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Abstract

In this study, the genotoxic effect of contaminants was assessed through detection of DNA damage using the micronucleus
(MNgs) test in erythrocytes from 149 flounder fish collected in two regions of the Gulf of Mexico (GoM). The frequency of
microcytes (MCs) was also evaluated in the same group of fish collected from the Perdido Foldbelt (PF) and the Yucatan
Platform (YP). The MCs frequency was different among locations of the YP (p=0.011), while MNs frequency varied among
locations of PF (p=0.024). MCs and MNs values correlated with heavy metals from fish muscle, fish species and localities.
Mean number, prevalence, and intensity of MCs and MNs correlated with Al, PAHs, depth, and locality. MNs frequency
showed a species-specific association (p =0.004). MNs and MCs were associated with heavy metals and PAHs from fish

muscle and sediments, and the MNs frequency was species dependent.

Keywords Micronuclei - Flounder - Perdido Foldbelt - Yucatan Platform - Gulf of Mexico

Crude oil is one of the most widespread pollutant released
into the marine environment causing a wide range of bio-
logical effects in native species (Bejarano 2018). In the
Gulf of Mexico (GoM) there is always a constant menace of
oil spill events because crude oil production activities are
very important in the region (Allan et al. 2012; Ward and
Tunnell 2017). In 2010, around 4.4 X 10° oil barrels were
released into the sea for 87 days in the Deepwater Horizon
oil spill blowout (Perez et al. 2017). Offshore fish was used
to detect the accumulation of polycyclic aromatic hydrocar-
bons (PAHs) after the DWH disaster (Murawski et al. 2020).

Flounder fish have been used as bioindicators of habi-
tat disturbance because they are in direct contact with
the marine sediments (Bolognesi et al. 2006; Conti and
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Tacobucci 2008; Holt and Miller 2010). And some compo-
nents of oil are highly persistent (Gregson et al. 2021). Sedi-
ments act as sinkholes for hydrocarbons, heavy metals, and
other contaminants. These substances become bioavailable
to flatfish and are accumulated in their tissues, altering their
physiology and reproduction (Kirby et al. 2000; van der Oost
et al. 2003; Holt and Miller 2010; Rahmanpour et al. 2016;
Yu et al. 2019).

The effect of oil pollutants can be assessed by in vivo
and in vitro assays where cellular and molecular biomarker
responses are implemented as indicators of environmental
disturbances (Gold-Bouchot et al. 2017; Praveen Kumar
et al. 2017). The presence of abnormal cells in blood smears
of fish are useful to detect chromosomic damage produced
by a wide range of toxic compounds, specifically by detect-
ing binucleated or polynucleated cells containing micronu-
cleus (MNs) (Ayanda et al. 2018). The MNs are extranu-
clear bodies that contain damaged chromosome fragments
and/or whole chromosomes that were not incorporated into
the nucleus after cell division. While microcytes (MCs)
are small mature erythrocytes characterized by having a
smaller diameter when compared to normal erythrocytes
and their presence has been associated to a deficiency of
hemoglobin formation linked to anemia and malnourishment

@ Springer


http://orcid.org/0000-0003-1008-8977
http://orcid.org/0000-0001-9794-833X
http://orcid.org/0000-0001-7980-6135
http://orcid.org/0000-0002-9023-6492
http://orcid.org/0000-0003-0469-1489
http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-021-03176-w&domain=pdf

Bulletin of Environmental Contamination and Toxicology

(Alkaladi et al. 2015). The MNs assay are biomarkers used
to detect chromosomic damage induced by a variety of gen-
otoxic agents (Sommer et al. 2020). Fish challenged with
Cd showed a time-dependent increase in the frequency of
MNs and nuclear abnormalities that had high correlation
with cytoplasmic cell alterations including MCs (Jindal and
Verma 2015).

The objectives of this study were to report the presence
of MNs and MC:s in seven species of fish flounder from two
areas of the GoM as well as to associate these values with
oil pollutants from sediments and fish muscle.

Methods and Materials

A permit for collection (PPF/DGOPA-070/16) was issued
by Comisiéon Nacional de Acuacultura y Pesca. Flounder
fish were collected from two areas of the GoM; 41 fish from
eight locations (4 to 6 fish per location) from the Perdido
Foldbelt (PF). Sampling was done aboard the oceanographic
cruise “Justo Sierra”’-UNAM using benthic sled trawlers
with 2.40 m of width, 0.90 m of height, 5 m of coded large
and mesh size of 0.0254 m. Trawling of approximately one
mile was performed at depths of 44 to 107 m between the
12th to 19th in May 2016. In the Yucatan Platform (YP),
108 fishes were collected using a boat from the commercial
shrimp fleet implemented with net shrimp trawls of 18.3 m
and 0.034 m of mesh size. Sampling was done on two occa-
sions: In 2015 (November 17th to 18th) five locations were
surveyed and in 2016 (April 13th to 16th), 13 locations were
surveyed. In both cases four to 10 organisms per location
were collected in trawlers of approximately one mile done
at depths of 40 to 200 m (Fig. 1) (Supplementary Table 1).

Fig. 1 Sampling locations at the
Perdido Foldbelt (PF) and the 26°N
Yucatan Platform (YP)
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After capture, =~ 20 uL of blood was collected from the
caudal vein of each fish using a hypodermic syringe and
dropped on glass-slides to perform two blood smears from
each fish. Smears were air dried and fixed in absolute metha-
nol (Hycel®) for 10 min (Al-Sabti and Metcalfe 1995). Sub-
sequently, fishes were euthanized using a sharp scalpel on
the fish head. After that, they were dissected, and their sex
was identified by visual inspection. Muscle tissue was col-
lected above the lateral line from both sides of the fish avoid-
ing the abdominal cavity. Muscle samples were stored at
— 20°C for pollutants analyses: PAHs (polycyclic aromatic
hydrocarbons) and heavy metals (V, Ni, Cd and Pb). Also,
approximately 200 g of sediments from nine locations (G34,
H39, 143, J48, L59, 073, P78, P79 and P80) from the YP
and from each location of the PF (B1, B2, C1, C2, D1, D2,
F1 and F2) were collected for contaminant (PAHs, Al, V,
Ni, Cd and Pb) analyses. For heavy metals quantifications,
sediments samples were placed in plastic bags previously
washed with a 1 M HNO; (Sigma-Aldrich pure grade) solu-
tion and deionized water, while for PAHs quantification,
they were placed in glass containers previously washed with
hexane and acetone (both Sigma-Aldrich chromatographic
grade). Both samples were kept at 4°C until further analysis.

For the MNs and MCs assay, glass slides were stained
with 10% Giemsa solution for 8 min, air dried, and then
analysed under bright-field microscopes Olympus BX51 at
100x (BarSiene et al. 2004). The MNs and MCs were scored
from 3000 mature erythrocytes analysed in each sample.
MNs were identified as small nuclei separated from the main
nucleus. MCs were identified from normal erythrocytes by
having sizes less than one-third of the normal erythrocyte.
Results were expressed as frequency (MNs/3000 mature
erythrocytes and MCs/3000 mature erythrocytes), mean
value (an average of n numbers computed by adding some
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function of the numbers and dividing by some function of
n), prevalence (%) (the number of organisms with MNs or
MCs, divided by the total number of organisms in the sam-
ple), and mean intensity (the mean number of MNs or MCs
found in infected hosts in a particular population (see Jindal
and Verma 2015).

PAHs concentration in muscle was measured in the
dry-freeze tissue following the procedures described by
MacLeod et al. (1985) and Wade et al. (1988), and in the
dry-freeze sediments following Wade et al. (1988). Previ-
ous to column chromatographic extraction, samples were
fortified using a surrogate solution of deuterated PAHs (1-3
dimethyl-2 nitrobenzene; acenaphthene 510, phenanthrene
510, pyrene 510, triphenyl phosphate, chrysene 5610 and
perylene 810 from UltraScientific). Detection limits for
PAHs ranged from 0.0152 (benzo[a]anthracene) to 0.4039
(benzo[a]pyrene) and all recovery percentages were above
60%. Compounds were identified and quantified using a
Clarus 500 Perkin Elmer gas chromatographer coupled to
a mass spectrometer detector by the full scan and the ion
selected methods (Wang et al. 1994).

For heavy metals analysis, samples were acid-digested
(MARS 6-CEM, EPA method 3052) with nitric acid trace
metal grade. Cd, Ni, V and Pb quantification was done using
an ICP-MS iCAP Q Thermo Scientific using the ions 'V,
ONi, 12Cd and 2%Pb. Multielement solutions in several
concentrations were prepared from a multistandard solution
according to manufacturer instructions. PACS3 and MESS4
(National Research Council Canada) certified reference
material was used to determine precision and accuracy of
the analysis. Recovery percentages (RP) were 89.5% for 3!V,
86% for Ni, 111% for ''>Cd, and 118% for 2°®Pb; the coef-
ficient of variation (CV) for V=20.4%, for Ni=21.1%, for
Cd=23.7% and for Pb=24.5% in PACS3. In CRM MESS4,
RP were 83% for °' V, 81% for ®Ni, 95% for ''*Cd, and
112% for 2*®*Pb with a CV of 15.2% for V, for Ni=22.1%,
8.9% for Cd and for Pb=22.5%. Detection limits (DL) were
0.0043 ug g~! for V, 0.0049 pg g~! for Ni, 0.0039 ug g~
for Cd, and 0.0053 ug g~! for Pb, calculated as three times
the standard deviation of the measured concentrations of
12 blanks.

