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ABSTRACT

Some biological invasions can result in algae
blooms in the nearshore of clear lakes. We studied
if an invasive crayfish (Pacifastacus leniusculus)
modified the biomass and community composition
of benthic macroinvertebrates and therefore led to
a trophic cascade resulting in increased periphyton
biomass, elevated littoral primary productivity, and
benthic algae bloom in a lake with remarkable
transparency [Crater Lake, Oregon, USA]. After
quantifying the changes in the spatial distribution
of invasive crayfish over a 13-year period, we

Received 14 November 2022; accepted 14 April 2023;
published online 3 May 2023

Supplementary Information: The online version contains supple-
mentary material available at https://doi.org/10.1007/s10021-023-0084
6-0.

Author Contributions: FS performed data analysis and led manuscript
writing. SFG and SC assisted with the original idea, and the experiment
design. SFG lead the lake monitoring program. SFG, CS, and ASP, helped
process the data. All authors contributed to performing the experiments,
conceptual model development, the literature review, and the writing of
the manuscript.

*Corresponding author; e-mail: scordo@agro.uba.ar

1489

compared biomass and community composition of
littoral-benthic macroinvertebrates, periphyton
biovolume, community composition, nutrient lim-
itation, and the development of benthic algae
bloom in locations with high and low crayfish
density. In addition, we determined if the alteration
in community structure resulted in directional
changes to gross primary production and ecosystem
respiration. The extent of crayfish distribution
along the shoreline of Crater Lake doubled over a
13-year period, leaving less than 20% of the
shoreline free from crayfish. At high crayfish den-
sity sites, benthic macroinvertebrate biomass was
99% lower, and taxa richness was 50% lower than
at low crayfish areas. High crayfish sites show
tenfold greater periphyton biovolume, sixfold
higher periphyton biomass (chlorophyll a), twofold
higher metabolic productivity, and the presence of
large filamentous algae (Cladophora sp.). The inva-
sion of crayfish had negative consequences for a
lake protected under the management of the USA
National Park Service, with direct impacts on many
levels of ecological organization.
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HIGHLIGHTS

e Invasive crayfish reduced the biomass and com-
munity composition of macroinvertebrates.

e Sites with crayfish show greater periphyton
biovolume, biomass, and productivity.

e Crayfish presence favored a filamentous algae
bloom in the nearshore of a clear lake.

INTRODUCTION

Lakes are spatially heterogeneous ecosystems with
nearshore littoral and offshore pelagic habitats
providing different metabolic pathways for auto-
chthonous energy sources (Devlin and others 2016;
Vadeboncoeur and others 2003; Vander Zanden
and Vadeboncoeur 2020). Littoral-benthic peri-
phyton often dominate nutrient cycling
(Vadeboncoeur and Steinman 2002) and total lake
production in clear mountain lakes (Sadro and
others 2011, 2022a; b). Nearshore littoral habitats
can be diverse in structure and production and
present high trophic efficiencies passed through the
invertebrate food web to fishes compared to the
offshore habitat (Vander Zanden and others 2006,
2011). Despite higher trophic efficiencies, lake lit-
toral habitats show lower resilience to changes in
environmental conditions, as they are proximate to
the land’s edge and have shorter retention times of
water, nutrients, and detritus than open water
habitats (Peters and Lodge 2009; Scordo and others
2022a). Despite the importance of littoral habitats
and their sensitivity to environmental changes,
most monitoring and research programs continue
to focus on the open water habitat (Cantonati and
Lowe 2014; Vadeboncoeur and others 2014, 2021).

Globally there is increased interest in under-
standing why filamentous algal blooms (FABs) in
nearshore littoral habitats of clear lakes are occur-
ring more often in absence of changes in the off-
shore pelagic waters (Brothers and others 2016;
Vadeboncoeur and others 2021). Changes in the
biomass, behavior, and community composition of
benthic macroinvertebrates due to the introduction
of invasive species can be an important cause of
algal blooms in lake nearshore areas (Vadebon-
coeur and others 2021). Invasive crayfish intro-

duced to freshwater ecosystems profoundly
influence food webs and ecosystem functioning
(Twardochleb and others 2013; Jackson and others
2014). Once crayfish establish, natural rates of
spread can approach several km year™! in lake and
stream environments (Bernardo and others 2011;
Messager and Olden, 2018). Invasive crayfish can
significantly and fundamentally modify nutrient
cycles and contribute to declines in biodiversity
(Lodge and others 2012; Bjurstrom and others
2010), including localized and complete extinctions
of native macrophytes (Dorn and Wojdak 2004;
van der Wal and others 2013), benthic inverte-
brates (Nystrom and others 1999; Bjurstrom and
others 2010; Usio and others 2009), and fish
(Fitzsimons and others 2007; Peay and others
2009). The negative effects of introduced crayfish
may be especially severe in systems that lacked
native crayfish or functionally similar organisms
(Lodge and others 2000; Twardochleb and others
2013).

