1 and 9.1% of the target
biomass for 50, 100, and 300 kg ha~! treatments. In total,
36 of the 41 carp were recaptured at the end of the study.
All four carp escaped from enclosure X-5 (multiple-fish
100 kg ha™! treatment) because of a separated seam in the
enclosure wall, so this enclosure was dropped from the
analyses. One fish escaped from enclosure Y-2 (multiple-
fish 300 kg ha! treatment), but the carp biomass at
capture indicated the target biomass of 300 kg ha™! was

Table I.
initial and final biomass of carp.

achieved so the enclosure was included in analyses. Carp
grew well in enclosures, and at recapture fish ranged 246-
810 mm TL and 270-7950 g (see Table S1 and Fig. S1 of
the Supplementary material). Specific growth rate (Eqn 1)
averaged 0.63% day~! (s.d. = 0.43) and ranged from 0.10
to 1.45% day~!. Specific growth rate was inversely related
to initial fish size according to the linear equation:
5.424 — 0.812(In(TL)) (d.f. = 34, P < 0.001, R? = 0.90, see
Fig. S1). Biomass tended to increase more rapidly in the
multiple-fish treatments than the single-fish treatments
(Table 1), because smaller fish exhibited higher SGR.

In (final weight) — In (initial weight)
Number of days

SGR = ( ) x100 (1)

General water chemistry and temperature

Windmill Pond water was basic, with a pH ~9.5-10.0 in
early summer and early autumn, and pH 10.0-10.5 in mid-
summer (see Fig. S2 in the Supplementary material). Specific
conductance exhibited strong spatial variation and was
~400 pS cm™! in block A (nearest the pond’s water source;
see Fig. 2), but averaged ~100-200 pS cm™' higher in

Experimental treatment designations by block, enclosure, number of common carp in the enclosures, initial lengths (total length, TL),

Biomass treatment Block Enclosure Number Initial TL (mm), Carp biomass
(kg ha™') of fish value or range (kg ha™')
Initial Final
50 A Y-5 | 422 46.8 64
W-4 3 200412 50.4 85.3
B F-13 [ 425 48 82.5
Q-8 3 195-383 50.5 101.5
C I-14 | 440 523 75
Q-9 3 181405 49.6 80.8
100 A W-7 [ 619 113 141.3
X-5 4 202420 101 -
B D-15 | 558 95.5 138.3
C-17 3 198420 101 159.3
C Q-6 | 580 102 140.5
I-15 4 189445 122 210.8
300 A V-7 | 800 333 3975
Y-2 4 196-615 298 366.8"
B J-5 | 798 329 360.5
E-14 4 183-690 309 3775
C 1-17 | 720 227 310
F-19 4 220-640 28| 346

Carp weights were recorded before stocking during 28-29 June 2019 (initial), and after recapturing fish during 26 September—| October 2019 (final). Five carp were at
large after escaping from enclosures X-5 (n = 4 fish; replicate lost) and Y-2 (I fish). Not shown here are reference plots (by block): Y-4 (A), I-7 (B), G-19 (C), and zero

biomass control enclosures (by block): T-9 (A), D-18 (B), H-17 (C).

AFinal biomass represents only three fish since one fish (initial length 210 mm TL) escaped from enclosure.
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blocks B and C. Specific conductance also exhibited a seasonal
increase in blocks B and C. Water temperatures at the time of
sample collection (morning to early afternoon on a given day),
ranged from ~12.5°C in early autumn to nearly 20°C in
summer. Water level in enclosures and reference plots
declined between summer and early autumn (see Table S2 of
the Supplementary material).

Woater quality, nutrients, and SAV
time-series data

A labelling error within the wetlab resulted in unusable
chlorophyll-a data for approximately half the analytical
laboratory results from the third sampling occasion.

Consequently, for the time-series analysis of chlorophyll-a, we
used the measurements recorded with the calibrated sonde.
The chlorophyll-a values recorded using the wetlab sonde
were highly correlated with the verified analytical laboratory
estimates (d.f. = 77, Pearson’s r = 0.90, P < 0.001), from
which we infer wetlab sonde data were representative.
During the study, water clarity was generally high in
Windmill Pond as chlorophyll-a (mean generally <30 pg L),
TSS (generally <50 mg L™1), and turbidity (mean generally
<20 NTU) were all low (Fig. 3). Mean ammonia concentra-
tions were generally low (<25 pg L71), nitrite plus nitrate
was very low (usually <10 pg L™1), and total N was high
(often >2000 pg L7'; see Fig. 4). Mean phosphate
concentration ranged from ~250 to 600 pg L™, and mean

Windmill Pond - Malheur NWR

Enclosures
Block

Source

i

80
[ . — |

Fig.2. Orthomosaic map of Windmill Pond showing enclosure designations by block (A—C) and location of the pond’s water

source (lower left).
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Fig. 3. Mean (+s.d.) water quality indicators (chlorophyll-a, total suspended solids (TSS) and turbidity) in

reference plots and enclosures by initial biomass of common carp, during four time periods. Points are the
mean of three enclosures, except for 100 kg ha~' multiple fish treatment that is a mean of two during
sample periods 2—4. Controls are enclosures with no carp, references are reference plots without
enclosure walls, and single and multiple are treatments where the biomass is composed of single or
multiple carp. The first sample period (I (pre)) was before stocking of carp.