The data mapping of all locations was geopositioned with
Ocean Data View software version 4.7.9. The variability
of MNs and MCs frequencies between localities and fish
species were compared with Fisher’s exact test using the
Statistica 8.0 software. The association of variables like
frequency, mean number, prevalence and intensity of MNs
and MCs with sex, fish species, depth and pollutants (PAHs,
heavy metals) from fish tissues and sediments were estab-
lished using the generalised additive models for location
of scale and shape (GAMLSS) (Rigby and Stasinopoulos
2005). Previously, the multicollinearity of variables was
evaluated through a variance inflation factor index (VIF)

and Spearman’s correlation, for which the usdm package of
R was used (Naimi et al. 2014). To decide which variables
were discarded, a threshold of VIF <4 was established and
considered in the GAMLSS analysis (Zuur et al. 2010). The
Akaike information criterion (AIC) value in the model set-
ting GAMLSS package in R was used to fit the models. The
best statistical model was selected by performing a forward
procedure using the stepGAIC (generalised Akaike infor-
mation criterion) function in the GAMLSS package, as this
assessed the contribution of each variable and their combi-
nations in the final model through an iterative process. This
function chooses the best model based on the lowest AIC
value. In addition, the goodness of fit of each model was
evaluated through the explained deviance (ED), expressed
as a percentage (Rigby and Stasinopoulos 2005). Finally,
similitude of mean MNs for the species was tested with
MVSP 3.1 software.

Results and Discussion

This study represents the first approach of using MNs and
MCs from flounder fish collected from the YP and PF of
the GoM. The values of MNs and MCs were associated
with data of pollutants obtained from fish muscle and sedi-
ments. Fish collected from location C1 of PF were the most
affected. Three to nine MNs/fish were observed, 100% of
prevalence and mean intensity of 5. Also 60% of sampled
fish harbored MCs. The location M63 from YP was the least
affected because MNs were not detected there (Table 1).
Likewise, we found significant differences in MCs frequen-
cies between locations in the YP (F;.,0s=32.952; p=0.011)
but not in locations from the PF (F;,,, =0.976; p=0.995).
No significant differences of MNs frequencies were found
among locations from the YP (F,;,93 =24.939; p=0.096),
but significant differences were found in locations from the
PF (F;,4,=16.17; p=0.024). MNs are useful biomarkers
associated to genotoxicity (Jindal and Verma 2015; Shah
et al. 2020), and the MCs are more related to health status of
fish, but in controlled studies the frequency of MCs showed
a high time-dependent correlation to the frequency of MNs
(Jindal and Verma 2015). Based in the results of this study,
we could speculate that MCs can be also useful biomark-
ers, but this topic needs further considerations in laboratory
and field studies. For instance, MNs are used in monitoring
studies and the variation on their frequencies is associated
with anthropogenic pressure and pollution like the presence
of heavy metals in each location (Rebok et al. 2017). Our
statistical analysis suggested that MNs and MCs frequencies
could be subjected to the environmental condition of locali-
ties sampled, in special, because the PF areas are used for
petroleum exploration and exploitation.
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Table 1 MNs and MCs values
from flounder fish collected in

the YP and PF

Cruise Location N  Mean+S.D Range Prevalence (%) Mean inten-
sity

MNs MCs MNs MCs MNs MCs MNs MCs
YP A3 5 24427 0.6 +0.55* 0-7 0-1 80 60 3 1
YP A4 5 0.4+0.55 0 0-1 0 40 0 1 0
YP A5 4 225+1.71 0 04 0 75 0 3 0
YP B8 5 1.8+1.79 0 04 0 60 0 3 0
YP F29 5 1.8+2.05 0.2+0.45% 04 0-1 60 20 3 1
YP G34 10 0.3=+0.67 2.8+5.27* 0-2 0-15 20 50 1.5 5.6
YP G35 10 0.3+048 2+3.27* 0-1 0-9 30 50 1 4
YP H39 5 0.8+1.79 0.4 +0.89* 04 0-2 20 20 4 2
YP H40 2 1+0 2+1.41% 1 1-3 100 100 1 2
YP 143 5 0.6+1.34 3+3* 0-3 0-8 20 80 3 3.75
YP J48 5 1+1.73 0.6 £0.55% 04 0-1 40 60 2.5 1
YP L59 5 0.4+0.55 0 0-1 0 40 0 1 0
YP M63 5 0 0.6 +£1.34% 0 0-3 0 20 0 3
YP 073 10 0.1+0.32 0.7 +1.34* 0-1 04 10 30 1 2.33
YP 075 7 0.14+0.38 071 £1.11*%  0-1 0-3 1429 4286 1 1.67
YP P78 10 0.7+0.82 0.2+0.63* 0-2 0-2 50 10 14 2
YP P79 5 0.4+0.89 1.8+1.92% 0-2 0-5 20 80 2 2.25
YP P80 5 0.6+1.34 0.8 +£0.84* 0-3 0-2 20 60 3 1.33
PF Bl 5 0.4+0.89%* 2.8+3.11 0-2 0-7 20 60 2 4.67
PF B2 5 0.8+0.84%** 1.2+1.79 0-2 04 60 40 133 3
PF Cl 5 5+2.35%%* 1.6+1.82 3-9 04 100 60 5 2.67
PF C2 5 1.4+ 1.14%* 0.6+0.89 0-3 0-2 80 40 1.75 1.5
PF D1 6 0.83+1.17** 0.83+0.98 0-3 0-2 50 50 1.67 1.67
PF D2 4 0.75+1.5%* 0.75+0.96 0-3 0-2 25 50 3 1.5
PF F1 6 0.33£0.52*%* 2.17+3.49 0-1 0-9 3333 50 1 4.33
PF F2 5 2241.3%* 0.8+1.3 14 0-3 100 40 2.2 2
*#%p <0.001

Table 2 Metals and PAHs concentration (ug kg_]) detected in flounder fish tissue (FT) and in the sediment (Sed) from locations of the YP and

the PF
Sample Pollutants YP PF

Mean+S.D Range Mean+S.D Range
FT \% 30.11+30.55 0-192.9 173.41 +£144.16 19.34-591.32
FT Ni 327.81+435.58 0-2354.63 799.97 +£1143.64 70.39-7399.06
FT Cd 8.44+18.04 0-96.82 497+13.83 0-89.2
FT Pb 21.62+70.99 0-496.32 2070+3044.53 0-15,253.52
FT PAHs 2248.14 +2153.39 2.11-14,324.99 124.5+124.23 2.87-486.97
Sed \% 530.59+419.62 0-1279.67 114,732.79 +37,732.37 72,631.88-164,299.22
Sed Ni 1124.04 +808.16 289.22-2699.98 23,657.21 £6750.1 15,442.04-31,847.44
Sed Cd 217.32+36.5 173.55-273.79 99.53+65.74 34.43-211.65
Sed Pb 530.93£332.98 14.86-950.43 20,383.63 +£4163.1 16,447.21-27,855.68
Sed Al 259,182.5 +£247,080 779,752.6-43,388.47 11,828,539.21+9,245,092.95 27,342,167.63-2,751,901.14
Sed PAHs 18.59+15.72 0.41-42.53 82.16 +£60.38 2.02-195.61
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Heavy metal values detected herein in fish muscle (except
for Cd) were higher in the PF than in the YP, however PAHs
values were higher in the YP than in PF (Table 2). Our
data values differ with previous reports in the GoM. Dur-
ing 2012-2014 the muscle tissues of flounder fish Syacium
gunteri presented lower values of heavy metals and PAHs
in YP than in PF (Quintanilla-Mena et al. 2019). Whereas
in 2016, higher PAHs concentrations were detected in tis-
sues of the fish Lopholatilus chamaeleonticeps from the YP
than the ones from the PF (Snyder et al. 2020). Probably the
higher values of PAHs and heavy metals found in PF were
related to remains of the Macondo oil spill occurred in 2010.
Fish have a high capacity to metabolize PAHs through a
well-developed enzymatic system (Baali et al. 2016), thus,
the PAHs values decrease in fish muscle. Nevertheless, the
higher values observed in this study in the YP, could be
related to bioaccumulation of contaminants from different
sources.