We analyze the trophic influences of invasive
crayfish on the littoral habitat of a lake with high
transparency (Crater Lake, Oregon, USA). Specifi-
cally, we quantified if these large, mobile con-
sumers modified the biomass and community
composition of smaller benthic macroinvertebrates
and therefore led to a trophic cascade resulting in
increased periphyton biomass, higher nearshore
productivity, and a FAB. While native to some
watersheds in western North America (Larson and
others 2012), non-native signal crayfish (Pacifasta-
cus leniusculus) were introduced into Crater Lake in
1915 as food for non-native trout and salmon
(Girdner and others 2018). The signal crayfish is
considered one of the 100 world’s worst invasive
species and is a major threat to freshwater biodi-
versity and ecosystem functioning (Lowe and oth-
ers 2000; Ooue and others 2019). In Crater Lake,
the establishment and movement of signal crayfish
in the last decade has led to near extinction of a
unique population of newts (Taricha granulosa
mazamae; Girdner and others 2018). However, it is
unknown if Pacifastacus leniusculus generates other
ecological changes in the littoral habitat of this
unique lake which may impact food resources for
native newts, yield changes to the relative amount
of ecosystem metabolic production between the
littoral and pelagic habitats, or result in large-scale
water quality changes in an otherwise well-docu-
mented ecosystem with high water quality condi-
tions. For example, the first-ever documented FAB
in the nearshore littoral habitats of Crater Lake
occurred in 2021. We suggest that the bloom might
have been favored by crayfish feeding on benthic
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grazers and thus reducing grazing pressure on fil-
amentous algae.

MATERIAL AND METHODS

Crater Lake is a large (53 km?), ultraoligotrophic,
subalpine (1883 m a.s.l.) lake located within Crater
Lake National Park in southwestern Oregon, USA
(Figure 1). The lake lies within a closed basin that
occupies the caldera of the former Mt. Mazama
(Bacon 1983) and is recognized for its depth
(594 m maximum depth), high transparency
(Hargreaves and others 2007), and lack of ice cover
during winter months (Buktenica and others
2007). The littoral habitat substrate contains mostly
cobble and boulder (Bacon and others 2002) and is
limited by the steep slope (> 30°), which drops
quickly to extremely deep water. A prominent
feature within the lake that creates littoral habitat
occurs at Wizard Island, the largest island in the
lake (Figure 1). Surface water temperature ranges
2-18 °C, with maximum temperatures during
July—-August. Across the littoral habitat of the lake,
temperature does not differ (Supplementary
Material 1). Changes in climate have led to long-
term changes in thermal structure (Stetler and

Crater Lake
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Figure 1. Sampling sites in areas with high (green) and
low (blue) crayfish density in Crater Lake (Oregon, USA).
We surveyed crayfish in 40 sites along the littoral habitat
of the lake (red dots). We sampled macroinvertebrates in
five sites (yellow dots), and periphyton in eight sites
(light blue dots). We determined littoral metabolism and
conducted experiments to quantify the influence of
crayfish on biomass, nutrient limitation in one site with
high crayfish density and one with low crayfish density
(white dots).

others 2021), including warmer surface tempera-
ture during summer (0.6 C per decade since 1965),
earlier onset of summer stratification (— 0.6 days
per decade since 1966), and shoaling of summer
thermocline depth (— 2.4 m per decade since
1993). Summer stratification usually begins in May
with mid-summer thermocline depth typically
around 10 m. The lake has low pelagic primary
productivity (less than 0.7 mg C m™— h™') with peak
chlorophyll a concentration less than 2 pug 17
(McIntire and others 2007), an extremely deep
chlorophyll maximum during summer (120 m;
Girdner and others 2020) and summer Secchi
depth typically between 25 and 35 m (Larson and
others 2007). Although Crater Lake was naturally
fishless, salmon and trout were introduced begin-
ning in 1888 and currently persist as naturally
reproducing populations of rainbow trout (Oncor-
hynchus mykiss) and kokanee salmon (Oncorhynchus
nerka) (Buktenica and others 2007). Signal crayfish
were introduced to Crater Lake in 1915 but spread
very slowly for the first ~ 70 years. Horizontal
crayfish movements along the shoreline have in-
creased over the last ~ 20 years as summer water
temperature and length of summer stratification
have increased (Girdner and others 2018).

We conducted time-constrained snorkel surveys
in 2008 and 2012-2021 to assess spatial distribution
and relative abundance of crayfish along the
shoreline of Crater Lake. Locations for sampling
were laid out systematically at 1000 m spacing
around the shoreline. Sites were numbered
sequentially beginning on the west side of the lake
and increasing around the lakeshore in a clockwise
direction (sites 200-264; Figure 1). Additional sites
266-276 were on the shore of Wizard Island (Fig-
ure 1). Snorkel surveys were conducted annually
in late July or August at the 40 evenly numbered
locations around the lake shoreline, including Wi-
zard Island (Figure 1). At each survey location, two
snorkelers swam in opposite directions along the
shoreline turning over rocks and recording the total
count of crayfish observed in a 10-min period.

