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RECENT DESICCATION-RELATED ECOSYSTEM CHANGES AT
LAKE ABERT, OREGON: A TERMINAL ALKALINE SALT LAKE

Ron Larsonl, Joseph Eilers2, Keith Kreuz3, Wolf T. Pecher*7,
Shiladitya DasSarma37, and Steve Dougill6

ABSTRACT.—Lake Abert, a terminal alkaline salt lake in south central Oregon, has been a key staging area for migra-
tory waterbirds along the Pacific Flyway. In 2014, the lake shrank to about 5% of its maximum size, and its salinity
increased from 75 g + L1 to 250 g - L-L. This resulted in a major ecosystem shift from one dominated at higher trophic
levels by invertebrates and waterbirds to one composed primarily of hypersaline-adapted microbes. A large variety of
halophilic bacteria and archaea were also detected using 16S rRNA metagenomic sequence analysis. The loss of prey
and staging habitat for migratory waterbirds was especially pronounced for Eared Grebe, Red-necked Phalarope, and
Wilson’s Phalarope, all of which feed on brine shrimp and alkali flies. The last time the lake was in this state was nearly a
century ago during the Dust Bowl of the 1930s, which was a once-in-500-years drought. To understand the causes of
the current event, we examined hydrological, climatic, and biological data. The primary cause of the event appears to
have been the combined effects of upstream water diversions and lower river flows that were exacerbated by a moderate
decade-long drought and elevated evaporation rates.

REsuMEN.—EI Lago Abert, un terminal, lago alcalino-sal en el centro-sur de Oregon es un érea de ensayo clave para
las aves acudticas migratorias a lo largo de la ruta migratoria del Pacifico. En 2014, el lago se redujo a aproximadamente
5% de su tamafio maximo, y su salinidad aument6 de 75 g + L-1 a 250 g - L-1. Esto se resulté en un sustancial cambio en
el ecosistema de una dominada a mayores niveles tréficos por invertebrados y aves acudticas a una compuesta principal-
mente de microbios hipersalino-adaptados. Una gran variedad de bacterias haléfilas y arqueas también se detect6
utilizando ARNr 16S secuencia andlisis metagenémica. La pérdida de presas y habitat de escenificacion para las aves
acudticas migratorias fue especialmente pronunciada para las poblaciones de zampullin cuellinegro y de falaropo
picofino y falaropo de Wilson, que se alimentan de artemia y moscas alcalinos. La dltima vez que el lago estaba en este
estado era casi un siglo atras durante la era Dust Bowl de los afios 1930, una sequia de 500 afios. Para entender las
causas del suceso examinamos datos hidrolégicos, climaticos y biolégicos. La causa principal del evento parece haber
sido los efectos combinados de las desviaciones de agua del rio arriba y caudales del rio més bajo, que fueron exacerbados
por una sequia moderada que duraba una década y tasas de evaporacion elevadas.

Worldwide, terminal lakes are at risk
because climate change and upstream water
diversions for agriculture have reduced in-
flows and increased salinity (Williams 2000,
Micklin 2007, Jellison et al. 2008, Herbst
2014, Wurtsbaugh 2014, Jeppesen et al. 2015).
In the western United States, nearly all termi-
nal lakes have experienced recent reductions
in size and resultant increases in salinity. For
example, since the 1800s, the Great Salt Lake
has lost about 35% of its surface area and 48%
of its volume, and its salinity has increased
(Wurtsbaugh et al. 2016). Walker Lake in
southwestern Nevada has dropped 150 feet in
the past century and salinity has increased
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10-fold, which has had a severe effect on its
biota (Herbst et al. 2014). Similarly, the Salton
Sea is experiencing a reduction in size and
increased salinity, with adverse effects seen and
predicted for its ecosystem if inflows do not
increase (Case et al. 2013, Cohen 2014). Similar
issues are affecting Mono and Pyramid Lakes.
In 2014, Lake Abert, located in south central
Oregon, shrank to about 5% of its maximum
size, and its salinity increased from a long-
term average of 75 g - L1 to 250 g - L-1. This
resulted in a major ecosystem shift from one
dominated at higher trophic levels by inver-
tebrates and waterbirds to one composed
primarily of hypersaline-adapted microbes.
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The last time the lake was in this state was
nearly a century ago in the 1930s during the
Dust Bowl, which was determined to be a
once-in-500-year drought in central Oregon
(Pohl et al. 2002).

Salt lakes in the Great Basin and elsewhere
are known to have low species richness com-
pared to freshwater lakes, and diversity often
declines with increasing salinity, especially
above 150 g - L~ (Hammer 1986, Williams et al.
1990, Herbst 2001); however, their high inver-
tebrate production makes them key foraging
and staging habitats for migratory waterbirds
(Jehl 1988, 1994, 1999, Oring et al. 2009,
Colwell 2010). At Lake Abert, brine shrimp
(Artemia franciscana) numbers have been esti-
mated at 3 X 1011 individuals and their biomass
at 7 X 106 kg (Conte and Conte 1988). Further-
more, adult alkali flies (Ephydra hians) at Lake
Abert can be so numerous they can densely
cover large areas along the shore and over the
lake surface (Herbst 1988, 1994). The abun-
dance of these invertebrates has made the
lake a crucial foraging and staging habitat
for migratory waterbirds, especially Wilson's
Phalarope (Phalaropus tricolor), which can
reach several hundred thousand in number
during the postbreeding, midsummer migra-
tion. For example, in late July 2013, it was
estimated that one-fifth of the global Wilson’s
Phalarope population had staged at the lake
(C. Hinkle, data from ebird.org, 30 July 2013).
Lake Abert, along with the Great Salt Lake
and Mono Lake, provides the necessary trophic
conditions for Wilson's Phalarope to double
their weight in less than a month before mak-
ing the 8000-km migration to wintering areas
in South America (Jehl 1988, Colwell and Jehl
1994, Lesterhuis and Clay 2010).