In sediments the heavy metals (except for Cd) and PAHs
concentration were higher in PF than in YP (Table 2). PAHs
concentration for the YP (18.59 +15.72 ug kg™') and the
PF (82.16+60.38 g kg™') are considered low according
to the classification suggested by Recabarren-Villalon et al.
(2019) (PAHs low values from 10 to 100 pg kg™"). The vari-
ations of contaminants levels in sediments between YP and
PF could be reflecting remains of contaminants from the oil
spill occurred in 2010 in the northern GoM (McNutt et al.
2012) although, local inputs such as extraction, production,
and transport of petroleum, among others (Murawski and
Hogarth 2013), and contaminant transport related with the
hydrology and the hydrodynamics, could also be contribut-
ing to the contaminant load (Botello et al. 2015).

The GAMLSS models of MCs and MNs frequency cor-
related with heavy metals from fish muscle, fish species
and the locality, with a 20.37% and 25.15% contribution

to the explained deviance, respectively (Table 3). Heavy
metals are bioaccumulated in the muscle of fish and it is
widely known that Cd, V, Pb and Ni induce the formation
of MNs and MCs and that the values are different between
species (Singh et al. 2019; Shah et al. 2020).

The variability of metals levels found in fish tissue can
be subjected to feeding habits, habitats (location) and
behaviour of species (Ergene et al. 2007). In this sense,
our results indicate that the MNs and MCs have a multifac-
torial induction and can be closely related to the biology
of the species. The MNs and MCs prevalence, intensity
and mean values correlated with Al, PAHs, depth, and
locality (31.08%, 59.13% and 33.19% explained deviance
to MNs, and 43.22%, 60.45% and 76.37% to MCs respec-
tively) (Table 3). The contaminants detected in sediments
from this study could persist for decades in the subsurface
layers and organisms could bioaccumulate and incorpo-
rate them into their food chains, increasing the risk for
humans through fish and seafood consumption (Bianchini
and Morrissey 2018). Likewise, the PAHs and heavy met-
als mutagenicity affect directly on DNA damage, and
also induce MCs formation through cytoplasmic altera-
tions (Shah et al. 2020). PAHs are considered the most
toxic components of crude oil and have genotoxic effects
including DNA damage and DNA mutation (Santana et al.
2018). The exposure of fish to PAHs of oil-contaminated
sediment can cause severe adverse effects like metabolic
changes, energy imbalance, alterations in organs structure,
altered intestinal microbiome structures and increased
mortality (Brown-Peterson et al. 2015). Our results sug-
gest that the variation of PAHs and heavy metals in the
location samples at different depths are important factors
in the variation of the prevalence, mean and intensity of
the MNs and MCs because they are associated with the
habitat and fish behaviour (Ergene et al. 2007).

Table3 GAMLSS model

Model Df GD ED (%) AIC FD
FMNs ~ cs(Ni) + cs(Pb) + cs(Species) + cs(Loc)* 17 337.89 25.15 371.90 PO
FMCs ~cs(Ni) + cs(Pb) +cs(V) +cs(Cd) + cs(Species 25 516.71 20.37 568.71 NO
)+ cs(Loc)*
PMNs ~cs(Al) +cs(PAHs) + cs(Depth) + cs(Loc)* 17 110.95 31.08 146.95 NO
IMN ~ cs(Al) + cs(PAHs) + cs(Depth)* 14 23.64 59.13 51.64 GU
MMN ~ cs(PAHs) + cs(Depth)* 10 52.26 33.19 72.26 NO
PMCs ~ cs(PAHs) + cs(Depth) + cs(Loc)* 13 175.41 43.22 201.41 PO
IMC ~cs(PAHs) + cs(Depth) +cs(Loc)* 13 23.51 60.45 51.50 NO
MMC ~ cs(Depth) +cs(Loc)* 10 11.83 76.37 31.83 GU

AIC Akaike information criterion, cs cubic spline smooth function, df degrees of freedom, GD global devi-
ance, FD family distribution, P p value, %ED percent of explained deviance, FMNs frequency of MNs,
PMNs prevalence of MNs, IMN intensity of MNs, MMN mean of MNs, FMCs frequency of MCs, PMCs
prevalence of MCs, IMC intensity of MCs, MMC mean of MCs, Species fish species, Loc localities,
PO Poisson distribution, NO Normal distribution, GU Gumbel distribution

p<0.001

@ Springer



Bulletin of Environmental Contamination and Toxicology

From the 149 flounders collected we detected 7 spe-
cies: Syacium papillosum (n=81), Cyclopsetta chittendeni
(n=18), Cyclopsetta fimbriata (n=11), Syacium micru-
rum (n=4), Ancyclopsetta dilecta (n=28), Syacium gunteri
(n=22), and Trichopsetta ventralis (n=35). In all species
MNs were detected (range =0-9 MNs per fish), as well as
MC:s (range =0-15 MC:s per fish), but the highest number of
MNs was found in C. chittendeni (Fg,149=18.99; p=0.004).
In this sense, fish response to xenobiotics as the PAHs dif-
fers among the species and stages (Recabarren-Villalon et al.
2019). In contrast, the MCs frequency variation was not sig-
nificant for the different species (Fg,149=5.23; p=0.515).
The MVPS analysis showed 45.68% of similitude of the
mean MNs among S. papillosum and C. chittendeni. These
results might indicate different susceptibility among spe-
cies. Therefore, the selection of sentinel species to assess
xenobiotics impact in aquatic environments is a key factor
that needs to be evaluated deeply to obtain more accurate
information. The presence of environmental contaminants
has different accumulation rates that depend on their type,
lifetime, and toxicity.

In conclusion, this study represents the first effort to
evaluate the presence of MNs and MC in flounders from
two important areas of the GoM. Their values were related
to PAHs and heavy metals exposition and showed a negative
association to health or fitness of fish. MNs and MCs fre-
quencies were more evident in the PF than in the YP. PAHs
found in fish muscle were higher than the values found in
sediments. MNs frequency showed a species-specific associ-
ation being C. chittendeni the most affected organism. Also,
we consider that MNs and MCs inductions are multifacto-
rial with a probable relevant influence of the fish biology.
Our results support the potential use of MNs and MCs as
biomarkers in environmental pollution studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00128-021-03176-w.
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Injection-Induced Earthquakes

William L. Ellsworth

Background: Human-induced earthquakes have become an important topic of political and scientific
discussion, owing to the concern that these events may be responsible for widespread damage and
an overall increase in seismicity. It has long been known that impoundment of reservoirs, surface and
underground mining, withdrawal of fluids and gas from the subsurface, and injection of fluids into
underground formations are capable of inducing earthquakes. In particular, earthquakes caused by
injection have become a focal point, as new drilling and well-completion technologies enable the
extraction of oil and gas from previously unproductive formations.

Advances: Microearthquakes (that is, those with magnitudes below 2) are routinely produced as
part of the hydraulic fracturing (or “fracking”) process used to stimulate the production of oil, but
the process as currently practiced appears to pose a low risk of inducing destructive earthquakes.
More than 100,000 wells have been subjected to fracking in recent years, and the largest induced
earthquake was magnitude 3.6, which is too small to pose a serious risk. Yet, wastewater disposal by
injection into deep wells poses a higher risk, because this practice can induce larger earthquakes.
For example, several of the largest earthquakes in the U.S. midcontinent in 2011 and 2012 may
have been triggered by nearby disposal wells. The largest of these was a magnitude 5.6 event in
central Oklahoma that destroyed 14 homes and injured two people. The mechanism responsible for
inducing these events appears to be the well-understood process of weakening a preexisting fault
by elevating the fluid pressure. However, only a small fraction of the more than 30,000 wastewater
disposal wells appears to be problematic—typically those that dispose of very large volumes of
water and/or communicate pressure perturbations directly into basement faults.

Outlook: Injection-induced earthquakes, such as those that struck in 2011, clearly contribute to
the seismic hazard. Quantifying their contribution presents difficult challenges that will require new
research into the physics of induced earthquakes and the potential for inducing large-magnitude
events. The petroleum industry needs clear requirements for operation, regulators must have a
solid scientific basis for those requirements, and the public needs assurance that the regulations
are sufficient and are being followed. The current regulatory frameworks for wastewater disposal
wells were designed to protect potable water sources from contamination and do not address seis-
mic safety. One consequence is
that both the quantity and
timeliness of information on
injection volumes and pres-
sures reported to regulatory
agencies are far from ideal for
managing earthquake risk from
injection activities. In addition,
seismic monitoring capabilities
14 in many of the areas in which
- wastewater injection activities
have increased are not capable
of detecting small earthquake
activity that may presage larger
seismic events.
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Injection-Induced Earthquakes

William L. Ellsworth

Earthquakes in unusual locations have become an important topic of discussion in both North
America and Europe, owing to the concern that industrial activity could cause damaging
earthquakes. It has long been understood that earthquakes can be induced by impoundment of
reservoirs, surface and underground mining, withdrawal of fluids and gas from the subsurface,
and injection of fluids into underground formations. Injection-induced earthquakes have, in
particular, become a focus of discussion as the application of hydraulic fracturing to tight shale
formations is enabling the production of oil and gas from previously unproductive formations.
Earthquakes can be induced as part of the process to stimulate the production from tight shale
formations, or by disposal of wastewater associated with stimulation and production. Here, |
review recent seismic activity that may be associated with industrial activity, with a focus on
the disposal of wastewater by injection in deep wells; assess the scientific understanding of induced
earthquakes; and discuss the key scientific challenges to be met for assessing this hazard.