We analyzed the impact of crayfish on the bio-
mass and community composition of littoral-ben-
thic macroinvertebrates. Samples were collected
during summer with SCUBA divers who laid a
square-meter quadrat over hard substrate and uti-
lized a submersible battery-powered vacuum pump
to collect and filter the benthos through a 500-um
mesh bag. The divers moved the intake hose of the
vacuum pump over and under the rocky substrate
being careful to sample all available surfaces within
the square-meter area. Samples were then pre-
served in 70% ethanol and later sorted, counted,
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and identified to family. We collected two replicate
macroinvertebrate samples at 3 and 10 m in the
year 2009, 2011, 2014, 2015, and 2016. Additional
samples were collected in 2019 and 2020 but time
constraints limited sampling to 3 m depth. We
collected a total of 55 macroinvertebrate samples at
sites 222, 240, 246, 258, and 260 (Figure 1). Some
of these sites never had crayfish (258 and 260),
others did not have crayfish initially but were
subsequently colonized (240-246), and site 222
had crayfish present prior to the first survey in
2009. Because crayfish spread spatially along the
shoreline over the 13-year study period, we pooled
the macroinvertebrate data for all sites and years
and compared the biomass, richness, and commu-
nity composition of the invertebrates based on
crayfish density at a site at the time of sampling,
classifying sites as either ‘low’ or ‘high’ crayfish
density. Low crayfish density were all sites with
snorkel counts equal or less than 1 crayfish (N = 19
samples). High crayfish density were sites with
more than 50 crayfish (N = 36 samples). Most sites
with low crayfish density had no crayfish observed
during that snorkel survey but one crayfish was
observed in some years just as crayfish were
reaching an area. Several sites (240-246) transi-
tioned from low to high crayfish density over the
study period as crayfish spread along the shoreline
and increased in density through time.

We compare periphyton biovolume and com-
munity composition (sampled in August 2020),
periphyton nutrient limitation (an experiment in
August 2021), littoral metabolism (summer 2018
and 2019), and the development of a FAB (summer
of 2021), in locations with high (> 50) and low
( £ 1) crayfish density. Periphyton biovolume and
community composition was determined from one
rock at each of four sites with high crayfish density
(210, 222, 232, and 242) and low crayfish density
(202, 204, 250, and 252). Biofilms were removed
from the entire rock surface using a brush and
distilled water. An aliquot of each sample was
preserved in Lugol’s solution and analyzed per
USGS National Water-Quality Assessment peri-
phyton protocols (Charles and others 2002) to the
species level for both diatom and soft bodied algae
by a commercial laboratory (Rhithron Associates).
We calculated the upward facing surface area of
each rock using a flatbed scanner and area calcu-
lator software (Microsoft Sketchandcalc). Results
included cell density (cells cm™2) and cell biovol-
ume (pm® cm™?).

To quantify the influence of crayfish on peri-
phyton biomass, we used two approaches. First, we
conducted a reciprocal transplant experiment

where eight rocks from a site with low crayfish
density (252) were placed at a site with high
crayfish density (222) and vice versa. The experi-
ment was carried out for nine weeks during the
summer from June 28 to September 1, 2021. In
addition to the transplanted rocks, we collected
eight rocks from each location that occurred natu-
rally, representing the ambient conditions prior to
and during the experiment. Periphyton biomass
was determined for each transplanted and native
rock by quantifying the pheophytin-corrected
chlorophyll a concentration by surface area (pg cm
~2) following the methods in Tromboni and others
(2017). Chlorophyll was determined by methanol
extraction and samples were analyzed on a Turner
10-AU fluorometer (Marker 1972). To calculate
rock surface area with algae, we covered that area
with foil and then calculated the extent of foil using
the software ImageJ (Schneider and others 2012).