The foundation of the food chain in alkaline
salt lakes and solar lakes with low to moderate
salinities (60-100 g - L-1) is the diverse and
highly productive microbial communities that
include photosynthetic unicellular and fila-
mentous cyanobacteria, as well as purple and
green sulfur and nonsulfur bacteria. These
communities support dense populations of
algae, as well as some protozoa and fungi,
which provide food for brine shrimp and alkali
flies (DasSarma and DasSarma 2012). With
increasing salinity (140-250 g - L-1), most of
the primary producers (the cyanobacteria and
eukaryotic algae) disappear (Hammer 1986).
As the extreme saline conditions approach
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NaCl saturation (>250 g - L-1), microbial com-
munities become primarily composed of red-
colored halophilic Archaea, with most other
microbial activity ceasing (Javor 1989, Caumette
1993, Ochsenreiter et al. 2002, Mesbah et al.
2007, DasSarma and DasSarma 2012).

To understand the causes of the 2014 near-
desiccation event and its effects on the Lake
Abert ecosystem, we examined a variety of
physical and biological data. Although data were
limited, the dramatic decline in the size of the
lake, its extreme salinity increase, and the
marked changes in the biota of this relatively
simple system make a convincing argument
that biotic and physical changes were related.

Study Area

Lake Abert is located in south central Ore-
gon and is part of the Great Basin (Fig. 1). It is
the largest hypersaline lake in the Pacific North-
west and at full pool is the 6th largest lake in
Oregon. At 25 km long and 10 km wide, Lake
Abert covers approximately 170 km2 but aver-
ages only approximately 1.5 m deep (Fig. 2).

Salinities in the lake normally range from
20 g - L~1to 80 g - L=! and have averaged 75
g - L1 since 1973. The most common ions are
Na*, CO3~2 and CI—; and the pH is normally
above 9 (Phillips and VanDenburgh 1971, Van-
Denburgh 1975). The lake was part of the
much larger Paleolake Chewaucan that began
desiccating near the end of the Pleistocene
epoch, approximately 12,000 years ago (Allison
1982, Licciardi 2001).

The region has a cold, semiarid steppe cli-
mate, termed BSk in the Koppen climate
classification. Average annual temperature is
8.4 °C, and average maximum and minimum
temperatures are 17.2 °C and —0.3 °C, respec-
tively, based on data from nearby Alkali Lake,
Oregon, located 45 km northeast of Lake
Abert (Western Regional Climate Center,
www.wrce.dri.edu). Average annual precipita-
tion is 22 cm; and over the past 40 years, pre-
cipitation has varied between 10 cm and 38 cm.
We estimate that average annual freshwater
evaporation amounts are approximately 1 m.

The lower Chewaucan River, the main
source of water to Lake Abert, was channel-
ized early in the 20th century to reduce flood-
ing at the small town of Paisley (OWRD 1989;
Fig. 1). Previously the river lacked a definite
channel, and the river flowed through a large
marsh as it entered the low-gradient portion
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Fig. 1. Lake Abert area map (base image © 2016 Google).

of the watershed near Paisley. Agricultural
water diversions from the river primarily
occur between Paisley and Lake Abert, and
together their area is approximately 200 km?2
(USDA 2006). The Oregon Water Resources
Department (OWRD) stated that if all water
rights in the Chewaucan Basin, which total
72 % 106 m3, were fully used, an annual diver-
sion from the river of over 247 X 106 m3
would be required; however, the annual aver-
age total flow of the river is only 140 X 106 m3
(OWRD 1989). Additionally, groundwater total-
ing 15 X 106 m3 annually is pumped from
wells to irrigate approximately 20 km2 (USDA
2006). Additional evaporation and irrigation
withdrawals occur at River’s End Reservoir
(2.6 km2), constructed in 1994 at the terminus
of the river.

Two named ephemeral creeks—Poison and
Juniper—discharge into Lake Abert. Poison
Creek has the most sustained flows, but by
July low summer flows become hyporheic
about 0.5 km east of the lake. There are also
numerous small springs and seeps located
around the lake. These were particularly
noticeable during recent low lake levels. The
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flow of many of these springs is too small to
reach the lake when it is low; but some larger
springs, especially those along the northeast
side of the lake, contribute water to the lake.
The largest of these is a 3-km-long complex
located between 42°42'20" N and 42°40'50" N.
The significance of this spring complex was
evident in Landsat scenes from 2014 and 2015,
when an elongated pool northeast of the main
pool at the lake covered an area of 3-6 km2 and
composed up to 50% of the total inundated
area associated with the lake. In September
2015, we measured flows totaling 0.3 m3 - s—1
from the large spring complex. Based on
those measurements and evidence of addi-
tional springs and seasonal streams that empty
into the lake, we assumed that the locally
derived annual inflows average approxi-
mately 0.6 m3 - s—1,

Ungauged flows also result from streams
located between the Paisley gauge and the
lake, most of which are small and ephemeral.
The largest are Crooked, Moss, and Willow
Creeks. Of these, Crooked Creek is the largest.
Crooked Creek is affected by upstream diver-
sions, so it is likely that little flow reaches the
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Fig. 2. Lake Abert bathymetry, with depths shown in meters (after Phillips and VanDenburgh 1971). River’s End

Reservoir, shown near the inlet, was constructed in 1994.