trates along the plate boundaries of the West
Coast and within the intermountain West (Fig. 1).
Within such actively deforming zones, elastic

cally active regions such as along plate

Earthquakes are expected within tectoni-
boundaries or within distributed zones of

deformation. Recent seismic activity across the
coterminous United States, for example, concen-
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strain energy accumulates in the crust, sometimes
for centuries, before being released in earth-
quakes. The potential for earthquakes also exists
within continental interiors, despite very low de-
formation rates (/). This is because shear stress
levels within the interior of plates or near plate

Latitude
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Fig. 1. Seismicity of the coterminous United States and surrounding re-
gions, 2009—-2012. Black dots denote seismic events. Only earthquakes with M > 3
are shown; larger symbols denote events with M > 4. Background colors give the
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boundaries are commonly found to be near the
strength limit of the crust (2). Under these con-
ditions, small perturbations that effect fault sta-
bility can and do trigger earthquakes (3—6). For
example, the injection of water under high pres-
sure into impermeable basement rocks beneath
Basel, Switzerland, to develop an enhanced geother-
mal system beneath the city induced four moment
magnitude (M,,) 3 earthquakes in 2006 and 2007
(7) (carthquake magnitudes measured using other
scales are denoted by A). These small earthquakes
led to the abandonment of the project, loss of the
investment, and ongoing litigation over compen-
sation for damage. The extraction of natural gas
from shallow deposits in the Netherlands also
causes earthquakes (8). A recent M 3.4 event near
Loppersum damaged scores of homes in the area,
resulting in large losses for the property owners (9).

Within the central and eastern United States,
the earthquake count has increased dramatically
over the past few years (Fig. 2). More than 300
earthquakes with M > 3 occurred in the 3 years
from 2010 through 2012, compared with an av-
erage rate of 21 events/year observed from 1967
to 2000. States experiencing elevated levels of
seismic activity included Arkansas, Colorado, New
Mexico, Ohio, Oklahoma, Texas, and Virginia. The
greatest rise in activity occurred in 2011 when 188
M > 3 earthquakes occurred. Although earthquake

-80 -70

probability of peak ground acceleration with a 2% probability of exceedance in
50 years, from the U.S. National Seismic Hazard Map (2). Red, > 1g; orange, 0.3
to 1g; yellow, 0.1 to 0.3g; light green, 0.03 to 0.1g; darker green, 0.03 to 0.1g.
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detection improved for M < 3 as the USArray
transportable seismograph array began to pass
through the region starting in 2008 (/0), a recent
report on seismicity in the central and eastern
United States found that the probability of missing
M > 3 earthquakes in the region has been near
zero for decades (/7). Consequently, the increased
earthquake count represents a temporal change in
carthquake rate. Because the hazard of damaging
ground shaking is fundamentally related to the rate
of earthquake occurrence (), regions where the rate
increased may be more hazardous than forecast by
the 2008 version of the U.S. National Seismic
Hazard Map (Fig. 1) (/). Understanding why seis-
micity increased and how this increase affects the
hazard have become a priority for the earthquake-
research community.

A number of these recent earthquakes occurred
in areas where specific types of nearby industrial
activities raise the possibility that these events were
induced by human activity. Here, I will use the term
“induced” to include both earthquakes triggered
by anthropogenic causes that primarily release
tectonic stress and those that primarily release
stresses created by the industrial activity (4). Un-
derstanding which earthquakes may have been
induced and, if so, how are challenging problems
to solve in the current data-poor environment.

Several examples since 2011 highlight the
difficulty in determining whether earthquakes
were induced by human activity. The M,, 4.0
earthquake on 31 December 2011 in Youngstown,
Ohio, appears to have been induced by injection
of wastewater in a deep Underground Injection
Control (UIC) class II well (12). The M,, 4.7
27 February 2011 central Arkansas earthquake
has also been linked to deep injection of waste-
water (13). The M, 44 11 September 2011 earth-
quake near Snyder, Texas, occurred in an oil field
where injection for secondary recovery has been
inducing earthquakes for years (/4). The M,, 4.8
10 October 2011 earthquake near Fashing, Texas,
occurred in a region where long-term production
of gas has been linked to earthquake activity (15).
For others, such as the M,, 5.7 6 November 2011
central Oklahoma earthquake (16) or the M,, 4.9
17 May 2012 east Texas earthquake (/7), where
active wastewater-injection wells are located near
their respective epicenters, the question of natural
versus induced remains an active topic of research.

The potential association between deep waste-
water disposal wells and earthquakes has received
considerable attention due to the association of
this activity with the development of tight shale
formations for gas and petroleum by hydraulic
fracturing, or “fracking” (5). Wells used in the U.S.
petroleum industry to inject fluids are regulated
as UIC class II wells. Approximately 110,000 of
these wells are used for enhanced oil recovery.
In addition, 30,000 class II wells in the United
States are used for wastewater disposal. Of these
wells, most have no detected seismicity within
tens of kilometers, although a few are correlated
with seismicity (/8). However, this can be said
with confidence only for earthquakes M,, > 3, as
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smaller earthquakes are not routinely reported
in the central and eastern United States. So it is
possible that smaller earthquakes could be more
common in the vicinity of these wells. In Califor-
nia, where the completeness threshold is below
M, 2, the majority of the 2300 active wastewater-
injection wells are located in regions of low seis-
micity. As with elsewhere in the United States, a
small fraction of the California wastewater wells
coincide with earthquakes, which raises the ques-
tion of what factors distinguish those seismically
active wells from the majority of wells if the
earthquakes and injection activities are related.

Mechanics of Induced Earthquakes

Earthquakes release stored elastic strain energy
when a fault slips. A fault will remain locked as
long as the applied shear stress is less than the
strength of the contact. The failure condition to
initiate rupture is usually expressed in terms of
the effective stress Ty = (o, — P) + 1o, Where the
critical shear stress 1.; equals the product of the
coefficient of friction p and the effective normal
stress given by the difference between the ap-
plied normal stress o, and the pore pressure P
(3, 19, 20). For almost all rock types, u lies be-

tween 0.6 and 1.0, and the cohesive strength of
the sliding surface, t,, is negligible under typical
crustal conditions. Increasing the shear stress, re-
ducing the normal stress, and/or elevating the pore
pressure can bring the fault to failure, triggering
the nucleation of the earthquake (Fig. 3). Once ini-
tiated, sliding resistance drops and seismic waves
radiate away, driven by the imbalance between the
elastic stress stored in the surrounding rock mass
and the frictional resistance of the dynamically
weakened sliding surface. Rupture will continue to
propagate, as long as the wave-mediated stress at
the rupture front exceeds the static strength, and
may extend into regions where the ambient stresses
are below the failure threshold.

Rocks fail in tension when the pore pressure
exceeds the sum of the least principal stress, o3,
and the tensile strength of the rock, forming an
opening-mode fracture that propagates in the
plane normal to 3. The industrial process of hy-
draulic fracturing commonly involves both tensile
and shear failure. Depending on the local stress
state, hydraulically conductive fractures may be
induced to fail in shear before P = o5. A successful
“frac job” may create a fracture network dominated
by pathways created by shear failure (21).
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Fig. 2. Cumulative count of earthquakes with M > 3 in the central and eastern United States,
1967-2012. The dashed line corresponds to the long-term rate of 21.2 earthquakes/year. (Inset)
Distribution of epicenters in the region considered here.
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Earthquakes are known to be induced by a
wide range of human activities (3—3) that modify
the stress and/or pore pressure (Fig. 3). At present,
with the use of seismological methods, it is not
possible to discriminate between man-made and
natural tectonic earthquakes. Induced earthquakes
sometimes occur at the source of the stress or pres-
sure perturbation; at other times, these events take
place deep below and kilometers away from the
source. When removed from the source, induced
earthquakes typically release stored tectonic stress
on preexisting faults, as do natural earthquakes.
Sometimes induced events occur shortly after the
industrial activity begins, but in other cases they
happen long after it has been under way or even
ceased. Factors that should enhance the probability
of a particular stress or pore-pressure perturbation
inducing earthquakes include the magnitude of
the perturbation, its spatial extent, ambient stress
condition close to the failure condition, and the
presence of faults well oriented for failure in the
tectonic stress field. Hydraulic connection between
the injection zone and faults in the basement may
also favor inducing earthquakes, as the tectonic
shear stress increases with depth in the brittle crust
(2). In addition, the larger the fault, the larger the
magnitude of earthquakes it can host.