TP was ~500-900 ug L~! (Fig. 4). Most of the nitrogen
present was not in soluble form, as the ratio of soluble N
(ammonium + nitrite + nitrate) to TN was very low
(generally <0.015), whereas most of the phosphorus was
in soluble form because the ratio of soluble P (phosphate)
to TP was ~0.5-0.8 (Fig. 5). We infer the system may
have been nitrogen limited during the study given the low
ratio of soluble N to soluble P (Fig. 5). The mean ratio of
TN:TP ranged from ~2.5 to 6.0 (Fig. 5). Before stocking carp,
mean surface coverage of SAV averaged 70% overall but was
higher in the zero biomass controls (mean = 92%) than in the
reference plots and treatment enclosures (mean = 67%;
Fig. 6). Mean SAV coverage in the zero biomass controls

increased to 97% by the second sample period and remained
at or above that level for the remainder of the study, whereas
the reference plot remained ~68-71% surface coverage.
Mean SAV coverage for enclosures assigned to carp
treatments increased from a pre-stocking average of 67%
in late June to 91% in late July and remained very high
(mean = 94%) during September (Fig. 6).

Model fitting

Many of the response variables (10 of 14) exhibited evidence
of non-constant variance based on Levene’s test, but other
diagnostic indicators such as normality of errors and residual
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Fig. 4. Mean (+s.d.) nutrients (Ammonium (NH4-N), nitrite—nitrate ((NO, + NO3)-N), total nitrogen,
phosphate (PO4-P), total phosphorus, and silica (SiO4-Si)) in reference plots and enclosures by initial
biomass of common carp, during four time periods. See Fig. 3 caption for additional details.

plots did not suggest serious violations of regression
assumptions, so we concluded the models were valid. We
found substantial variation among enclosures (i.e. random
intercept for enclosure) for three response variables:
chlorophyll-a, soluble N:TN, and surface coverage of SAV
(Table 2). Consequently, 11 of 14 of the estimation models
were fixed effects models (Table 2). Whereas the random
effect was deemed not statistically significant in most of
these cases based on a likelihood ratio test, there were
three response variables — nirite + nitrate, TN, and soluble
P:TP — where we found evidence that including a random
intercept for enclosure would result in overfitting (i.e.
singularity) so the random term was dropped. For the fixed
effects models, we presume that any spatial variation
present was best accounted for by the block effect. In most
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models the carp biomass x sample period variable was not
statistically significant (Table 2), but fits included both
reference plots and controls (as well as the biomass
treatments) so that a single estimation model could be used
to evaluate both enclosure and carp effects by linear
contrasts. Consequently, the outcome of the linear contrasts
were the proper basis for evaluating carp effects, and not the
P-value of the carp biomass x sample period interaction term.

Spatial variation in water clarity and nutrient concentration
appeared to depend on proximity to the pond’s water source
with higher clarity and lower nutrient concentrations (except
for silica) in block A, whereas SAV surface coverage was
greater in block C than block B (see Fig. S3 of the
Supplementary material). We found statistically significant
differences between reference plots and zero biomass control
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Fig. 4. (Continued).

enclosures in one or more sample periods for 9 of 14 of the
time-series variables though there were only a few instances
where the difference was consistent through time (see Table S3
of the Supplementary material). To be conservative and
because several carp escaped enclosures and were at large in
the study area, we used zero biomass controls for the linear
contrasts testing carp effects.

Carp treatment effects

Biomass

With a few exceptions, effects of carp were only observed
for the 300 kg ha™! treatment group. Turbidity in the
300 kg ha™! carp treatment was two to three times that of
the zero biomass control in sample periods two (marginal
means: 5.6 NTU control v. 17.0 NTU 300 kg ha™!), three

1pre) 2 3 4 1(pre) 2 3 4

Sample period

(6.5 v. 18.4 NTU) and four (4.9 v. 14.9 NTU; Table 3).
Phosphate was elevated in the 300 kg ha™! biomass
treatments compared to the control in sample periods two
(marginal means: 178 pg L~! control v. 328 pg L71), three
(271 v. 523 pg LY, and four (291 v. 660 pg L~1); however,
the contrasts were nearly statistically significant during
periods two and three (i.e. P = 0.106; see Table 3). Total P
concentrations also appeared ~200-360 pg L' higher at
300 kg ha! treatment compared to the zero biomass
control (Fig. 4), but the contrast was nearly statistically
significant only in the third sample period (marginal
means: 538 v. 898 pug L1, P = 0.124; see Table 3).