river during the June-September irrigation
season, except in wet years.
METHODS
Biological Data

For the assessment of microbial communi-
ties, sediment samples were collected at 7 sites
along the eastern shore of Lake Abert during

the high-salinity event in October 2014. Sam-
ples were shipped on ice to the University of
Maryland School of Medicine in Baltimore,
Maryland. Genomic DNA was extracted using
the PowerLyzer® PowerSoil® DNA isolation
kit per manufacturer’s recommendation (MO
BIO Laboratories, Inc., Carlsbad, CA), and DNA
samples were pooled at equal nucleic acid
concentration. 16S metagenomic sequencing
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was performed by the Bioanalytical Services
Laboratory at the Institute for Marine and
Environmental Technology, Baltimore, Mary-
land, on an Illumina MiSeq platform per
manufacturer’s recommendation (Illumina, Inc.,
San Diego, CA). The protocol used the primer
pair Bakt 341F and Bakt 805R (Herlemann
et al. 2011). Sequences were analyzed with the
open source bioinformatics packages QIIME
(Caporaso et al. 2010) and ea-utils 1.1.2-621
(Aronesty 2013) and were queried against the
Greengenes 16S rRNA database (released
August 2013; http://greengenes.]bl.gov/cgi-bin/
nph-index.cgi; DeSantis et al. 2006).

Artemia has been harvested from the lake
every year between 1980 and 2013 (May-
September) by the Oregon Desert Brine
Shrimp Company, except in 1996 when there
was no need to harvest because adequate
shrimp remained in storage from the previous
year. Artemia was harvested using a small raft
equipped with a pair of plankton nets and a
small outboard motor. Catch per unit effort
(CPUE) was calculated based on wet weight
of harvested Artemia per hour of sampling
from 1986 to 2013, when net size remained
constant. Other aquatic macroinvertebrates
were collected using small hand nets and a
1.5-mm mesh sieve. Waterbird census data
were produced by volunteers from the East
Cascades Audubon Society, and other data
sets were obtained from unpublished sources
and the ebird.org web site (www.ebird.org/
content/ebird)/).

Physical Data

To assess the physical changes affecting
the lake, we quantified key hydrological and
climatological parameters, including (1) surface-
area changes measured from Landsat satellite
scenes; (2) precipitation and class-A pan evapo-
ration measured at nearby locations; (3) local
inflow from seeps, springs, and ephemeral
streams measured at one location; and (4)
Chewaucan River flow measured upstream of
most of the agricultural diversions.

Because regular and frequent water-level
measurements of the lake are unavailable, we
documented temporal changes in lake surface
area from satellite images, also called “scenes,”
made between 1973 and 2015. A total of 470
“natural color” scenes taken by Landsat satel-
lites fitted with 4 different sensors were
downloaded directly from the U.S. Geological
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Survey LandsatLook Viewer web site (http://
landsatlook.usgs.gov/viewer.html). Area mea-
surements were made by digitizing the outline
of the inundated perimeter using Image J, a
free public-domain image analysis software
(www.imagej.nih.gov/ij/).

At low lake levels, shallow water approxi-
mately 10 cm deep covers large areas of the
lake bed and there are also extensive areas of
wet mud, both of which make it challenging
to determine from the satellite images where
the inundated perimeter was located. Although
these factors contribute to uncertainty in
estimates of lake area, they likely have little
effect on the hydrologic modeling results
because errors in volume would be small
relative to those from the large temporal
changes involved.

Data on daily Chewaucan River flow was
measured at station #10384000, located near
Paisley, Oregon, 50-km upstream from Lake
Abert, and were obtained from the OWRD
web site (http://apps.wrd.state.or.us/apps/sw/
hydro_near_real time/display_hydro_graph
.aspxPstation_nbr=10384000). Because this
station is the only flow-measurement gauge
on the river, no data were available on in-
flows to the lake. Hydrologic data here are
presented as water years (WYs), which begin
on 1 October and end the following year on
30 September and are named for the year in
which they end.

Evaporation losses from the lake were esti-
mated from monthly data measured using a
class-A evaporation pan and corrected for
effects of open-water conditions and salinity.
Measurements were made near Summer Lake,
Oregon, located 50 km northwest of Lake
Abert, and were obtained from the Western
Regional Climate Center in Reno, Nevada,
and from the Summer Lake Wildlife Area (M.
St. Louis, personal communication, 2015).
Evaporation data were for April-October, so
totals for the rest of the year were based on
data in Risley and Gannett (2006) measured in
the Upper Klamath Basin, 100 km to the west.
Open-water evaporation amounts were esti-
mated from the pan measurements using a 0.7
correction factor (Jensen 2010). Because evapo-
ration rates decline with increasing salinity
(by 1% at 40 ¢ - L~! and 20% at 250 g - L.—1),
corrections were made based on measure-
ments made by Turk (1970) using a third-order
polynomial equation:
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TABLE 1. Information used to estimate salinity from surface-area measurements.

Sample

Y variable X variable Equation R2 size Data sources

Salinity (g L~1)  Elevation (m) y = 2E + 13x=9:5% 0.91 42 Phillips and VanDenburgh (1971),
D. Herbst (personal communica-
tion 2015), and unpublished data

Elevation (m) Area (km?2) y = 3E-06x3 — 0.0006x2  0.98 45 Unpublished data

+ 0.0409x + 1293.6
Salinity (g L~=1)  Area (km2) y = —0.0024x2 — 1.398x  0.99 42 All of the above sources

+ 310.46

y = 1E-06x3 — 0.0001x2Z + 0.0363x — 0.2828,

where y = percent reduction in evaporation
rates and x = salinity (g-L=1; R2=0.99, n = 14).