Second, we calculated littoral metabolism at a
site with high crayfish density (site 222) and a site
with low crayfish density (site 252) over two years.
We used free-water, high-frequency observations
of in situ dissolved oxygen obtained at 10-min
intervals with PME miniDOT sensors located on
nearshore moorings at both locations. The moor-
ings consisted of stainless-steel wire rope anchored
to the bottom at 7 m depth with a subsurface float
approx. 2 m below the surface. The oxygen sensor
and wiper were attached to the wire rope 3 m be-
low the surface (1 m below the subsurface float).
We estimated metabolism using a modeling ap-
proach based on the work Lottig and others (2022).
This model requires high-frequency measurements
of in situ dissolved oxygen concentration (mg 17 ")
and water temperature (°C), as well as meteoro-
logical measurements of incident photosyntheti-
cally active radiation (PAR; pmol m 2 s~ '), wind
speed (m s '), and barometric pressure (mbar).
Wind speed was collected from a buoy in the
middle of Crater Lake at a height of 2-m above
water surface at 1-h intervals. Hourly values for
solar radiation and pressure were collected at a
weather station on the crater rim on the south side
of the lake. The metabolism model generates daily
estimates (mmol O, m 2 d™') of gross primary
production (GPP), ecosystem respiration (R), and
net ecosystem production (NEP = GPP — R). The
model structure is available in our repository (code
02_model_inhibition), and a detailed description of
the metabolism model can be found in Lottig and
others (2022). Metabolism estimates where calcu-
lated in 2018 and 2019 from July 15th to
September 30th.
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We deployed in situ nutrient-diffusing substrata
(NDS) to determine nutrient limitation of peri-
phyton at a site with high crayfish density (222)
and a site with low crayfish density (252). NDS
were designed using methods described in Tank
and others (2017). Individual NDS cups were
constructed using 30 ml clear polystyrene cups fil-
led with 2% microbiology-grade agar by weight
(Millipore Sigma). Control treatments contained
only agar, while nutrient enriched cups (PO4, NHy,
NO;, NO5 + PO4, NH4 + PO4) had 0.1 M KH,POy,,
0.5 M NH,Cl, 0.5 M KNO;, 0.1 M KH,PO, + 0.5 M
NH,4CI, and 0.1 M KH,PO,4 + 0.5 M KNO3 added,
respectively. We deployed 5 replicates per treat-
ment in each location. Agar was topped with por-
ous glass fritters (2.6 cm diameter, LECO
Corporation) and subsequently sealed using screw-
on polypropylene caps with a bored 2.2 cm diam-
eter hole to allow epiphytic algal colonization and
nutrient diffusion. NDS cups were zip-tied to L-
shaped vinyl bars. L-bars were attached to a cinder
block. We deployed the blocks at 1.5 m depth at
each site to withstand wave action during incuba-
tion. The NDS experiments incubated for 21 days.
Immediately after retrieval, we removed substrata
from NDS cups and froze them for chlorophyll a
analyses. Each glass fritter was extracted in 20 ml
methanol for 24 h while refrigerated in the dark.
Then, we measured pheophytin-corrected chloro-
phyll on a Turner 10-AU fluorometer (Marker
1972) which is presented in concentration of pg
cm™?. We used the hierarchical logic rules from
Maberly and others (2002) to determine the con-
dition of nutrient limitation for this period: 1.
P > C and N > C, both nutrients limiting; 2.
P > C, P limitation, 3. N > C, N limitation, 4.
NP > N or NP > P, Co-limitation; 5. P £ C and
N <€ C and NP £ N and NP £ P, no limitation.
We did not find statistical differences between
treatments amended with NO; and NH, (Supple-
mentary Material 2); therefore, we combined the
results of treatments with these nutrient additions
as N.

An unprecedented FAB formed along many
areas of the lake shoreline in mid-July 2021. This
has never been observed in the long-term
(40 years) monitoring record of Crater Lake. We
measured density of the FAB at six locations spread
spatially around the lake on July 29, 2021,
including four sites with high crayfish density (222,
232, 242, and 270 on Wizard Island) and two sites
with low crayfish density (204 and 252). We
established 30 m long transects at the water line at
each location. Five random locations between 0
and 30 m were determined. A one-meter square

PVC frame was placed at each random location and
the percent coverage of the filamentous algae
within that frame was estimated. We also recorded
the spatial coverage of sand, gravel, cobble, and
boulder substrate within the frame. Substrate was
similar between all sites (> 70% hard substrate,
little sand and gravel). Percent coverage of the
transect was the mean of the 5 measurements.

Differences among sites with high and low
crayfish density for benthic invertebrate biomass
and richness, periphyton biovolume, chlorophyll 4,
GPP, R, and NEP were quantified using linear
mixed-effects models (LMM), with crayfish density
(low or high) modeled as a fixed effect. When data
were available for more than one year, we modeled
the year as a random effect. Nutrient limitation was
tested for each site independently using a LMM
with nutrient modeled as a fixed effect. We con-
sidered the specific covariance structure for re-
peated-measures data in each model using the
correlation argument in gls (or Ime in cases model
has random effects) function in the nlme R package
(Pinheiro and others 2020). Also, when models did
not meet the assumption of homoscedasticity, we
modeled the variance using the weights argument
in gls (or Ime) function in the nlme R package.
Tests for significance of the fixed effects in the
models were performed via the Wald statistic (Zuur
and others 2009) using the gls and Ime functions in
the nlme R package. Multiple comparisons among
nutrients were performed with Tukey’s HSD post
hoc test (emmeans R package; Lenth 2021). We ran
a permutational analysis of variance (PERMANO-
VA) using the adonis function in the vegan R
package (Anderson and others 2006; Oksanen and
others 2019) to compare the macroinvertebrate
and periphyton community composition at sites
with high and low crayfish density. All the analyses
were performed in the statistical software R (R Core
Team 2020). Data and metadata for this study are
available at Scordo and others (2022b).

REsuLTs
Crayfish Distribution

The extent of crayfish distribution around the lit-
toral-benthic habitat of Crater Lake has increased
since 2008 (Figure 2). In 2008 there was crayfish at
14 of the 40 survey sites, and only 7 of those sites
recorded more than 50 crayfish during the time-
constrained survey. By 2021, there were crayfish at
32 of the 40 sites and 20 of those had more than 50
individuals (Figure 2).
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Figure 2. Crayfish distribution in the littoral-benthic habitat of Crater Lake increased from 2008 to 2021. Crayfish were
present in 14 of the 40 sites surveyed in 2008, and 32 of the 40 sites in 2021 indicating the rapid expansion of crayfish in a

little over 1 decade.