Nitrite + nitrate (NO,-N) concentration in the 300 kg ha™!
carp treatment was greater than the control at sample period
three (marginal means: 2.8 pg L™! control v. 6.8 pg L7%;
Table 3), but this result was influenced by an unusually
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high value (40.4 pg L™1) in one enclosure, whereas in general,
NO,-N concentrations were almost uniformly low and
invariant (Fig. 4). Consequently, we cannot attribute this
difference to an effect of carp. Total N concentrations in
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Fig. 5. Mean (&s.d.) nutrient ratios (proportion of soluble nitrogen and soluble phosphorus, and ratios of

bioavailable dissolved nitrogen to bioavailable dissolved phosphorus and total nitrogen to total phosphorus) in
reference plots and enclosures by initial biomass of common carp, during four time periods. See Fig. 3

caption for additional details.

control enclosures and treatments exhibited a seasonal
increase (Fig. 4) and there were a few instances of potential
carp effects, but the differences were not consistent by
biomass or through time (Table 3). For example, TN
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Fig. 6. Mean (+s.d.) proportion water surface coverage of submerged aquatic vegetation (SAV) in
reference plots and enclosures by initial biomass of common carp, during four time periods. The dashed
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horizontal reference line indicates 100% surface coverage. See Fig. 3 caption for additional details.

concentrations were greater in the carp biomass treatments
compared to controls at 100 kg ha™! in sample period three
(marginal mean: 3307 v. 2889 g L™!), and at 300 kg ha™!
in sample period two (2393 v. 1950 pg L~!; Table 3). There
was some evidence that soluble P:TP was greater in carp
treatments at the end of the study, as the marginal mean
proportions for 50 kg ha™! (0.70), 100 kg ha™! (0.67), and
300 kg ha™! (0.71) were higher than the control (0.50)
though the difference was not statistically significant
(P = 0.151) for 100 kg ha™! (Table 3; Fig. 5). At the end of
the study TN:TP ratio was marginally lower at 300 kg ha~!
(marginal mean = 3.1) than in the controls (5.3, P = 0.14
for linear contrast; Table 3; Fig. 5), which may reflect the
contribution of increased PO,4-P concentration (see Fig. 4).

Soluble N:soluble P ratios and TSS also did not appear to
be influenced by the presence or density of carp (Table 3).
Ammonium, SiO4, and chlorophyll-a exhibited temporal
patterns in their concentrations (generally increasing
through time, Table 3; Fig. 3, 4) there were no statistically
significant increases that could be attributed to the effect
of carp biomass (Table 3). In fact, at sample period four
the chlorophyll-a concentration was significantly lower in
the 50 kg ha™! biomass (28.0 ug L™!) treatment compared
to the control (40.2 pug L™1). Similarly, SAV exhibited an
increase in surface water coverage through time and did
not change in response to carp (Table 3; Fig. 6). In the
first sample period the proportion coverage of SAV was
lower in the 50 kg ha! carp treatment (marginal
mean = 0.62) than in the zero biomass control enclosures
(0.93; Table 3), but this reflects initial conditions before
stocking of carp. In general, proportion surface coverage
of SAV was very high in enclosures where carp were
present; by the second sample period marginal means
ranged 0.91-0.97 across the three biomass treatment, and
by the third period surface coverage was near total (0.96—
1.0; Fig. 6).

Fish composition

In 300 kg ha™! treatments, turbidity in the multiple-fish
treatments was approximately double that in the single-
fish treatments during the third (marginal means = 26.5
v. 12.7 NTU) and fourth sample periods (21.7 v. 10.3 NTU),
though statistically the differences were marginal (P = 0.102,
Table 3). Ammonium concentration, soluble N:TN, and
soluble N:soluble P were all greater in the single-fish
treatments for 100 kg ha! the first sample period, but
these reflect initial conditions before stocking carp. Total
nitrogen concentration was ~33% higher in the 300 kg ha™!
multiple-fish treatment (marginal mean = 3401 pg L71)
compared to the single-fish treatment (2548 pg L7!) but
only in the final sample period when the overall 300 kg ha™!
biomass treatment was statistically indistinguishable from
the zero biomass control (Table 3). We did not detect any
statistically significant differences between single- and multiple-
fish treatments for the other nine response variables (Table 3).

SAYV coverage and biomass from direct sampling

Mean ocular estimates of percentage SAV coverage based on
the four 1-m? sample plots ranged 66-100% (mean = 92.1%;
Fig. 7a) and was highly correlated with the estimated
surface coverage of SAV derived from UAV aerial imagery
in the final sample period (d.f. = 21, r = 0.88, P < 0.001).
This suggests the ocular estimates were representative of SAV
coverage within an enclosure. Milfoil (genus Myriophyllum)
was the most common taxon of SAV observed and was
present in every sample plot in every enclosure (see Table S4
and Fig. S4 of the Supplementary material). Thin-leaf
pondweed (genus Stuckenia) and broad-leaf pondweed
(genus Potamogeton) were present in either the SAV canopy
or understorey in all 24 and 13 enclosures respectively. The
algae Chara was present but rare. Simpson’s index of
species dominance (1) was nearly uniformly high across
23 enclosures and reference plots (mean = 0.93, lower
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Table 2. ANOVA-type results for fixed effects linear models evaluating the effects of common carp biomass on water quality and nutrients,

derived nutrient variables, and SAV surface water coverage.