Annual precipitation amounts, based on
measurements made at Alkali Lake, Oregon,
were downloaded from the Weather Ware-
house (http://weather-warehouse.com). Of the
2 nearest weather stations, Alkali Lake and
Paisley, we selected the former based on a
similarity of vegetation with that around Lake
Abert. Both areas of Lake Abert have primarily
a treeless shrubsteppe vegetation comprising
grasses and drought-adapted shrubs such as
greasewood (Sarcobatus vermiculatus), shad-
scale (Atriplex confertifolia), and sagebrush
(Artemisia spp.).

Salinity was measured from water samples
using either a hydrometer or refractometer,
and water samples were collected at the same
time lake levels were measured from a staff
gauge located along the eastern shore. We
used these data as well as surface-area mea-
surements made from Landsat scenes to
access temporal variations in salinity by devel-
oping 3 equations (Table 1): one relating lake
elevation and salinity, one relating lake eleva-
tion and area, and one relating salinity and
surface area.

RESsuULTS
Biological Observations

PROKARYOTIC COMMUNITY.—To assess the
prokaryotic community of Lake Abert, 16S
rRNA metagenomic analysis was performed.
A total of 192,876 sequences were obtained,
representing 7378 unique operational taxo-
nomic units (OTUs). Analysis of different
diversity indices and measurements (Chaol,
Shannon—Weaver, equitability) suggests that
the Lake Abert microbial community is complex

and diverse. The Chaol index was 7378, the
Shannon-Weaver index was 9.4, and the equi-
tability was 0.7. A majority of reported se-
quences were identified as Bacteria (95.4%),
while 1.0% belonged to Archaea and 3.4%
were unclassified (Fig. 3).

At the phylum level, 96.5% of the sequences
could be assigned to 54 phyla. Among those,
51 bacterial phyla were identified. Proteobac-
teria (26.7% of total reads), Bacteroidetes
(21.1% of total reads), Firmicutes (16.1% of
total reads), and Cyanobacteria (14.6% of total
reads) contributed to 79% of the microbial com-
munity (Fig. 3A). Among the Proteobacteria,
y-proteobacteria (11.1%), dominated by the
genus Thioalkalivibrio (2.4%), were most abun-
dant, followed by a-proteobacteria (10.7%),
dominated by the family of Rhodobacteraceae.
Abundant genera within the Bacteroidetes
included Flavobacterium and Salinibacter
(0.5% and 0.3%, respectively). Within the
Firmicutes, Clostridia and Bacilli were promi-
nent (14.0% and 2.0%, respectively). On the
genus level, the Clostridia genus Tindallia was
prominent (1.4%). Other genera included
Alkaliphilus, Halanaerobacter, Halanaerobium,
and Natranaerobius, representing alkaliphilic
and halophilic bacteria. Genera within Bacilli
included Planomicrobium, Bacillus, and Alka-
libacterium. Among the Cyanobacteria, mem-
bers of the genus Cyanothece that includes the
halophilic variety were present in Lake Albert
(0.2% of total reads).

Sequences corresponding to many bacterial
groups that are involved in biogeochemical
cycles were found in Lake Abert. These
included Cyanobacteria and phototrophic pur-
ple sulfur bacteria of the genus Halorho-
dospira, which are involved in carbon fixation;
alkaliphilic sulfur-reducing bacteria of the gen-
era Desulfonatronum, Desulfonatronospira, and
Desulfonatronovibrio; sulfur-oxidizing bacteria
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Fig. 3. Distribution of 16S rRNA sequences corresponding to the phylogenetic groups observed in Lake Abert:
A, Relative abundance of prokaryotic phyla. The group “Other Bacteria” includes bacterial phyla with a relative abun-
dance below 1.1%; B, Relative abundance of archaeal phyla and classes within the Euryarchaeota.

such as Thioalkalivibrio; and bacteria belong-
ing to the genus Halomonas, which are in-
volved in the nitrogen cycle.

The archaeal community was dominated by
sequences from members of Euryarchaeota
(1.2% of total reads). Within Euryarchaeota,
the class Halobacteria (Haloarchaea), which
consists of extremely halophilic species, con-
stituted 94% of the archaeal community (Fig.
3B). At the genus level, Halorhabdus and
Halorubrum were most prevalent (0.1% and
0.1% of all reads, respectively), followed by
Natronorubrum and Natronococcus (0.1% and
0.04% of all reads, respectively).

ALGAE AND INVERTEBRATES.—To document
temporal changes in the biota, we focused on
the dominant taxa: a filamentous green alga
(Ctenocladus circinnatus), brine shrimp
(Artemia franciscana), alkali flies (Ephydra
hians), and waterbirds. Up until 2013, C.
circinnatus was seasonally abundant in the
lake, both as mats attached to rocks and as
marble-sized balls sitting on the mud, in the
water column, or at the water surface. By late
summer, C. circinnatus formed extensive
dense masses concentrated along the shore;
and in some vyears, floating masses of C.
circinnatus were sometimes so dense that
they interfered with shrimp harvesting. How-
ever, no such concentrations were observed
in 2014 or 2015.

Artemia was sufficiently abundant that it
supported a commercial fishery up until 2013.
Average annual CPUE from 1986 to 2014
ranged from approximately 50 kg - h—! to 100
kg - h—1; catches peaked in July and August.
Annual catches were relativity high even in
recent years, such as in 2010 and 2013 when
salinity was increasing.