Methods for anticipating the time of failure
have long been the “holy grail” of seismology
(22). Though short-term prediction remains an
elusive goal, it has been proposed that critically
loaded faults have enhanced triggering suscep-
tibility to dynamic stresses from distant earth-
quakes (23). Specifically, some but not all of the
sites where fluid-injection—induced earthquakes
are suspected of contributing to the recent in-
crease in seismicity in the midcontinent (Fig. 2)
experienced increased rates of microearthquakes

Direct fluid pressure
effects of injection
(fluid pressure
diffusion)

Increase in pore
pressure along
fault (requires
high-permeability
pathway)

Permeable
reservoir/
aquifer

in the days immediately after three recent great
earthquakes (23).

Earthquakes Induced by Hydraulic Fracturing

The industrial process of hydraulic fracturing
involves the controlled injection of fluid under
pressure to create tensile fractures, thereby in-
creasing the permeability of rock formations. It
has been used for well over half a century to
stimulate the recovery of hydrocarbons. For
many decades, the primary application was to
improve the output of aging oil and gas reser-
voirs. Beginning in the late 1990s, technologies
for extracting natural gas and oil from tight
shale formations led to the development of new
natural gas fields in many parts of the central
and eastern United States, western Canada, and
Europe. Global development of oil and gas from
shale will undoubtedly continue, as the resource
potential is high in many parts of the world.
Extracting hydrocarbons from shale requires
the creation of a network of open fractures con-
nected to the borehole. Horizontal drill holes ex-
tending up to several kilometers within the shale
formation undergo a staged series of hydraulic
fractures, commonly pressurizing a limited section
of the cased well at a time to stimulate the flow
of gas or oil into the well. Each stage involves the
high-pressure injection of water into the formation.
Fracking intentionally induces numerous micro-
earthquakes, the vast majority with M,, < 1.
Several cases have recently been reported in
which earthquakes large enough to be felt but too
small to cause structural damage were associated
directly with fracking. These cases are notable be-
cause of the public concem that they raised, de-
spite maximum magnitudes far too small to cause
structural damage. Investigation of a sequence of

Changes in solid stress
due to fluid extraction or injection
(poro-thermoelastic effects,
changes in gravitational loading)

vhby

reservoir/aquifer

Change in loading
conditions on fault
(no direct hydrologic
connection required)

Fig. 3. Schematic diagram of mechanisms for inducing earthquakes. Earthquakes may be in-
duced by increasing the pore pressure acting on a fault (left) or by changing the shear and normal

stress acting on the fault (right). See (4).
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felt events with maximum A 2.9 in south central
Oklahoma revealed a clear temporal correlation
between fracking operations in a nearby well and
the seismic activity (24). Available data were insuf-
ficient to definitely rule out a natural cause due to
the occurrence of some natural seismicity in the
general area. In April and May 2012, a series of
induced earthquakes with maximum M 2.3 oc-
curred near Blackpool, United Kingdom (25),
during fracking to develop a shale gas reservoir.
One of the major shale plays in the United
States—the Marcellus Shale of the Appalachian
Basin in Pennsylvania, West Virginia, Ohio, and
New York—Ilies within a region characterized
by low levels of natural seismic activity (Fig. 1).
The regional seismographic network operated by
Lamont Doherty Earth Observatory (LDEO) sys-
tematically catalogs all earthquakes with M > 2
in Pennsylvania (Fig. 4). Although thousands of
hydraulic fractures were done in Pennsylvania
since major development of the field began in
2005, only six earthquakes with M > 2 were de-
tected by the LDEO network within the footprint
of the Marcellus Shale, the largest of which was
just M 2.3. The largest earthquake in the region
since the development of shale gas happened
across the Ohio border in Youngstown, where it
was induced by injection (/2), much of the fluid
apparently coming from wells in Pennsylvania.
Beginning in 2009, an unusual sequence of
earthquakes was noted in the Hom River Basin of
British Columbia, including 21 events with M, 3.0
and larger. Only the largest, at M,, 3.6, was reported
as felt by workers in this remote area where it did no
damage (26). The investigation into the cause of these
events by the BC Oil and Gas Commission (26)
concluded that the events “were caused by fluid in-
jection during hydraulic fracturing in proximity of
pre-existing faults.” Two of the hydrofrac treatments
were recorded by dense seismometer deployments
at the surface. Precise hypocentral locations showed
that the induced earthquakes occurred on previously
unknown faults located outside of the stimulation
interval that were well oriented for failure in the am-
bient stress field. Apparently, fracture pressure was
quickly communicated through hydraulically conduc-
tive pathways and induced slip on critically stressed
faults via reduction of the effective normal stress.

Earthquakes Induced by Deep Injection

There has been a growing realization that the prin-
cipal seismic hazard from injection-induced earth-
quakes comes fiom those associated with disposal of
wastewater into deep strata or basement formations
(9). Before 2011, the M,, 4.8 event on 9 August
1967 near Denver, Colorado, was the largest event
widely accepted in the scientific community as
having been induced by wastewater injection (5).
The hazard landscape of what is possible has shifted
due to the role that wastewater injection into a
depleted oil field may have played in the M, 5.7
6 November 2011 central Oklahoma earthquake
(16), although a consensus on its origin has not yet
been reached (27). This earthquake damaged homes
and unreinforced masonry buildings in the epicentral

1225942-3

Downloaded from www.sciencemag.org on August 7, 2013


http://www.sciencemag.org/

I REVIEW

area and was felt as far as 1000 km away in
Chicago, Illinois.

The November 2011 central Oklahoma earth-
quake sequence initiated very close to a pair of
wastewater-injection wells where disposal operation
began 18 years earlier (/6). No unusual seismicity
was detected in this historically quiet region, where
only a few events of M < 2 were noted, until a
M, 4.1 earthquake occurred near the wells in early
2010. Aftershocks of this event continued spo-
radically through 2010 and into mid-2011. This
decaying sequence was shattered by a M, 5.0
earthquake on 5 November 2011, followed 20 hours
later by the M,, 5.7 mainshock. With the initiating
point of the November sequence within 1.5 km of
the injection wells and some earthquake hypocen-
ters at the same depth as injection, the potential for
a causal connection between injection and the earth-
quakes is clear. The long delay between the start of
injection and the earthquakes, however, deviates
from the pattern seen in other documented cases
of injection-induced seismicity, such as the 2011
Youngstown, Ohio, earthquake where there was, at
most, a few months of delay before induced seis-
micity began. In the Oklahoma case, years of injec-
tion may have been needed to raise the pore pressure
above the preproduction level in this depleted
oil field before fault strength was exceeded (/6).

Much of the concern about earthquakes and
fracking centers on the injection of wastewater,
composed of flowback fluids and coproduced
formation brine in deep wells, and not on frack-
ing itself. Wastewater disposal appears to have
induced both the 2011 central Arkansas earthquake
(13) and the 2011 Youngstown, Ohio, earthquake
(12), as mentioned above. Unprecedented levels
of seismicity have also been seen in the Barnett
Shale in north central Texas, where commercial
development of shale gas was pioneered. Since
development began in late 1998, nine
earthquakes of M > 3 occurred, compared
with none in the preceding 25 years. A
notable sequence occurred in the Dallas—
Fort Worth area from October 2008 through
May 2009. A detailed investigation of this
sequence concluded that the earthquakes
were most probably caused by disposal of
shale gas wastewater in a UIC class II
disposal well at the Dallas/Fort Worth
International Airport (28), although as
with the Oklahoma earthquake, not all
investigators agree that the case is proven
(29). Because routine earthquake report-
ing in the region is incomplete for events
of M < 3, the passage of the USArray
Transportable Array through the region
over an 18 month period in 2009-2011
made it possible to improve magnitude
completeness to M 1.5 and location accu-
racy by several fold. Epicenters for the
most reliable locations were clustered in
eight groups, all within 3 km of high-rate
(>25,000 m*month) wastewater-injection
wells (18). These results suggest that
the injection rate, as well as the total
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volume of injection, may be a predictor of seis-
mic potential.

Lessons from Three Case Studies of Deep,
High-Volume Injection

Conclusions about the cause of many of the recent
earthquakes suspected of being induced by injec-
tion are complicated by incomplete information on
the hydrogeology, the initial state of stress and pore
pressure, the pumping history of the well(s), and
where pressure changes are being communicated at
depth. Routine earthquake locations with uncertain-
ties of 5 to 10 km and a high magnitude-detection
threshold are of limited use. Three particularly well-
documented cases of injection-induced seismicity
from Colorado illustrate what can be learned when
more is known about the pre-injection stress state
and seismicity, as well as the injection history.