Dependent variable Model R? Fixed-effect parameter Mean square P-value
Chlorophyll-a 0.77 Carp treatment 0.108 0.149
Sample period 2.267 <0.001
Block 1.072 <0.001
Carp treatment X Sample period 0.092 0.083
Residuals (mixed model) 0.050 -
TSS 0.683 Carp treatment 2,612 <0.001
Sample period 5.402 <0.001
Block 8.797 <0.001
Carp treatment X Sample period 0.243 0.945
Residuals 0.457 -
Turbidity 0.695 Carp treatment 1.52 <0.001
Sample period 0.185 0.328
Block 2.747 <0.001
Carp treatment X Sample period 0.2 0.238
Residuals 0.158 -
NH4-N 0.763 Carp treatment 0.18 0.165
Sample period 5.487 <0.001
Block 0.492 0.019
Carp treatment X Sample period 0.133 0.327
Residuals 0.115 -
NO,-N 0.483 Carp treatment 0.371 0.138
Sample period 1.029 0.006
Block 1.225 0.007
Carp treatment X Sample period 0.191 0.646
Residuals 0.224 —
Total N 0.887 Carp treatment combination 0.085 <0.001
Sample period 1.391 <0.001
Block 0.551 <0.001
Carp treatment X Sample period 0.029 0.017
Residuals 0.014 -
PO4-P 0.541 Carp treatment 0.523 0.013
Sample period 1.362 <0.001
Block 0.495 0.078
Carp treatment X Sample period 0.188 0.463
Residuals 0.185 -
Total P 0.564 Carp treatment 0.238 0.046
Sample period 0.859 <0.001
Block 0.846 <0.001
Carp treatment X Sample period 0.102 0.533
Residuals 0.108 -
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Table 2. (Continued).
Dependent variable Model R? Fixed-effect parameter Mean square P-value
Si04-Si 0.666 Carp treatment 0.09 0.008
Sample period 0.607 <0.001
Block 0.141 0.011
Carp treatment X Sample period 0.029 0.478
Residuals 0.029 -
Soluble N:TN (logit) 0.59 Carp treatment combination 0.118 0.265
Sample period 1.105 <0.001
Block 0.019 0.797
Carp treatment X Sample period 0.172 0.017
Residuals (mixed model) 0.073 -
Soluble P:TP (logit) 0.662 Carp treatment 0.964 <0.001
Sample period 3.071 <0.001
Block 1.119 0.005
Carp treatment X Sample period 0.181 0.554
Residuals 0.194 =
Soluble N:soluble P 0.507 Carp treatment 0.341 0.429
Sample period 3.55 <0.001
Block 0.397 0.313
Carp treatment X Sample period 0.293 0.623
Residuals 0.335 -
TN:TP 0.474 Carp treatment 0.235 0.092
Sample period 0.864 <0.001
Block 0.125 0.376
Carp treatment X Sample period 0.1 0.716
Residuals 0.126 —
SAV cover (AsinSqrt) 0.765 Carp treatment 0.052 0.111
Sample period 0.498 <0.001
Block 0.131 0.02
Treatment X Sample period 0.022 0.611
Residuals (mixed model) 0.020 -

The initial fit was a mixed model of the form: intercept + sample period + treatment + block + (Treatment X sample period) + Enclosure (random intercept) + error.
The random intercept term was dropped for most dependent variables (see Methods), in which case inference was made using a fixed effects model. A mixed model with
random intercept for enclosure was selected for three dependent variables: chlorophyll-a with 6¢ncjosure = 0.130 (P = 0.058) and 6,siqua = 0.238; soluble N: TN with
Oenclosure = 0.146 (P = 0.087) and 6;siqual = 0.284; and SAYV surface coverage with 6enciosure = 0.1552 (P < 0.001) and 6yesiguar = 0.156. Carp treatment is an eight-level
composite variable, including zero biomass enclosures, reference plots, and three biomass treatments (50, 100, and 300 kg ha™') crossed by single- or multiple-fish
treatments. Dependent variables are In-transformed unless otherwise noted. The d.f. for the fixed effects models were: Intercept = |, Carp treatment combination =7,
Sample period = 3, Block = 2, Carp treatment X Sample period = 21, and Residuals = 58. The d.f. for the mixed model effect model were: Intercept = |, Carp treatment
combination = 7 (numerator) and |3 (denominator); Sample period = 3 and 45; Block = 2 and 13; Carp treatment X Sample period = 21 and 45; enclosure
(random) = I, and Residuals = 57. Mean square residuals for mixed models were calculated as the weighted residual sum of squares divided by the quantity:

d~f-(residua|s) - d-f~(r3ndom effect)-

quartile = 0.89, range = 0.75-0.995; Fig. 7a), which reflected
milfoil’s near total dominance of the SAV canopy in most
enclosures. The one exception to canopy dominance by
milfoil was in enclosure X-5 (average 1 = 0.74), where
Stuckenia was dominant (see also Table S4).