Benthic Macroinvertebrates

Littoral sites with high crayfish density differed in
benthic macroinvertebrate biomass, richness, and
community composition from sites with low cray-
fish density. The biomass of macroinvertebrates
was 99% lower (p < 0.01) at sites with high
crayfish density (17 & 3 g m~?) than at sites with
low crayfish density (1414 + 229 ¢m % Fig-
ure 3A). Also, taxa richness was 50% lower
(p < 0.01) at high crayfish sites (5 &+ 1 number of
taxa) compared to low crayfish sites (11 1
number of taxa; Figure 3B). Community composi-
tion at sites with high and low crayfish density was
different (PERMANOVA, p < 0.01; Figure 3C).
Snails and caddisflies represented 78% and 18%,
respectively, of total biomass of macroinvertebrates
at sites with low crayfish populations ( < 1 cray-
fish). Snails (23% of total biomass) and caddisflies
(4% of total biomass) were substantially reduced at
sites with an established crayfish population (> 50
crayfish), while worms, amphipods, mayflies, and
midges represented a higher percentage of total
biomass at low crayfish sites (Figure 3C). The bio-
mass of main grazers (snails) decreased by 99%
from 1100 g m~2 at sites with low crayfish density
to 4 g m~? at sites with high crayfish density. For
example, at site 240 the biomass of macroinverte-
brates decreased from near ~ 1000 g m~? before
the crayfish invasion (2012) to ~ 10 g m™ 2 after
two years of stablished crayfish population (2016;
Figure 3D). At site 222 which had high crayfish
density during the entire study period the
macroinvertebrate biomass was 16 + 5 gm ?

(Figure 3D). In contrast, site 258, which had low
crayfish density the macroinvertebrate biomass was
895 + 312 g m~? (Figure 3D).

Periphyton

Periphyton biomass, community composition, and
nutrient limitation were different in littoral-ben-
thic sites with high crayfish density versus sites
with low crayfish density. The biovolume of peri-
phyton was tenfold higher (p < 0.01) at high
crayfish sites (6.8*10° & 0.9*10°um® cm™2) com-
pared to low crayfish sites
(0.5¥10° £ 0.3*10°um> cm™%; Figure 4A). Com-
munity composition at sites with high and low
crayfish density was similar (PERMANOVA,
p = 0.11). However, we found Cladophora sp. only
at sites highly impacted by crayfish (18% of total
periphyton biomass; Figure 4B). Also, Epithemia
turgida, the largest size species from this genus in
Crater Lake, represented 38% and 11% of total
periphyton biomass in the sites with high and low
crayfish density, respectively (Figure 4B).
Periphyton biomass measured as chlorophyll a
was sixfold higher at sites with high crayfish den-
sity (9.7 £ 1.9 pg cm™?) than at sites with low
crayfish density (1.5 + 0.4 ugcm % p < 0.01,
Figure 4C). The reciprocal transplant experiment
showed that even two months of exposure to a site
with high crayfish density was enough to produce
changes in the concentration of chlorophyll a
(Figure 4C). After the nine week experiment, rocks
that were moved from the site with low crayfish
density to the site with an established population of
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Figure 3. Comparison of benthic macroinvertebrate indicators at sites with high and low crayfish density. A biomass and
B richness declines with high crayfish density while (C) and there is a loss of snail grazers. D Time series of
macroinvertebrates biomass and crayfish population at site 240 (low crayfish density up to 2012, then high crayfish
density), 222 (high crayfish density since 2008), and 258 (low crayfish density since 2008) in Crater Lake. At site 240 we
observed a decrease in macroinvertebrate biomass as crayfish become established. In panel A boxplots has own y-axis with
different scales as the biomass of macroinvertebrates was 99% lower at high crayfish sites than at low crayfish sites.

crayfish presented sixfold more biomass of peri-
phyton chlorophyll a (11.2 £+ 1.3 pg cm™?) com-
pared to rocks in areas with low crayfish density
(chlorophyll a = 1.8 4 0.6 ug cm™?; Figure 4C).
The littoral site with high crayfish density had
substantially higher metabolism (GPP and R) rates
than the low crayfish site (p < 0.01; Figure 4D).
We observed consistent differences between the
sites in two years (2018 and 2019; Figure 4D). GPP
ranged from 45.2 to 13.6 mmol O, m > d~ ' in the
site with high crayfish density, and 23.2 to
5.6 mmol O, m 2 d~! in the site with low crayfish
density. Values of R ranged from — 55.8 to —
38.6 mmol O, m~ 2 d™' at the high crayfish site,

and — 26.5 to — 16.5 mmol O, m~2 d~! in the low
crayfish site (Figure 4D). Our results show pro-
ductivity can double in a location with high cray-
fish density when compared to a site with low
crayfish density.