Rocky Mountain Arsenal

In 1961, a deep injection well was drilled at the
Rocky Mountain Arsenal (RMA) northeast of
Denver, Colorado, to dispose of hazardous chem-
icals produced at this defense plant (30). Within
several months of the start of routine injection in
the 3.6-km-deep well in March 1962, residents of
the northeastern Denver area began to report earth-
quakes, and events registered on two nearby seis-
mic stations. Between the start of injection and
its termination in February 1966, a total of 13 earth-
quakes with body wave magnitudes (m,) 4 and
larger occurred. The following year, the three largest
of the Denver earthquakes occurred, including the
M, 4.8 event on 9 August 1967 that caused minor
structural damage near the epicenter. By this time,
the earthquakes had migrated as far as 10 km from
the injection point (3/). Hydrologic modeling showed
that the migrating seismicity would track a critical
pressure front of 3.2 MPa (32). Although declining,

earthquake activity continued for the next two
decades, including a m, 4.3 earthquake on 2 April
1981. The RMA earthquakes demonstrate how the
diffusion of pore pressure within an ancient fault
system can initiate earthquakes many kilometers
from the injection point, delayed by months or
even years after injection ceased.

Rangely
The insights gained from RMA led to the sug-
gestion that earthquakes could be controlled by
modulating the fluid pressure in the fault, ac-
cording to the effective-stress relation (/9). In 1969,
the U.S. Geological Survey (USGS) began an ex-
periment to test the effective-stress hypothesis in
the Rangely oil field in northwestern Colorado
(20). Water injected into the reservoir under high
pressure had been used to enhance oil production
at Rangely since 1957. The operator, Chevron Oil
Company, gave USGS permission to regulate the
fluid pressure in a portion of the field that was
known to be seismically active. Laboratory mea-
surements of the coefficient of friction on core
samples of the reservoir rocks and in situ deter-
mination of the state of stress led to the prediction
that a critical fluid pressure of 25.7 MPa would be
required to induce earthquakes. Two cycles of fluid
injection and withdrawal were conducted between
1969 and 1973. When the pressure in a monitoring
well exceeded the target pressure, earthquake ac-
tivity increased; when pressure was below the
threshold, earthquake activity decreased. In partic-
ular, the earthquake activity ceased within 1 day of
the start of backflow in May 1973, providing strong
evidence that the rate of seismicity could be con-
trolled by adjusting the pore pressure at the depth
where earthquakes initiate, if stress conditions and
the strength of the faulted rock mass were known.
The rapid response of seismicity at the onset of
backflow also emphasized the importance
of understanding the geohydrology and, in
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Fig. 4. Seismicity of Pennsylvania and surrounding regions,
1970-2012. Shading indicates areas underlain by deposits of the
Marcellus Shale. Blue dots, earthquakes before 2005; red dots, after
2005. Seismicity was determined by the Lamont Doherty Earth Ob-
servatory (45).

that high-pressure injection of brine into
a deep disposal well (UIC class V) pro-
vided the best method for reducing the
salinity of the Dolores River. Injection oc-
curs in a tight, but highly fractured dolo-
mitic limestone with a fracture-dominated
porosity of less than 6% located 4.3 km
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below land surface. To date, more than 7 x 10° m®
of brine have been injected. One operational ob-
jective, based on both the RMA and Rangely
experiences, was the need to minimize the mag-
nitude of earthquakes induced by injection.

A local seismic network was established in
1985 to determine background levels of seis-
micity before the drilling of the well and initial
injection tests. Between 1985 and June 1996,
only three tectonic earthquakes were detected
within 15 km of the well and just 12 within 35 km
(33). However, hundreds of earthquakes were in-
duced during injection tests conducted between
1991 and 1995. Most of these earthquakes were
concentrated within 1 km of the injection point,
although a few were located 3 to 4 km from this
site. All events were below M 3. The occurrence

109°W
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g L N PR
o m*" y 4
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Fig. 5. Seismicity near Paradox Valley, Colorado. The U.S. Bureau of Reclamation
extracts saline groundwater from shallow wells where the Dolores River crosses
Paradox Valley to prevent its entry into the Colorado River system. Since 1996, the
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of induced earthquakes is not notable here, as
injection required a bottom hole pressure in ex-
cess of the hydraulic fracture pressure of 70 MPa.

High injection pressure was needed to keep
pace with the disposal requirements; consequent-
ly, induced earthquakes were expected when dis-
posal operations went into production in 1996.
Continuous monitoring of injection pressures and
volumes, along with seismicity, is being conducted
to insure the safe operation of the project. During
the first few years of operations, several of the in-
duced earthquakes exceeded M 3, necessitating
changes in injection procedures in an attempt to
limit the maximum magnitude. The dimension of
the activated zone also grew, with earthquakes as
far as 8 km from the injection point appearing
within a year and events to beyond 12 km several

|
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years later (Fig. 5). Because seismicity rapidly
abated after each injection test, it was hypothe-
sized that occasional shutdowns of 20 days would
allow the fluid pressure to equilibrate, reducing the
potential for larger events (33). By itself, this
procedure proved inadequate, as a M 4.3 event
was induced in May 2000.

After this earthquake, a new procedure was
introduced in 2000 that involved periodic 20-day
shutdowns and a 33% reduction in the injec-
tion volume, which initially reduced the required
bottom hole pressure to 78 MPa. Over the fol-
lowing decade, the pressure required to inject that
volume steadily increased to more than 84 MPa
in 2012, drawing the revised strategy into ques-
tion, as a steadily increasing injection pressure is
not sustainable in the long term. On 24 January

108°45'W

38°15'N

6 Kilometers 108°45'W

brine has been disposed of by injection into a 4.3-km-deep UIC class V well.
Injection has induced more than 1500 earthquakes with M > 1, including the M,,
3.9 earthquake on 25 January 2013, which was located 8 km northwest of the well.
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2013, a M,, 3.9 earthquake occurred 8 km north-
west of the well in a previously active cluster,
causing strong shaking in the town of Paradox,
Colorado (Fig. 5). As a consequence, injection
was halted for 12 weeks before restarting at a
reduced rate. The Paradox Valley experience il-
lustrates how long-term, high-volume injection
can lead to the continued expansion of the seis-
mically activated region and the triggering of
large-magnitude events many kilometers from
the injection well more than 15 years after ob-
servation of the initial seismic response. This case
study also illustrates the challenges for manag-
ing the risk once seismicity has been induced.

Other Causes of Induced Earthquakes

According to the effective-stress model described
above, earthquakes can be induced by either re-
ducing the effective normal stress or raising the
shear stress (3—3). It has been known for decades
that large reservoirs can induce earthquakes either
from the effect of the elastic load of the reservoir
or by diffusion of elevated pore pressure (34).
Well-known examples include the deadly 1967
M 6.3 earthquake in Koyna, India (35). Yet,
establishing a causal connection can be difficult
when natural seismicity occurs nearby. For ex-
ample, the debate about the role of the Zipingpu
reservoir in triggering the M,, 7.9 2005 Wenchuan,
China, earthquake may never be resolved (36, 37).
What is clear, however, is that deep reservoirs
in tectonically active zones carry a real risk of
inducing damaging earthquakes.

Earthquakes throughout the world are also
recognized to be associated with mining, petro-
leum and gas production, and geothermal energy
extraction. Withdrawal of large volumes of fluid or
gas from a reservoir or creation of a void space in
a mine may modify the state of stress sufficiently
to induce earthquakes that relax the stress pertur-
bations (4). Production may also release tectonic
stress. The long-term pumping of groundwater may
have induced the deadly M,, 5.1 earthquake in
Lorca, Spain, on 11 May 2011 (38). Pore-pressure
changes alone can also induce seismicity, such as
by waterflooding for secondary recovery of oil or
to maintain the fluid level in a geothermal reser-
voir, or when a mine is abandoned and allowed to
flood (3, 4). The physical connection between op-
erational parameters such as injected volume and
the seismic response can be complex. In the Salton
Sea Geothermal Field, for example, the seismicity
rate positively correlates with the net volume of
produced fluid (extraction minus injection) rather
than net injection, as would be expected if seis-
micity rate simply tracked pore pressure (39). This
underscores the importance of geomechanical mod-
eling for transferring understandings developed
in one setting to others.

Hazard and Risk of Induced Earthquakes

The hazard from earthquakes depends on proximity
to potential earthquake sources, their magnitudes,
and rates of occurrence and is usually expressed
in probabilistic terms (/, 40). The U.S. National
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Seismic Hazard Map, for example, gives the ex-
ceedance probabilities for a variety of ground-
motion measures from which the seismic design
provisions in the building codes are derived (Fig. 1)
(Z). Our understanding of the hazard will evolve
as new information becomes available about the
underlying earthquake sources, which are ideally
derived from a combination of fault-based infor-
mation and historical seismicity. Accounting for the
hazard of induced earthquakes, however, presents
some formidable challenges.