Dry biomass of SAV averaged 366.8 g m=2 for the
individual 1-m? sample plots within the 23 enclosures

included in analyses (range = 166.2—-598.2 g m~2; Fig. 7b;
see also Table S4). Biomass of SAV was not related to the
presence or biomass of carp, as neither the percentage surface
coverage of SAV X carp biomass interaction (likelihood
ratio test: y3 = 3.7, P = 0.30) nor the carp biomass alone
were statistically significant (43 = 0.76, P = 0.86); nor
was it related to the ocular estimate for surface coverage
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Table 3.
variables, and surface coverage of submerged aquatic vegetation (SAV).

Linear contrasts evaluating the influence of carp biomass and composition on the marginal means of water quality, nutrients, derived

Dependent variable

Linear contrasts by time (marginal means, 95% CI)

Carp biomass effect

Fish composition effect

Chlorophyll-a (ng L™')  T4: 24.250, (19.4-30.3) < 40.29; (29.4-55.1)"

TSS (mg L") - -
Turbidity (NTU) T2: 5.601g (3.5-8.9) < 17.0300 g (12.3-23.5)%+* T3: 300 kg: 12.7ingie (8.0-20.2) < 26.5uiciple (16.7—42.0)
[P=0.102]
T3: 6501 (4.1 — 10.3) < 184300 (13.3 — 25.4)%* T4: 300 kg: 10.34ingie (6.5-16.3) < 21.7urciple (13.7-34.3)
[P=0.102]
T4: 4.9 (3.1-7.1) < 14.9300 g (10.8-20.7)**
NH4-N (ug L") - TI: 100 kg: 5.2rmuciple (3.2-8.4) < 13.94nge (9.4-20.6)%F
NO,-N (ug L") T3:2.80 g (1.64.8) < 6.7300 5 (4.5-9.8)** =
Total N (ug L™") T2: 19500 (1699-2237) < 2393300 (2171-2638)* T4: 300 kg: 25484ige (2220-2924) < 3401 yiiple (2963-3902)*
T3: 28890, (2518-3315) < 365709 g (3279—4079)**
PO,-P (ug L") T2: 17805 (108-293) < 328300 (231—467) [P = 0.106] -
T3: 27l g kg (165—446) < 5233004 (368-743) [P = 0.106]
T4: 2910 g (177-478) < 660300 g (464-938)**
Total P (ug L") T3: 53805 (368-786) < 898300 (687—1,174) [P = 0.124] -
Si04-Si (ng L") - -

Soluble N:TN (ug L")
(8.7 x 1073=1.5 x 1072) [P = 0.148]

T3:7.3 X 1030 (5.1 X 10311 x 1072) < .1 X 102300,

TI: 100 kg: 4.7 X 1073 icipre
(2.9 x 107373 x 1073) < LI X 10720
(7.0 x 1073—1.5 x 10-2y**

T4:7.3 X 1073, (43 x 1073 -89 x 1073) < 1.0 X 1072390

(7.8 x 1073~1.3 x 1072) [P = 0.168]

Soluble P:TP T4: 0.500 g (0.38-0.63) < 0.7050 (0.6 1-0.77)**

T4: 0.500 . (0.38-0.63) < 0.67,00 g (0.57-0.75) [P = 0.151]

T4: 0.500 g (0.38-0.63) < 0.7 I 300 g (0.63-0.77)**
Soluble N:soluble P -

TN:TP T4: 3.1300 kg (2.3—4.1) < 5.301g (3.5-8.0) [P = 0.14]
SAV coverage TI:0.6250 g (0.44-0.79) < 0.93¢, (0.75-1.0)*
(proportion)

T1: 100 kg 1.1 X 1072 ipre (4.7 X 1073 —
25 % 1072) < 4.1 X 107200 (2.1 X 1072-8.1 x 1072)*

The ‘Carp biomass effect’ compares the zero biomass control with 50, 100, and 300 kg ha™' carp biomass treatments at each sample period (T1-T4). The ‘Fish
composition effect’ contrast compares the single v. multiple carp treatments within 50, 100, and 300 kg ha~' carp biomass treatments at each sample period.
Codes for statistical significance (P-values) of ratio contrasts are: *, P < 0.1; **, P < 0.05; and ***, P < 0.01. Generally, ‘—’ denotes not statistically significant at
a = 0.1, but there are few cases where contrasts were close to this threshold and the exact P-value is given in brackets. Subscript on the marginal mean (e.g. ref,

0 kg, single) denote the group involved in the contrast.

of SAV within the plot where the sample was collected
2=1.97,P =0.16).