The nutrient limitation bioassays for periphyton
indicated sites with high and low crayfish popula-
tion are both limited by N and P, but the area with
high crayfish density has more of an N deficit
(Figure 5A). At the site with low crayfish density,
additions of N + P, N, and P produced a significant
change in chlorophyll ¢ when compared to the
control (p < 0.01) without a significant difference
between treatments (p > 0.7; Figure 5A). Chloro-
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Figure 4. Differences in periphyton indicators between sites with an established population of crayfish compared to
locations low crayfish presence. Sites with high crayfish density have tenfold greater biovolume (A), a periphyton
community composition with larger and filamentous species (B), up to sixfold higher chlorophyll a concentration (C),
twofold greater gross primary production and respiration compared with low crayfish sites (D). Panel C corresponds to the
results of the reciprocal transplant experiment, where eight rocks from a site with high crayfish density were placed at a
site with low crayfish density and vice versa, during nine weeks. The Panel C x-axis tiers show if the rocks where native
from a site with low or a high crayfish density (origin), and if the rocks were placed in a site with low or a high crayfish

density during the experiment (destiny).

phyll a at sites with high crayfish population was
higher in the treatments where N + P, N, and P
were added when compared to the control
(p < 0.01; Figure 5A). Also, at sites with high
crayfish density, chlorophyll a was higher when
N + P and N were added when compared to the
treatment where P was added (p < 0.01).

Filamentous Algal Bloom (FAB) Spatial
Coverage

An unprecedented FAB occurred along the shore-
line of Crater Lake during summer 2021, when
large areas of the shoreline turned bright green due
to the proliferation of filamentous green algae
Cladophora (Figure 5C). This first-ever documented

FAB in Crater Lake was associated with much
warmer air temperature and record high surface
water temperatures during June and July com-
pared to the historical period (Supplementary
Material 3). No other known drivers of algae
growth (nutrient flux, precipitation, runoff, inci-
dent light) were substantially different in Crater
Lake during 2021 compared to previous years (NPS
unpublished data). The FAB did not occur along
the entire shoreline of Crater Lake but tended to be
higher along the north and eastern shores, as well
as all of Wizard Island (Figure 5B, C), similar to the
distribution of crayfish. Percent coverage of FAB at
the sites with low crayfish density was low (mean
6.5%), whereas shoreline coverage at sites with an
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established crayfish population was high (mean
70%).

DiscussioN

Since 2008, non-native crayfish distribution along
the shoreline of Crater Lake has nearly doubled,
leaving less than 20% of the littoral-benthic habi-
tat free from crayfish. Once crayfish became
established in an area, macroinvertebrate grazers
were reduced by 99%, resulting in an apparent
trophic cascade between grazers and primary pro-
ducers. We show that the drop in grazers led to
increased periphyton biomass, elevated primary
productivity of the benthos, and promotion of fil-
amentous algae in this highly pristine lake. Our
results show a change toward more periphyton
biovolume and a community trajectory toward
larger and filamentous species at sites highly im-
pacted by crayfish. This study is unique in that the
presence of an established crayfish population was
also correlated with an increase in the overall
nearshore algal productivity as measured via high-
frequency dissolved oxygen sensors. Littoral pro-

ductivity is an important ecosystem trait not often
measured in lakes.

We developed a conceptual model of the trophic
cascade resulting from crayfish introduction in
Crater Lake (Figure 6). Sites with high crayfish
density show less benthic macroinvertebrate bio-
mass and richness and a massive reduction in
grazers (snails). Consequently, sites with high
crayfish population show tenfold greater periphy-
ton biovolume, sixfold higher periphyton biomass
(chlorophyll a), twofold higher periphyton primary
productivity, and the presence of large filamentous
algae (Cladophora). Furthermore, Girdner and oth-
ers (2018) showed that the crayfish introduction
led to a near extinction of a unique population of
newts (Taricha granulosa mazamae) in this lake.
These findings indicate that in less than 13 years,
the spread of a long-lived (10 years; Momot 1984)
cold water crayfish had deleterious consequences
for a lake already protected within a USA National
Park. The consequences are far reaching leading to
direct changes in the ecosystem’s littoral food web,
including loss of the native top predator (newt),
reduced biodiversity of secondary consumers and
reduced grazing pressure, as well as encouraging
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Figure 6. Conceptual model of the crayfish cascade
effect on the ecology of Crater Lake littoral-benthic
habitat. Crayfish have high predatory pressure on
benthic macroinvertebrates reducing their biomass and
richness with a substantial decrease in relative amount of
snail grazers. The reduction in benthic
macroinvertebrates releases grazing pressure on
periphyton biofilms, increasing attached algae biomass
and productivity, and favoring the appearance of
filamentous algae.

blooms of filamentous algae, an increasingly com-
mon issue observed recently in the world’s so-
called pristine lakes (Vadeboncoeur and others
2021).

Although crayfish were introduced into Crater
Lake in 1915, horizontal movement along the
shoreline has increased in recent decades, likely
due to warmer water temperature and longer
periods of summer stratification (Girdner and oth-
ers 2018). The lateral movement of crayfish along
the shoreline of Crater Lake since 2008 is faster
(between 666 and 1300 m year ') than at the
beginning of the century (85 m year '; Girdner
and others 2018). Currently, only the southwest
shoreline lacks invasive crayfish and continued
warming is likely to allow crayfish to spread to the
entire shoreline within 2-5 years. The progression
of crayfish movement around the littoral-benthic
habitat of Crater Lake is consistent with the “‘slee-
per invader” phenomenon (Spear and others
2021). A “sleeper invader’” is a non-native species
that can be present in an ecosystem for a long
duration before some other environmental change
allows it to spread or impact as an invasive species.