The first recent indication that ecological
changes were occurring in the lake was in
August 2010, when Artemia individuals turned
red, were lethargic, and accumulated in
nearshore windrows where they died. We
attributed the red coloration to the production
of hemoglobin, which apparently occurred or
increased as a result of hypersaline-induced
hypoxia. The salinity at that time was approxi-
mately 150 g - L=L. Inflows in 2011 diluted the
lake down to approximately 80 ¢ - L=1, and in
2012 salinity never exceeded 140 g - L=, In
spring 2013, the south end of the lake was
sufficiently dilute (<130 g - L=1); but by July,
salinity was up to 150 g - L1 and in August it
reached 170 g - L—1, at which time the shrimp
died. By September 2013, the lake was so
saline (over 180 g - L—1) that layers of trona
salts up to approximately 10 cm thick formed
along the shoreline and on the lake bed.

In 2014, the lowest salinities were estimated
to have been approximately 180 g - L=1 in
April; and as a result, no Artemia were seen.
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Fig. 4. Adult alkali flies partially covering an exposed mudflat approximately 100 m long and floating in masses on the
water surface of Lake Abert (2 September 2011). Light-colored empty pupal cases piled up on the beach are visible on

the far left of the photo.

By July 2014, the salinity was estimated to be
approximately 250 g - L=! and the lake turned
blood red owing to the presence of hypersaline-
adapted microbes, probably Archaea species.
In 2015, inflows to the lake diluted the south
end sufficiently that some brine shrimp
hatched, but they died in June when salinities
reached 200 g - L—1. However, in September
2015, we found low numbers of brine shrimp in
the spring-influenced pool near the northeast
shore where salinities were between 17 g - =1
and 59 ¢ - L1

Besides Artemia, the other ecologically
important invertebrate in the lake under mod-
erate salinities is the alkali fly (Ephydra hians),
although other saline-tolerant flies have also
been observed when the lake was more dilute
(Boula 1986, Herbst 1988). Until 2012, adult
alkali fly populations at the lake were rela-
tively high, and the flies were conspicuous
along most of the eastern shoreline. By late
summer, they were often so numerous, num-
bering thousands per square meter, that they
appeared at a distance as black patches of tar
covering many square meters and could also
be seen floating on the water surface far out
on the lake (Fig. 4).

By 2012, adult alkali flies were only seen
near freshwater seeps; and in 2014, adult flies
were extremely scarce and consisted mostly of
scattered individuals. The only concentrations

of adult flies seen in 2015 were several small
patches (<0.5 m2) adjacent to the low-salinity
pool created by springs along the northeast
side of the lake bed. However, near-surface
sediment samples taken from the pool con-
tained alkali fly larvae and pupae. The salinity
in the pool ranged from 17 g- L-1to 59 g - =1
and was lowest at the north end closer to the
spring discharge. Gammaridean amphipods and
corixid insects were present in and near the
spring heads where the salinity was 4 g - L=1.

During the recent period of low lake
level, moist sandy-mud substrates around
the perimeter of the lake were dotted with
the castings of Bledius sp., a burrowing rove
beetle (Staphylinidae) known to inhabit the
littoral zones of saline lakes (Garcia and
Niell 1991, Gerdes et al. 2008). In some
areas, burrows reached estimated densities
of over 100 - m—2. In October 2014, adult
Bledius sp. beetles were seen swarming aerially
at the south end of the lake.

WATERBIRDS.—Waterbirds can be both
numerous and diverse at Lake Abert, with >80
species and hundreds of thousands of birds
reported. The most plentiful waterbird species
are listed in Table 2, along with maximum
numbers reported between 2011 and 2015.

All of the most numerous waterbird species
at the lake showed evidence of lower popula-
tion sizes in 2014 and 2015 compared to
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TABLE 2. Peak counts of the most numerous waterbirds occurring at Lake Abert between 2011 and 2015. Data were
from the East Cascades Audubon Society and the ebird.org web site accessed 7 October 2015.

Waterbird Species 2011 2012 2013 2014 2015

American Avocet Recurvirostra americana 14,358 16,167 5475 2660 78,542
Black-necked Stilt Himantopus mexicanus 2000 5082 375 760 771
Eared Grebe Podiceps nigricollis 11,008 40,750 21,632 0 845
Gulls Larus spp. 12,290 10,261 2834 215 1230
Phalaropes Phalaropus spp. 67,071 214,000 230,000 20,985 12,845
Northern Shovelers Anas clypeata 21,648 22,825 543 2237 440

TABLE 3. Comparison of lowest annual Chewaucan
River flows measured at Paisley, WY 1925-2015. Note, an
exceedance of 99% means that 99% of flows were higher
during the period of record.

Lowest number Mean Mean

of consecutive Water annual flow  exceedance

years years (m3-s~1) (%)
1 1931 0.98 99
2 1991-1992 1.52 94
3 1929-1931 1.65 91
4 1929-1932 1.96 86
5 1930-1934 1.97 84
6 1929-1934 1.93 84
7 1929-1935 2.08 82
8 1928-1935 2.28 77
9 1928-1936 2.45 74
10 1928-1937 2.46 74

2011-2013, especially phalaropes and Eared
Grebes (Table 3). There was also evidence of
some species spending a shorter time at the
lake in 2014 and 2015 compared to 2011-2013.
For example, in 2011 phalaropes were present
through early October, with counts ranging
from 8720 to 16,600 in July; 22,989 to 67,071
in August; 600 to 17,690 in September; and
3700 on 2 October 2011 (Fig. 5). Whereas in
2015, counts were 1965 to 12,845 in July; 50
to 300 in August; and only a few in September.