In the current U.S. map (Fig. 1), for example,
the estimated hazard in most parts of the central
and eastern regions of the country derives exclu-
sively from historical seismicity. How should in-
creases in the earthquake rate since 2009 (Fig. 2)
be incorporated in the model? Should identified
or suspected induced earthquakes be treated the
same as or differently than natural events? In
particular, do induced earthquakes follow the
same magnitude-frequency distribution models
as natural earthquakes? This issue has particular
importance, as the high end of the magnitude dis-
tribution, where events are infrequent, contributes
disproportionately to both the hazard and risk.
Although injection-induced earthquakes have done
only minor damage in the United States to date
(9), the 2011 central Oklahoma earthquake was
the same magnitude as the 1986 San Salvador,
El Salvador, tectonic earthquake that killed more
than 1500 people, injured more than 10,000, and
left 100,000 homeless (47). Losses on this scale
are unlikely in North America and northem Europe,
where a catastrophic building collapse in a M,, 5.7
earthquake is unlikely, but the same cannot be said
for large portions of the world where nonductile
concrete frame or unreinforced masonry buildings
are prevalent. The earthquake that killed nine and
caused serious damaged Lorca, Spain, was even
smaller at M, 5.1 (40). The heavy losses in this
possibly induced earthquake resulted from the ex-
posure of many fragile buildings to strong shaking
from this very shallow-focus earthquake (42). This
event should serve as a reminder that risk is the
product of the hazard, exposure, and vulnerability.

Unknown Knowns

Ignorance of the things that we understand we
should know but do not leaves us vulnerable
to unintended consequences of our actions. The
effective-stress model provides straightforward guid-
ance for avoiding induced earthquakes but re-
quires knowledge that we rarely possess of the
stress state and pore pressure acting on the fault.
Quantitative predictions from the model depend
on knowing initial stress and pore-pressure con-
ditions and how perturbations to those conditions
due to injection will affect the surroundings. For
example, pore-pressure changes in a fault kilome-
ters from the injection point depend on the hy-
drologic characteristics of connecting pathways
that will, in all likelihood, be poorly known. The
seismic response might not take place immediately,
and decades may elapse before a damaging event
occurs, as illustrated by the recent Paradox Valley

earthquake and possibly the central Oklahoma
earthquake as well. Simply injecting water by grav-
ity feed (pouring it down the well with no surface
pressure) sounds safe enough. But if the deep aquifer
system was originally underpressured and the faults
were in frictional equilibrium with the stress (2),
this apparently benign type of injection can bring
faults to failure by raising the water table and, hence,
the pore pressure acting on the faults.

The fact that the great majority of UIC class 11
injection wells in the United States appear to be
aseismic, at least for earthquakes M,, > 3, suggests
that ambient conditions in geologic formations
commonly approved for disposal are far enough
removed from failure that injection can be done
with low risk, provided that the pressure perturba-
tion remains confined within the intended forma-
tion. The largest injection-induced events have all
involved faulting that is considerably deeper than
the injection interval (13, 16, 30, 43), suggesting
that transmission of increased pressure into the
basement elevates the potential for inducing earth-
quakes. Consequently, detection of seismicity in
the vicinity of the well or changes in seismicity in
the neighborhood should prompt reevaluation
of the hazard.

License and operational requirements for UIC
class II wells in the United States are regulated
under the Safe Drinking Water Act, by the U.S.
Environmental Protection Agency or by dele-
gation of authority to state agencies. The law’s
provisions are primarily directed toward protec-
tion of potable aquifers by requiring injection into
formations deep below and geologically isolated
from drinking water sources. As such, the law
focuses on well integrity, protection of imperme-
able barriers above the injection zone, and setting
operational injection pressure limits to avoid hy-
draulically fracturing the well. Diffusion of pore
pressure into basement faults or injection pres-
sure that would raise critically stressed faults to
failure is not considered in U.S. federal regula-
tions. From a scientific standpoint, measuring the
initial stress state and pore pressure, tracking of
injection history, and careful seismic monitoring
would be of great value. At present, little more is
required by regulation than an estimate of the
fracture pressure (not to be exceeded) and monthly
reporting of total injection volume and average
injection pressure. In most cases, this information
is not sufficient to apply the effective-stress mod-
el or gain an understanding of the hazard posed
by injection activity.

Reducing the Risk of
Injection-Induced Earthquakes

How can the risk of inducing damaging earth-
quakes through human activity be minimized
in an information-poor environment? Long-term
and high-volume injection in deep wells clearly
carries some risk (/8), even though most wells
are apparently aseismic (5). In contrast, earth-
quakes induced during hydraulic fracturing have
lower risk because of their much smaller magni-
tudes. The largest fracking-induced earthquakes
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(24, 26) have all been below the damage thresh-
old for modern building codes.

One approach for managing the risk of
injection-induced earthquakes involves setting
seismic activity thresholds that prompt a reduc-
tion in injection rate or pressure or, if seismic
activity increases, further suspension of injec-
tion (44). Such “traffic-light” systems have been
used selectively, going back to at least the RMA
well pump tests in 1966-1967. The traffic-light
system used in in Basel, Switzerland (7), did not
stop the four M,, 3 earthquakes from happening
but might have prevented larger events. The de-
cision to stop injection in the Youngstown, Ohio,
well, based on the seismicity (/2) and made the
day before the M,, 4.0 event, resulted in seismicity
near the well declining within a month. All of
these examples feature better seismic monitoring
capabilities than currently exist in much of the
United States or most of the rest of the world.
Lowering the magnitude-detection threshold in
regions where injection wells are concentrated to
below M,, 2 would certainly help, as a traffic-light
system using the current U.S. detection threshold
of M,, 3 in many of these areas would have limited
value. Improvements in the collection and time-
liness of reporting of injection data to regulatory
agencies would provide much-needed information
on hydrologic conditions potentially associated with
induced seismicity. In particular, daily reporting of
volumes, peak, and mean injection pressures would
be a step in the right direction, as would measure-
ment of the pre-injection formation pressure.

Ultimately, better knowledge of the stress and
pressure conditions at depth; the hydrogeolgic
framework, including the presence and geometry of
faults; and the location and mechanisms of natural
seismicity at a few sites will be needed to develop
a predictive understanding of the hazard posed
by induced earthquakes. Industry, regulatory agen-
cies, and the public are all aware that earthquakes
can be induced by fluid injection. Industry needs
clear requirements under which to operate, regu-
lators must have a firm scientific foundation for
those requirements, and the public needs as-
surance that the regulations are adequate and are
being observed.
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Abstract

While large-scale oil spills can cause acute mortality events in birds, there is increasing evidence that sublethal oil exposure
can trigger physiological changes that have implications for individual performance and survival. Therefore, improved
methods for identifying small amounts of oil on birds are needed. Because ultraviolet (UV) light can be used to identify thin
crude oil films in water and on substrate that are not visually apparent under normal lighting conditions, we hypothesized
that UV light could be useful for detecting small amounts of oil present on the plumage of birds. We evaluated black
skimmers (Rynchops niger), brown pelicans (Pelecanus occidentalis), clapper rails (Rallus crepitans), great egrets (Ardea
alba), and seaside sparrows (Ammodramus maritimus) exposed to areas affected by the Deepwater Horizon oil spill in the
Gulf of Mexico as well as from reference areas from 20 June, 2010 to 23 February, 2011. When visually assessed without
UV light, 19.6% of birds evaluated from areas affected by the spill were determined to be oiled (previously published data),
whereas when examined under UV light, 56.3% of the same birds were determined to have oil exposure. Of 705 individuals
examined in areas potentially impacted by the spill, we found that fluorescence under UV light assessment identified 259
oiled birds that appeared to be oil-free on visual exam, supporting its utility as a simple tool for improving detection of
modestly oiled birds in the field. Further, UV assessment revealed an increase in qualitative severity of oiling (approximate
% of body surface oiled) in 40% of birds compared to what was determined on visual exam. Additionally, black skimmers,
brown pelicans, and great egrets exposed to oil as determined using UV light experienced oxidative injury to erythrocytes,
had decreased numbers of circulating erythrocytes, and showed evidence of a regenerative hematological response in the
form of increased reticulocytes. This evidence of adverse effects was similar to changes identified in birds with oil exposure
as determined by visual examination without UV light, and is consistent with hemolytic anemia likely caused by oil
exposure. Thus, UV assessment proved useful for enhancing detection of birds exposed to oil, but did not increase detection
of birds experiencing clinical signs of anemia compared to standard visual oiling assessment. We conclude that UV light
evaluation can help identify oil exposure in many birds that would otherwise be identified visually as unexposed during oil
spill events.

Keywords Deepwater horizon - Oil spill - Heinz bodies - Ultraviolet fluorescence * Hemolytic anemia
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Introduction

Acute avian mortality associated with large-scale oil spills is
well documented, with seabirds, waterfowl, and colonial
waterbirds at particular risk (e.g., Piatt et al. 1990; Iverson
and Esler 2010; Munilla et al. 2011; USFWS 2011).
However, there is increasing evidence that sublethal expo-
sure (modest external oiling that does not result in rapid
mortality) can have important impacts upon individual
health and may affect population dynamics, which could
influence damage assessments and subsequent restoration
and mitigation efforts (Seiser et al. 2000; Trust et al. 2000;
Golet et al. 2002; Alonso-Alvarez et al. 2007; Harr et al.
2017; Fallon et al. 2018). Consequently, it is important not
only to identify birds that have died from oil exposure, but
also to identify birds with sublethal exposure to better
estimate the number of birds at risk following both small-
and large-scale oil spill events. However, identifying small
amounts of oil on feathers can be difficult, especially in
birds with dark plumage, under natural lighting conditions.
Failure to detect modest oiling may result in inaccurate
estimates of the number of birds exposed during oil spills
events. Therefore, there is a need for simple, reliable tech-
niques to identify small amounts of oil on birds.