Discussion

Effect of carp on nutrients, phytoplankton, and
aquatic vegetation in Windmill Pond

Our study indicated that a semi-natural wetland (pond) with
abundant macrophytes can resist a phase shift from clear to
turbid water over one growing season at carp biomasses up
to 300-450 kg ha~!. Water clarity was affected by carp, as
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we observed an increase in turbidity through time at the
300 kg ha™! biomass treatment. Presumably, this was a
result of feeding-related bioturbation by the carp (Ritvo
et al. 2004; Matsuzaki et al. 2007; Huser et al. 2016). Despite
the presence of carp, turbidity generally remained below
20 NTU, close to a threshold at which dramatic decreases
in diversity and biomass of SAV has been observed in other
systems (Lougheed et al. 1998; Badiou and Goldsborough
2015), and only exceeded 20 NTU, on average, for the
300 kg ha™! multiple-fish treatment. Dissolved phosphorus
(orthophosphate, PO,4-P) increased in the highest carp
biomass, though the result was marginally significant until
the final sampling occasion. Total phosphorus also appeared



www.publish.csiro.au/mf

Marine and Freshwater Research

1.0 (&) Ocular estimates in 1-m2 plots o _o®
oo @ ® ® -
& °
g 0.9 B s
.9 @
5 o .
2 7 @ o @ Reference plots
x -1
3 o8- ® Okgha
-1
= O 50kgha
g . o ® O 100kg ha"l
. —
2 57l 300 kg ha
E
w J
0.6 T T T T T T T T
0.6 0.7 0.8 0.9 1.0
SAV surface coverage (proportion)
600 - (b) Mean SAV mass in 1-m? plots
500
(\T 400
- J
=
# 300 -
®©
S
2 200 4
(@]
100
0- T T
Ref 0 50 100 300
Treatment group (or biomass, kg ha"1)
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plot at the end of the study, except for one enclosure (single-fish 50 kg ha™' carp treatment in
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Table S4.

to increase at the same carp treatment, though the trend
was not statistically significant. Variability in phosphorus
concentrations and application of a conservative adjustment
to the test statistic (Holm’s method) influenced this
statistical outcome. Regardless, TP and PO,4-P values were
highly correlated (r = 0.89), which suggests that much of
observed changes in TP resulted from the increase in the
soluble fraction. By the end of the study in late September,
the ratio of soluble P to TP was 34-42% higher across all
three biomass treatments. This suggests that phosphorous
was not a limiting nutrient at the study site — an observation
also supported by the very low soluble N:soluble P ratios —
and that excretion by carp may have contributed to an
accumulation of soluble phosphorus at all treatment levels.
We did not observe wholesale changes in water clarity,
nutrient concentrations, or aquatic macrophytes in response

to carp. In part, this was expected because the study design
included carp biomass threshold levels reported in the
literature — 50 kg ha™! (Vilizzi et al. 2015) and 100 kg ha™!
(Bajer et al. 2009) - at or near levels that different
components of the aquatic ecosystem may not be affected
by carp. Changes to water quality, nutrients, invertebrates,
and aquatic vegetation at 50 kg ha~! carp biomass may be
infrequent, and impacts would most likely occur at higher
trophic levels, such as in fish and birds (Vilizzi et al. 2015).
Indeed, this was much the case in the current study as we saw
few, if any, carp-related effects on turbidity and phosphorus
concentrations apart from those at the 300 kg ha™! treatment.
Other studies have also found that not all measured response
variables were affected by carp (e.g. Fletcher et al. 1985;
Angeler et al. 2002; Badiou and Goldsborough 2015; Marshall
et al. 2019; see also reviews by Weber and Brown 2009;
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Vilizzi et al. 2015). Our study was conducted over ~100 days
within a single growing season, however much longer periods
may be needed to observe a phase shift in stable states caused
by carp (e.g. Zambrano and Hinojosa 1999). The measurable
outcomes for such field experiments will always be, to some
extent, idiosyncratic because of the complex dynamics
between abiotic and biotic processes that structure aquatic
systems (Weber and Brown 2009). We speculate that water
clarity did not change dramatically despite the presence of
carp, in part, because of a robust prey base. Although not
explicitly sampled as a part of this study, aquatic insects
(e.g. larval Dipterans and Odonates) were abundant and
amphibians (especially frogs) were present in enclosures,
which suggests a functional food web with adequate prey
base for multiple species of vertebrates. We did not measure
carp diets, but we did observe that they grew well during the
study (see Table S1 and Fig. S1). Bioturbation by carp can
depend on food availability and foraging time (Werner and
Anholt 1993; Zambrano and Hinojosa 1999; Zambrano
et al. 2001; Badiou and Goldsborough 2010), so abundant
prey could have established conditions for less disturbance
and sediment resuspension caused by the carp feeding
behaviour.