Although reported numbers were less in
2014 and 2015 compared to 2011-2013, water-
birds were still present. Most of these birds
were found midway down the length of the
lower-salinity pool near the northeast shore
where the salinity was 17 ¢ - L=1to 60 g - L~
Observations noted above showed that small
numbers of Artemia and alkali fly larvae and
pupae were present in the pool and thus likely
attracted the birds.

The most numerous birds using the lake
are Wilson's Phalaropes, which have exceeded
100,000 birds in late-July and early-August
single-day counts, based on census data
obtained by the East Cascades Audubon
Society. Female Wilson's Phalaropes (Phalaropus

tricolor) were seen in mid-July, followed by
males, then juveniles in late July. Another
plentiful phalarope, the Red-necked Phalarope
(P lobatus), arrived in early August. Its numbers
were usually <10,000. Between 2011 and 2013
when phalaropes were especially plentiful, in
late July, Wilson’s Phalaropes were scattered
over nearly the entire surface of the lake spin-
ning and pecking at prey (Fig. 6). Eared
Grebe, another bird that feeds in open water,
can also be abundant, with a peak of >40,000
observed in September 2012.

Temporal Changes in Chewaucan River Flows

Mean annual Chewaucan River flow mea-
sured at Paisley was variable over the study
period, with a number of low flows occurring in
the 1970s (especially WY 1977), late 1980s
(especially WYs 1987-1988), early 1990s (espe-
cially WYs 1990-1992 and WY 1994), WYs
2001 and 2004, and WYs 2013-2015. Peak
flows during the study period occurred in
the early 1980s (especially WYs 1982-1984), the
late 1990s (especially WYs 1995-1999), and
WYs 2006 and 2011 (Fig. 7). From WY 2001
to WY 2015, flows were mostly low and showed
little variability, except for an outlier in WY
2001, which was very low, and in WYs 2006 and
2011, which were high. The mean and median
annual flows during the WYs 1974-2015 were
4.4m3-s~land 3.6 m3 - s—1, respectively.

Temporal Changes in Lake Surface Area,
Evaporation, Precipitation, and Salinity

Lake Abert surface area changed substan-
tially over time, with multiple peaks and
troughs evident (Fig. 7). The smaller varia-
tions were seasonal, representing springtime
maxima and late-summer/early-fall minima,
and the longer ones were decadal-scale, cli-
mate-driven changes. From 1973 to 2015,
the lake attained its greatest surface area;
and in the mid-1980s, it was greater than 170
km2. In WY 2000, the lake began shrinking
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Fig. 5. Total phalarope numbers counted at Lake Abert in 2011 and 2015. Data from East Cascades Audubon Society

(S. Dougill, personal communication, 2015).
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Fig. 6. Phalaropes “spin-feeding” over the surface of Lake Abert on 13 August 2012. An estimated 100,000 phalaropes

were present on this day, mostly Wilson’s Phalarope.

and reached a minimum surface area of 10
km2 in September 2014.

Class-A pan evaporation amounts measured
near Summer Lake, Oregon, May—October from
1962 through 2014 were relatively high during
the mid-1960s and 1970s, low in the 1980s, vari-
able in the 1990s, and high but variable from
2000 to 2014. Since the early 1980s, there has
been a trend of increasing evaporation amounts.

Precipitation amounts measured at Alkali
Lake during WYs 1974-1979 varied from 20 cm
to 25 cm per year. In the 1980s, there were
several years (1980-1983) with relatively high
precipitation (26-32 ¢cm per year), followed by
declines to 15 cm per year in WY 1989. Totals
were variable in the 1990s, ranging from 12 cm
to 26 cm per year, with the lowest amount
occurring in WY 1991 (12 cm). Precipitation
during WY 2000 was the lowest during the

1973-2014 period (9.6 cm); thereafter, precipita-
tion increased, peaking in WY 2004 at 39 cm.
More recently, precipitation amounts were vari-
able, ranging from 17 ¢cm to 39 cm per year,
with a peak in WY 2008 of 38 cm.

Estimated salinities for WYs 1974-2014
are shown in Fig. 8. Because salinity is
inversely proportional to lake volume, salin-
ity was lowest when the lake volume was
greatest and highest when the volume was
smallest. Thus, salinity was lowest in the
1980s when the lake was high and increased
beginning in WY 2000, reaching 100 g - L1
in 2008, 150 ¢ - L1 in 2010, 200 g - L=1 in
2013, and 250 ¢ - L1 in 2014. We found that
winter and spring inflows from the river at
the south end of the lake reduced salinity
there, so seasonal salinity is not necessarily
uniform throughout the lake.
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Fig. 8. Temporal variation of Lake Abert salinity, calendar years 1973-2015.

DiscussION
Changes in Hydrology

Based on the above data and analyses, Lake
Abert began a precipitous decline in surface
area in WY 2000, decreasing from 165 km? in
July 1999 to 10 km2 by September 2014. With
the above data it is possible to assess the
causes of the decline. Because Lake Abert is
a terminal lake with no outlet, its water bal-
ance is dominated by evaporation and inflows
from the Chewaucan River. When the surface
area remains in a steady state, evaporation is
balanced by the sum of precipitation, plus
locally derived inflows and inflows from the
Chewaucan River. From WYs 2007 to 2014, the