Crayfish decreased the biomass and richness of
benthic macroinvertebrates in Crater Lake, with

snails, and caddisflies significantly reduced or
eliminated at high crayfish locations. A marked
reduction of benthic invertebrate biomass and
diversity is typical of crayfish invasions (Nystrom
and others 1999; Lodge and others 2012), particu-
larly in ecosystems that lack native predator species
(Twardochleb and others 2013; Girdner and others
2018). The relative abundance of slow-moving
benthic organisms (such as snails) decreases due to
crayfish introductions while the proportion of
mobile predatory invertebrates increases (Bjur-
strom and others 2010; Ruokonen and others 2014;
Ercoli and others 2015). Conversely, snail density
and taxa richness can increase following a decline
in crayfish density (Hansen and others 2013;
Ruokonen and others 2016).

With a reduction of zoobenthic biomass and
functional feeding groups (for example, grazers),
we observed a concomitant increase in the benthic
biofilms and overall nearshore benthic primary
productivity. A few studies have shown high
crayfish density enhanced the biomass of periphy-
ton through positive cascade effects (Weber and
Lodge 1990; Lodge and others 1994; Nystrom and
others 1999, 2001) or via bioturbation from cray-
fish physical activity (Charlebois and Lamberti
1996; Stenroth and Nystrom 2003) by keeping
stone surfaces free of surface deposits (Whitmore
1997). However, as crayfish biomass replaces other
benthic macroinvertebrate biomass, one may not
expect a trophic cascade, because crayfish can also
feed on periphyton or algae (Twardochleb and
others 2013). Twardochleb and others (2013)
showed weak or non-existent effects of most
invasive crayfishes (including signal crayfish) on
periphyton despite crayfish decreasing benthic
macroinvertebrate biomass, because crayfish can
also feed on algae. Ludlam and others (2015) found
little evidence for a crayfish trophic cascade in
mesocosm experiments, because crayfish also fed
on the periphyton. Similarly, Usio (2000) found
that crayfish did not produce a trophic cascade in
detrital leaf packs when they consume shredding
invertebrates because crayfish themselves also
consumed the detritus. Furthermore, in systems
with algal communities having filamentous forms
(that is, Cladophora), crayfish grazing on filaments
may be significant (Creed 1994) and may outweigh
reduced grazing from snails (Nystrom and others
1996).

We present several hypotheses which may favor
a positive crayfish driven trophic cascade on peri-
phyton algae in Crater Lake, in addition to the
spatial association of crayfish with the distribution
of the first-ever FAB in 2021. We speculate that the
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correlation of crayfish with an increase in peri-
phyton algae may result from the extreme nutrient
limitation in Crater Lake combined with differences
in feeding morphology between crayfish and snail
grazers. Crater Lake is extremely nutrient poor. For
example, dissolved nitrate is less than 0.008 mg1~*
within the summer photic zone (Larson and others
2007), mean summer Secchi disk depth is greater
than 30 m (Girdner and others 2020), and depth of
1% visible light penetration in Crater Lake is typi-
cally 90-100 m (Hargreaves and others 2007). The
extreme nutrient limitation allows native benthic
invertebrate grazers (snails primarily) to keep
periphyton at an extremely low level under most
natural conditions, (chlorophyll a ~ 1.5 ug cm™?).
Because crayfish due to their feeding morphology
do not graze as efficiently on periphyton as do
snails (Luttenton and others 1998), the much lar-
ger signal crayfish may not be able to keep algae at
such a low level even if feeding on periphyton
following the reduction of invertebrate grazers.
Comparing bulk carbon and nitrogen stable isotope
values of crayfish at locations with and without
benthic invertebrates could be used to investigate
the niche of each species and the degree to which
signal crayfish consume periphyton algae.
Although shoreline FABs are commonly associ-
ated with cultural eutrophication (Dodds and
Gudder 1992), periphyton blooms have been noted
more recently in clear-water lakes with high water
quality (Vandeboncouer and others 2021). The
conditions that led to the 2021 FAB in Crater Lake
appeared to be associated with record high surface
water temperature when the FAB initially formed
in early summer, whereas the spatial distribution of
the FAB was associated with the spatial distribution
of crayfish. The overlap between the distribution of
crayfish and FAB may seem surprising given that
crayfish can readily graze on larger filamentous
algae like Cladophora (Creed 1994), and crayfish
grazing on Cladophora can even outweigh reduced
grazing from snails (Nystrom and others 1996;
Dorn and Wojdak 2004). However, control of
periphyton by grazers is most effective during the
early, exponential growth phase of algae when
grazers can consume new algal biomass almost as
quickly as it is produced (Vandeboncouer and
others 2021). Environmental factors that increase
growth rates of algae (such as temperature) or re-
duce the consumption rate of grazers can allow
algae to escape from grazer control during early
successional stages (Vandeboncouer and others
2021). We suspect the lack of native zoobenthic
grazers in crayfish dominated areas combined with
extremely warm water temperature in early July

2021 allowed Cladophora to grow quickly and es-
cape from grazer control in crayfish areas, thereby
resulting in an overlap in crayfish and FAB spatial
distribution.