Meta-analyses of carp studies from many continents
support the hypothesis that carp reduce the density of
aquatic macrophytes (e.g. Vilizzi et al. 2015). The
uprooting of SAV is believed to be one of the mechanisms
by which carp alter aquatic habitats and facilitate a
phase shift to turbid water (Weber and Brown 2009).
Consequently, we assumed there would be a significant
reduction in the water surface coverage of SAV within
enclosures containing the highest carp biomass treatment
category (300 kg ha™!). Instead, we found that surface
coverage of SAV was stable or even increased during
summer and early autumn. Not all taxa of aquatic
vegetation are equally vulnerable to physical disturbance
by carp (e.g. Drenner et al. 1998; Chumchal et al. 2005;
Miller and Crowl 2006), and effects may depend on plant
morphology. For example, evidence from exclosure and
pond experiments indicates the macroalgae Chara is more
sensitive to the presence of common carp than sago
pondweed (S. pectinatus; e.g. King and Hunt 1967; Parkos
et al. 2003; Evelsizer and Turner 2006), with the inference
that stronger root systems confer greater resistance to carp.
Species of eel grass (Vallisneria) also tend to be strongly
affected by carp (e.g. Roberts et al. 1995) leading to
speculation that SAV that form canopies (e.g. Hydrilla) may
be more resistant to carp than species that have more of
their biomass within the water column and grow in
meadows (e.g. Vallisneria, Qiu et al. 2019). Milfoil (genus
Myriophyllum) can form dense canopies and appears to be
one of the more resistant SAV taxa to physical disturbance
by carp. In an Australian pond, abundance of native milfoil
(M. papillosum) did not change in the presence of carp and
the authors found that the force required to break the root
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tissue was higher than that for Chara and Vallisnera, which
were significantly reduced in carp treatments (Roberts et al.
1995). The timing of vegetation growth may influence
whether carp affect SAV, and young, rapidly growing plants
are presumably more vulnerable (King and Hunt 1967). At
the outset of our study, northern milfoil M. sibiricum had
already formed a dense canopy within enclosures (e.g. Fig. 6;
see also Fig. S4). Given the initial conditions of a well-
established and abundant SAV taxa with comparatively
strong root system, coupled with a moderate (~300 kg ha™1)
high-biomass treatment, it was perhaps unsurprising that SAV
surface coverage did not decrease in the presence of carp.

Aquatic macrophytes and alternative stable
states in ponds and shallow lakes

A suite of factors can collectively reinforce feedback loops that
maintain a particular stable state (e.g. Hargeby et al. 2004),
and we presume the presence of robust stands of aquatic
macrophytes, particularly M. sibiricum, was a main driver
that stabilised the clear state in Windmill Pond. Aquatic
macrophytes can reduce wind-driven sediment resuspension
by shortening the effective wind fetch, which increases
sedimentation (e.g. Roberts et al. 1995; Badiou and
Goldsborough 2015) and subsequently reduces internal
phosphorous loading, promoting the growth of benthic
algae (Horppila et al. 2013; Zhang et al. 2013). Benthic
algae can further remove nutrients from the water column
and decrease the susceptibility of the sediment to wind
resuspension (Zhang et al. 2013). Additionally, aquatic
macrophytes can directly limit phytoplankton growth by
outcompeting them for nutrients both in the water column
and in the sediment (Carpenter et al. 1983; Ozimek et al.
1993; Williams 2005), by releasing allelopathic substances
that limit growth of algae (Wium-Andersen et al. 1982;
reviewed by van Donk and van de Bund 2002), and by
providing habitat for zooplankton that feed upon algae
(Timms and Moss 1984). Consequently, any nutrients
mobilised by carp by feeding or excretion (e.g. Driver et al.
2005; Matsuzaki et al. 2007) might not lead to increases in
chlorophyll-a and turbidity.

The uniformly high surface coverage of SAV at moderate-
to-high biomass (up to 600 g m~2 based on limited sampling;
cf. Drenner et al. 1997) suggests a potential to buffer effects
of bioturbation by carp in Windmill Pond. Others have
speculated about a regulating effect of Myriophyllum on
bioturbation by carp. For example, in Texas, USA, Drenner
et al. (1998) observed that turbidity, TP, and chlorophyll-a
were lower in ponds with high biomass of Eurasian milfoil
(M. spicatum, >1 kg m~2 for air-dried specimens), and
hypothesised that M. spicatum regulated nutrient-carp
synergisms. We know from previous sampling that higher
turbidity and higher concentrations of chlorophyll-a and
nutrients are possible in Windmill Pond than were observed
in 2019.
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Single carp v. multiple carp and the challenge of
a biomass threshold value

We sought to evaluate whether the effect of carp biomass
depended on the size and number of carp, but fish growth
made it difficult to attribute any changes in the response
variables to fish composition per se. Physical disturbance
and nutrient excretion by carp can depend on the size and
number of fish present (e.g. Driver et al. 2005; Kloskowski
2011; Morgan and Hicks 2013), so environmental variation
and size-selective suppression might produce very different
population structures in wild fish populations (Longhurst
2002). Turbidity in the multiple-fish 300 kg ha™! treatment
was approximately double the single-fish treatment in the
final two sample periods. However, by the end of the study the
carp biomass in the multiple-fish 300 kg ha™! treatments was
higher than the single-fish 300 kg ha™! treatments in two of
three blocks, and would likely have been higher in all three
if one fish had not escaped one of the multiple-fish enclosures
(Table 1). The relative differences in final carp biomass
between single- and multiple-fish were even greater for the
50 and 100 kg ha™! treatments, such that fish composition
and biomass treatments were confounded.