average area of the lake decreased at the fastest
rate over the 1973-2015 period, decreasing
from 135 km2 to 49 km2; consequently, local
inflows plus precipitation and river inflows
were inadequate to maintain the lake area,
even though total evaporation losses had been
reduced both by the lake’s smaller surface area
and by the effect of higher salinity. Under
average conditions during that period, the
lake surface area would have reached about
100 km? and the mean annual rates for evapo-
ration, precipitation, and locally derived inflows
would have equaled 2.9 m3 - s—1, 0.8 m3 - s—1,
and 0.6 m3 - s—1, respectively. Subtracting the
value of annual precipitation and local inflows
from annual evaporation results in a deficit
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of 1.5 m3 - s~! that would need to be met by
river inflows to achieve an area steady state.
During WYs 2007-2014, mean annual river
flow measured at Paisley averaged 3.6 m3 - s—1;
thus on average an estimated 42% (1.5/3.6) of
the flow measured at Paisley reached the
lake. In contrast, Phillips and VanDenburgh
(1971) and Keister (1992) estimated that over
the 1926-1963 and 1926-1990 periods, 50%
and 70%, respectively, of the annual river flow
measured at Paisley reached the lake. Thus,
recent water diversions have increased rela-
tive to river flow. Based on the relatively low
river flows occurring between WYs 2007 and
2014, the use of flood irrigation at a time when
evaporation was increasing, and the over-
appropriated water rights in the Chewaucan
Basin, it is not surprising that a greater pro-
portion of the river flow was used to meet
agricultural withdrawals.

The results of this study agree with those
of Moore (2016) who concluded that (1) water
withdrawals substantially contributed to the
recent desiccation event, (2) without water
withdrawals the lake would have maintained a
higher volume and lower salinity, and (3) such
conditions would mostly have been within the
salinity optimal range for brine shrimp and
alkali flies, which is <150 g - L—1L.

Low flows in the Chewaucan River were a
contributing factor to the recent near desicca-
tion of Lake Abert, but compared to historical
flows they are not drastic. Table 3 presents a
comparison of the lowest annual flows (WYs
1925-2015) based on consecutive years. Dur-
ing the Dust Bowl in the 1920s and 1930s,
flows were exceptionally low, with annual
means ranging from 1 m3 - s~1to 2.5 m3 - s—1;
and with the exception of 1991 and 1992,
these WYs set records for lowest 1-10 consecu-
tive years. In contrast, WYs 2001-2015, with
a mean annual flow of 3.6 m3 - s~1 and an
exceedance of 52% (i.e., 52% of flows were
higher), were not represented in the lowest
1-30 consecutive years. Thus, although recent
flows were low, on average they are not
remarkable when viewed over the 93-year
period of record; and in fact, the mean flow of
3.6 m3 - s~ ! during WYs 2001-2015 is equal to
the median flow over the longer WY 1974—
2015 period. Nevertheless, it should be noted
that drought conditions in central Oregon
during the 1930s are considered the most sus-
tained in the last 500 years, based on a climate
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reconstruction from analyses of tree rings
(Pohl et al. 2002).

Besides agricultural diversions from the
river, other factors may have contributed to
reduced inflows into the lake. Since about
1990, groundwater usage has increased in the
basin, as evidenced by the proliferation of
center-pivot irrigation for alfalfa production,
which now occupies approximately 67 km2.
This shift from production of grass hay to
alfalfa, which is a water-intensive crop, has
likely adversely affected the aquifer, especially
since 2001 as a result of the recent drought
and higher evaporation rates. In fact, there has
been a steady decline in the water table, based
on data reported by OWRD for Lake County
wells #1633 and #1719. Additionally, upstream
habitat enhancement projects for waterfowl
that impounded water, such as the construc-
tion of the River’s End Reservoir in the 1990s,
likely reduced inflows to the lake.

Assessment of the Microbial Community

With more than 7300 unique OTUs and an
equitability of 0.73, the prokaryotic microbial
community of Lake Abert is diverse. The com-
position of the prokaryotic microbial community
is similar to microbial communities reported
for other moderate to hypersaline alkaline
lakes (Caumette 1993, Humayoun et al. 2003,
Mesbah et al. 2007, Dimitriu et al. 2008,
Pagaling et al. 2009, Asao et al. 2011, Lanzén
et al. 2013, Dadheech et al. 2013). Although
the presence of DNA sequences does not
make it possible to draw conclusions on the
level of productivity and activity of the mem-
bers of microbial communities, it is likely to
be an indication of their productivity poten-
tial. Therefore, based on the presence of
diverse Bacteria and Archaea known to be
involved in biogeochemical cycles (e.g.,
haloalkaliphilic or halophilic members of
oxygenic and anoxygenic phototrophs, sulfur
oxidizing and reducing bacteria, bacteria
involved in the nitrogen cycle, as well as
methanogens and methanotrophs), Lake Abert
appears to be highly productive. When salinity
levels rise above 250 g - L,=1, reaching levels
similar to hypersaline solar salterns, the diver-
sity of microorganisms generally decreases,
and extremely halophilic species, such as the
halophilic archaea, are favored (Javor 1989,
DasSarma and DasSarma 2012). Our finding
of a substantial number of halophilic archaeal
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sequences in Lake Abert during the historic
high-salinity event in 2014 suggests that the
microbial community was changing (or had
changed) from that characteristic of a moder-
ately saline environment to one of extremely
high salinity (Grant et al. 1999, Ochsenreiter
et al. 2002, Mesbah et al. 2007, DasSarma and
DasSarma 2012, Sorokin et al. 2014). Neverthe-
less, our metagenomics results may represent
considerable diversity from microbial produc-
tivity in earlier years. Additional temporal
studies over multiple seasons are needed to
fully appreciate the relationship between
microbial diversity and salinity in Lake Abert.