With the exception of the 2021 FAB, nitrogen-
fixing cyanobacteria (Calothrix sp.) and diatoms
(Epithemia sp.) with endosymbiotic cyanobacteria
dominated the periphyton community composition
in both high and low crayfish areas of Crater Lake
like other clear, low-nutrient lakes (Higgins and
others 2003; Diehl and others 2018). While peri-
phyton community composition was not statisti-
cally different at high and low crayfish density sites
during summer 2020, sites with high crayfish
population were the only locations where we ob-
served Cladophora. Filamentous green algal cells are
larger and have a higher nutrient demand, espe-
cially for nitrate and ammonium (Thybo-Christese
and others 1993; John and Rindi 2015), compared
with cyanobacteria and diatoms that they replace
(Vadeboncoeur and others 2021). However, our
nutrient limitation study showed that periphyton
at high crayfish locations had a slightly higher N
deficit compared to low crayfish areas. Also, as
periphyton biomass accumulates, the redox gradi-
ents between the algae mat and the sediment may
increase P flux from the substrate to the biofilm
(Wood and others 2015; Vadeboncoeur and others
2021). Therefore, the presence of Cladophora may
explain why nitrogen was the main nutrient lim-
iting algae growth at high crayfish locations.
However, Cladophora can also associate with nitro-
gen-fixing organisms (Dodds and Gudder 1992).
Therefore, further research is needed to understand
the differences in nutrient limitation for periphyton
growth at sites with and without crayfish.

As mentioned above, it is unclear how much
periphyton gets consumed by signal crayfish in
Crater Lake, either algae within the biofilm or lar-
ger filamentous taxa like Cladophora, when avail-
able. It should be noted that macroinvertebrate
biomass was low in crayfish dominated areas but
were not completely absent. Thus, this high-quality
food may still have been available for signal cray-
fish to eat and may have allowed crayfish to not
feed heavily on algal food sources. Signal crayfish
have been shown to prefer animal diets over plant
diets more than other crayfish species (Guan and
Wiles 1998; Larson and others 2017). Likewise,
Guan and Wiles (1998) found that signal crayfish
preferred macroinvertebrates more during spring
and summer when their daily rations were higher.
Our studies also corresponded to summer season.

While this study tests concepts associated with
crayfish invasions (for example, trophic cascade,
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alterations to macroconsumer and autotrophic
productivity, biomass, and diversity), we
acknowledge the limitations of our work. We only
investigated changes in the lake’s littoral habitat
(up to 10 m depth), while the entire photic zone in
Crater Lake regularly penetrates below 100 m.
Likewise, we did not study how crayfish affect
ecosystem rates (for example, N fixation, carbon
sequestration, and cycling) and other important
aspects of biofilm community composition. For
example, biofilms are also comprised of bacteria,
micro consumers (for example, benthic copepods,
tardigrades), and protists, which significantly con-
tribute to nutrient and carbon cycling. Biofilms can
vary by depth and substrata type (for example,
sediment, rocks). In addition, we did not study how
crayfish induced ecosystem changes will affect the
lake’s fisheries and higher trophic level food web.
Therefore, additional resources are desperately
needed to quantify the ecological conditions in the
lake before the invasion of crayfish is completed in
the remaining 20% of the lake shoreline.

CoNCLUSION

We showed crayfish, through cascade effects, can
increase overall nearshore productivity, favor the
appearance of large filamentous algae, and modify
algal nutrient limitation. Evidence suggests that the
proliferation of crayfish within the last decade has
led to dramatic ecological changes to the littoral
environment of Crater Lake, suggesting further
expansion may lead to denser and more wide-
spread FABs as the climate warms. With changing
climate, we have observed a change in invasion
potential and nearshore expansion of an already
well-established invasive species within a large
mountain ecosystem.

Even in a lake already protected under the
management of the USA National Park Service, the
introduction and spread of crayfish had direct im-
pacts on many levels of ecological organization,
ultimately favoring a shoreline FAB in one of the
clearest lakes in the world. Unfortunately, removal
or control of crayfish once introduced into aquatic
systems is extremely difficult using current tech-
nologies (Gherardi and others 2011; Manfrin and
others 2019). Crayfish control or removal in Crater
Lake is not presently feasible given the large size of
the lake (35 km of shoreline), extensive rocky
substrate, and movement of crayfish down to
200 m depth (Girdner and others 2018). Attempts
at removing signal crayfish using extensive trap-
ping in an area of Crater Lake over three years
resulted in a reduction of larger size crayfish but a

compensatory increase in total crayfish survival
(data unpublished), similar to attempts at rusty
crayfish removal at fish spawning sites in Lake
Michigan (Kvistad and others, 2021). Emerging
invasive control possibilities that include cutting
edge genetic technologies (Simberloff 2021) give
hope (and controversy) to future aquatic invasive
species management options, although those
technologies have yet to focus on crayfish.
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