The confounding results underscore that measuring fish
growth relative to the time when the treatment biomass is
measured can be a perplexing design consideration for
these types of studies. Treatment biomass of carp has been
characterised variously as initial value (e.g. Roberts et al.
1995; Lougheed et al. 1998; Matsuzaki et al. 2007, 2009),
final value (e.g. Zambrano and Hinojosa 1999; Chumchal
et al. 2005), or estimated as time series concurrent with the
response variables (e.g. Vilizzi et al. 2014). Such temporal
variability in the treatment effect of biomass suggests
critical biomass or threshold values gleaned from individual
studies (Bajer et al. 2009), qualitative review (Weber and
Brown 2009), or meta-analyses (Matsuzaki et al. 2009;
Vilizzi et al. 2015) are best considered approximations with
heuristic value and should be applied cautiously to specific
management situations in the absence of site-specific data.
For analyses, we designated carp biomass as a categorical
variable, but this still provides actionable information when
both endpoints (beginning and ending biomasses) are
considered. For example, we saw few effects of carp below
200 kg ha™! biomass (highest endpoint for 100 kg ha™!
treatment), and only began to see an increase in turbidity
and perhaps phosphorus at 300 kg ha™! or higher biomass
(lower endpoint for 300 kg ha! treatment).

Management implications for Malheur Lake and
other shallow lakes

Our data indicated a ‘maintenance biomass threshold’ for carp
of <200 kg ha™! in Windmill Pond because we saw few, if any,
changes to water clarity, nutrients, or SAV in the 50 kg ha™!
and 100 kg ha™! carp treatments in which carp biomass

increased to ~200 kg ha™! by the end of the experiment.
We believe this demonstrates a resistance to change that
an intact aquatic ecosystem can exhibit when faced with a
non-catastrophic perturbation, in this instance the introduc-
tion of non-native bethivorous carp at moderate density.
The carp biomass at which SAV would begin to re-establish
in turbid-water system presently lacking SAV, like Malheur
Lake, is unknown but may be characterised as a ‘recovery
biomass threshold’. The recovery threshold first must be
achieved to facilitate growth of SAV from the latent seed
bank, and only after SAV were well established would the
maintenance threshold apply. The recovery threshold would
likely require much lower carp biomass than the maintenance
threshold due to hysteresis, where a greater energy or
perturbation may be necessary to overcome the current
momentum pulling the system towards the turbid state (e.g.
resiliency; Scheffer 1998). To achieve the recovery threshold
for carp, a suite of control measures that concurrently target
multiple life history stages may be needed (e.g. Brown and
Gilligan 2014; Thresher et al. 2014; Pearson et al. 2019;
Yick et al. 2021). The development of techniques to reduce
non-native carp is an active area of research, including
several proposed methods such as: Judas fish (Bajer et al.
2011), separation cages (Stuart and Conallin 2018), cyprinid
herpesvirus (McColl et al. 2014), embryo electroshocking
(Simpson et al. 2018), daughterless carp (Thresher et al.
2014), and spawning sabotage (Yick et al. 2021).

Our results suggest an important, though not novel, lesson
for management of Malheur Lake and other shallow lakes: a
clear-water state can persist in the presence of carp provided
SAV are established and abundant. The need to reestablish a
robust SAV community as pre-condition for a phase shift in
shallow lakes from turbid- to clear-water has been recognised
for some time (e.g. Scheffer et al. 1993; Williams 2005;
Weber and Brown 2009). Currently, Malheur Lake is likely
highly resilient to any restoration actions due to feedback
loops that have been strengthened by decades-long
persistence of the turbid state, in which wind fetches have
extended, rooted vegetation has disappeared, and easily
re-suspendable fine sediment has accumulated (Pearson
2020; T. Wood and C. Smith, US Geological Survey, pers.
comm.). Thus, a single small-scale perturbation - for
example, the commercial harvest of adult carp — will likely
be absorbed by the system with little to no change, therefore
a large-scale perturbation will likely be necessary to
overcome the system’s resilence (Bachmann et al. 1999).
A comprehensive approach to controlling carp and achieving
the recovery biomass threshold may be a prerequisite for a
phase shift in Malheur Lake, but additional non-biotic
interventions — e.g. hydrologic manipulation, reduction of
wind fetch, chemical treatments to facilitate sedimentation
— may be necessary to help managers overcome the existing
momentum that maintains the turbid-water state (Griffiths
1978; Pearson 2020). Our results also highlight that
systems currently in a clear state could benefit from
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management actions that maintain or strengthen the positive
reinforcing feedback loops — encouraging growth and spread
of native rooted vegetation that is less susceptible to damage
from bethivorous fishes, creating areas protected from wind
re-suspension of fine sediments, ensuring high quality water
inputs - that enable these systems to be more resistant to
impacts from non-native species.

Supplementary material

Supplementary material is available online.
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