Salinity-Related Changes in the Macrobiota

Recent high salinities at Lake Abert have
had a dramatic adverse effect on the Lake
Abert macroorganisms. The occurrence of
hypersaline-adapted microbes in 2014 had not
been previously reported from the lake. The
filamentous green alga Ctenocladus circinna-
tus, which was abundant during late summer
in the lake up until 2013, was not seen in 2014
or 2015. Tt is the dominant macroalga in the
lake and is known to play an important eco-
logical role in the lake as food for the alkali fly
larvae (Herbst 1994, Herbst and Castenholtz
1994); and its decomposition products are
likely used by microbes. Benthic algae growth
in salt lakes is optimal between salinities of 25
g-L=1and 75 g - L=! and is severely reduced
at 150 g - L=! (Herbst 1994). Additionally,
Herbst and Bradley (1989) found that overall
benthic algal diversity in Lake Abert was
reduced in the laboratory at salinities greater
than 100 g - L1,

Lake Abert has been able to support brine
shrimp at least since 1882 (Russell 1884), and
there has been an artisanal brine shrimp fish-
ery in the lake since 1980; but that ended in
2013 when there were no brine shrimp.
Artemia franciscana is known to survive
salinities above 200 ¢ - L~1 in the laboratory
(Castro-Mejia et al. 2011); but at salinities
above 150 g - L~L, in situ productivity and
survival substantially decline because of the
increasing energy demands of osmoregula-
tion, reduced dissolved oxygen concentra-
tions, and lower food availability (Gajardo
and Beardmore 2012).

Artemia harvest CPUE at Lake Abert was
largely independent of salinity on an annual
basis. However, on a monthly basis, the picture
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is complicated, because in some years there
were no August catches when the salinity
would have been greatest. What the Artemia
CPUE data show is that the lake remained
productive, at least in terms of Artemia
standing stock, through July in most years
until salinities exceeded 150 g - L—1. This
finding suggests that Artemia adults have a
great tolerance for salinity changes. It is
unknown how the biomass of Artemia
remains relatively stable at times when high
salinities are likely adversely affecting pri-
mary production, but perhaps Artemia is able
to switch from phytoplankton to bacterial
plankton as salinity increases. Or perhaps
Artemia can use stored glycogen to meet
metabolic demands. However, when salini-
ties climbed above 150 g - L=, Artemia indi-
viduals were unable to meet their metabolic
demands and died.

Alkali flies, which as adults were visibly
conspicuous in previous years, were nearly
absent in 2014 and 2015 when salinities were
high. Herbst (1994) determined that alkali
fly production in Lake Abert was greatest
when salinities were 25 ¢ - L=1t0 100 g - L =1,
In addition to lower productivity of alkali flies
and benthic algae at high salinities, low lake
levels reduced or eliminated the availability
of rock substrates used by these species
(Herbst 1994). Once the lake elevation recedes
below an elevation of 1294.5 m, most rock
substrates are uncovered. This happened in
July 2010 and lasted for about 6 months. It
happened again more recently in June 2013,
and lake elevation has remained below 1294.5 m
through 2015.

Effects of diminished prey availability for
migratory waterbirds using Lake Abert has
likely had a substantial adverse effect on sev-
eral waterbird species, especially Eared
Grebes, various gulls, and Red-necked and
Wilson's Phalaropes (Table 2). These 3 groups
of birds feed extensively in open water and are
known to feed on brine shrimp (Boula 1986,
Jehl 1988, Roberts 2013). When alkali flies are
numerous, fly larvae and pupae are also present
at the lake surface and are likely eaten by these
birds. Because fly larvae and pupae are larger
than brine shrimp, they are likely preferred.

During the recent high-salinity events,
other waterbirds, such as American Avocets
and Black-Necked Stilts, were affected to a
lesser degree than the Eared Grebes, gulls,
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and Red-Necked and Wilson’s Phalaropes.
This was likely due to their ability use benthic
prey, especially fly larvae and pupae that were
present in the pool created by the springs near
the northeastern shore. The fact that modest
numbers of waterbirds still utilized Lake
Abert under the adverse salinity conditions in
2014 and 2015 attests to their adaptability.
During the recent high-salinity events at the
lake and resultant reductions in Artemia and
Ephydra populations, some birds might have
been able to switch to alternative prey. For
example, Snowy Plovers (Charadrius nivosus),
which are small shorebirds, feed primarily on
insects, especially alkali flies, when inland
(Purdue (1976). When alkali flies were scarce
at Lake Abert, Snowy Plovers may have fed on
Bledius sp. beetles, which are a known prey
item for these birds on the Great Salt Plains of
Kansas (Purdue 1976).

In 2014 and 2015, other lakes in the north-
west corner of the Great Basin used by migrat-
ing waterbirds were also dry, including all of
the lakes in south central Oregon (i.e., Goose,
Harney, Summer, and Warner Lakes). Conse-
quently, this region was unable to support
waterbird populations as it previously has
done. The fate of these birds is unknown, but
lack of food necessary for building premigra-
tory energy reserves is likely to be detrimental
at individual and population levels (Colwell
2010). Worldwide, degradation of stopover
sites like Lake Abert is an important factor
contributing to the decline of shorebirds
(Morrison et al. 2001, 2006, Thomas et al.
2006, Bart et al. 2007, Andres et al. 2012).

The future of Lake Abert as a productive
ecosystem that provides crucial seasonal habi-
tat for migratory waterbirds depends on cli-
mate and amount of water that is removed
upstream. Currently Oregon has no minimum
instream flow restrictions on diversions, so
instream flow can be greatly affected when
inflows are low and irrigation demands are
high. However, there are opportunities to
ensure that environmental water needs are
met in a way that does not have serious
adverse consequences for rural communities
dependent on water (Bastasch 2006). For
example, a small fee could be attached to
water use on a per-unit-volume basis, which
would reduce overuse, help fund water moni-
toring, and support water purchases to en-
hance instream flows.
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