Crude oil fluoresces under ultraviolet (UV) light (Bur-
lamacchi et al. 1983; Colligan and LaManna 1993; Fingas
and Brown 2014). This attribute has led to its use to
improve detection of oil in several abiotic matrices. For
example, UV light can be used to enhance detection of oil
on or below the surface of a body of water as well as on
snow and ice (Fingas and Brown 2000; Fingas and Brown
2013). Remote UV sensors are commonly used to monitor
oil films associated with spills in very thin layers down to
0.1 ym (Fingas and Brown 1997; Brekke and Solberg 2005;
Jha et al. 2008). Thus, we hypothesized that UV light may
also be useful to detect small amounts of oil on the feathers
of captured birds that might not be apparent under normal
light conditions.

Birds experiencing modest exposure to crude oil can
experience myriad physiological effects, including inflam-
mation, immunosuppression, and oxidative damage to cells
(Fry et al. 1986; Leighton 1986; Leighton 1995; Briggs
et al. 1996; Golet et al. 2002). These sublethal effects can
negatively impact growth, alter organ function, reduce
reproductive success, and likely increase risk of disease
(Briggs et al. 1996; Esler et al. 2000; Giese et al. 2000;
Eppley and Rubega 1990; Alonso-Alvarez et al. 2007). Of
the sublethal, physiological impacts resulting from avian
exposure to oil spills, oxidative damage to erythrocytes and
subsequent anemia are of particular interest during oil spill
investigations, as such injury can be evaluated in blood
samples taken from live birds. Hemolytic anemia has been
demonstrated in several species of birds exposed to crude

@ Springer

oil under both experimental (e.g., Leighton et al
1983, 1985; Fry and Lowenstine 1985; Harr et al. 2017) and
natural conditions (Yamato et al. 1996; Troisi et al. 2007,
Fallon et al. 2018). Although most work has focused on
severe oiling, recent evidence indicates that small amounts
of visible oiling correlate with oxidative injury to ery-
throcytes in several species of birds (Fallon et al. 2018).

In this investigation, we evaluated the utility of UV
fluorescence as a tool to identify birds with small amounts
of oil on their plumage that might otherwise be missed by
traditional visual oiling assessment during and in the
immediate aftermath of the 2010 Deepwater Horizon oil
spill in the Gulf of Mexico, USA. To achieve this objective,
we determined the presence and severity of oiling (% of
body surface oiled) by visual inspection under natural light
(visual oiling assessment) and then again under UV light
(UV oiling assessment) in black skimmers (Rynchops niger,
BLSK), brown pelicans (Pelecanus occidentalis, BRPE),
great egrets (Ardea alba, GREG), clapper rails (Rallus
crepitans, CLRA), and seaside sparrows (Ammodramus
maritimus, SESP). Second, we evaluated relationships
between severity of visible oiling, UV oiling, and a suite of
hematologic parameters characteristic of adverse effects
from oil exposure in BLSK, BRPE, and GREG. We eval-
uated these relationships to determine whether UV oiling
assessment improved detection of the number of birds
experiencing adverse clinical signs compared to those
detected through visual assessment alone.

Methods
Study area and focal species

Our five focal species represent a diversity of ecological
niches, which could influence their relative susceptibility to
oil exposure. Clapper rails and SESP are year-round resi-
dents along the Gulf Coast, inhabit salt marshes surrounded
by open water, and are omnivorous, eating seeds and marine
invertebrates (Post and Greenlaw 2020; Rush et al. 2020).
Black skimmers, recognized as a species with declining
populations (Vieira et al. 2018), were selected because of
their unique surface water foraging strategy and because
their nesting habits (sand and shell beaches and islands) put
them at high risk for exposure to oil (Gochfeld et al. 2020).
Brown pelicans eat mostly fish and are at high risk of
dermal exposure to oil because they capture their food most
often by diving after prey (Shields 2020). Great egrets
forage for food in a wide range of habitats and are unique
among the other species evaluated in this study because
they are a wading bird that has diverse prey items, including
fishes, insects, marine invertebrates, small mammals, rep-
tiles, and amphibians (McCrimmon et al. 2020).
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Key to Symbols
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Species Color Codes
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Fig. 1 Area of potential impact capture locations in Louisiana, Mis-
sissippi and Alabama for American oystercatcher, black skimmer,
brown pelican, and great egret. Also shown are reference capture
locations and area of potential impact capture locations for clapper rail

The procedures involving animals were conducted by
Biodiversity Research Institute with approval from the US
Fish and Wildlife Service. We captured BLSK (n = 120),
BRPE (n=66), CLRA (n=100), GREG (n=>54), and
SESP (n = 365) from reference areas and areas impacted by
the Deepwater Horizon spill from 20 June, 2010 until 23
February, 2011. We captured BLSK with noose mats, box
traps, and cannon-nets, BRPE with noose traps, padded leg-
hold traps, and net guns, CLRA by hand with night lighting
from airboats as well as with drift fences leading to box
traps, GREG with net guns, and SESP with targeted mist
netting (Mills and Ryder 1979; Crozier and Gawlik 2003;
Herring et al. 2008; Perkins et al. 2010).

Sites affected by the Deepwater Horizon spill included
locations along coastal Louisiana, with five BRPE collected
from coastal Mississippi, where exposure to oil from the
Deepwater Horizon spill was likely (Fig. 1). Reference sites
for BLSK, BRPE, and GREG included various locations
along coastal South Carolina and Georgia, USA where no
recent oiling events had been recorded (Fig. 2). Because
CLRA and SESP maintain small home ranges, reference
sites for these two species included saline Juncus marshes,
saline Spartina marshes, and brackish Phragmites marshes
with no visible oil along coastal Louisiana, Mississippi, and

and seaside sparrow. Because these two species maintain small home
ranges, we classified Juncus marshes, saline Spartina marshes, and
brackish Phragmites marshes with no known direct connectivity to the
oil spill area as reference sites

Alabama (Fig. 1). We banded all birds with leg bands
appropriate for each species and released them at the cap-
ture location after we completed oiling assessments and
sample collection.

Visible and UV oiling assessment

We evaluated the majority of birds captured in both oiled
and reference sites for evidence of visible oiling under
natural lighting conditions, and assigned a visible oiling
score of none (0% of plumage affected with visible oil),
trace (<5% plumage affected), light (6-20% plumage
affected) moderate (21-40% plumage affected) or heavy
(>40% plumage affected; see Supplementary Figs. 1, 2). We
competed this examination under physical restraint appro-
priate for each species with wings in both extension and
normal standing posture. We then placed each bird under an
opaque canvas cover to block out natural light and exposed
the plumage to UV light (Labino compact PH135 UV
spotlight, Labino AB Solna, Sweden, 365 nm peak UV-A).
We assigned a separate UV oiling score using the same five
oil score categories. Thus, the same birds were categorized
using two independent techniques (visible and UV oiling) to
determine whether the use of a UV light source improved
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Fig. 2 Reference capture
locations in South Carolina for
American oystercatcher, black
skimmer, brown pelican, and
great egret

detection and severity of oiling (see example in Supple-
mentary Fig. 3).

Blood collection and sample handling

We collected blood in a subset of individual BLSK, BRPE,
and GREG from the medial metatarsal vein or superficial
ulnar vein using a 21G or 23G butterfly catheter and lithium
heparin and ethylenediaminetetraacetic acid (EDTA) vacu-
tainers. These three species were selected for hematological
analyses due to ease of blood collection and their relatively
large body size. Immediately following collection, we filled
two heparinized hematocrit tubes for packed cell volume
(PCV) analysis. At this time, we also prepared new
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methylene blue-stained blood smears to quantify Heinz
bodies and reticulocytes as described below. We placed
remaining blood samples on ice and transferred them to the
field laboratory. Once in the field laboratory, we prepared
two additional EDTA-treated blood smears for complete
blood cell analysis using a standard two-slide technique
(Aird 2010).

Hematologic parameters

The hematological assessment methods and results,
including our new methylene blue staining technique as
well as reticulocyte and Heinz body identification, have
been described in detail previously (Fallon et al. 2018). For
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BLSK, BRPE, and GREG, we prepared new methylene
blue-stained blood smears in the field after incubating for
20 min (Fallon et al. 2013). We evaluated 1000 erythrocytes
under 1000X light microscopy, counting the number of
cells affected by Heinz bodies as well as the number of
reticulocytes (Johns et al. 2008). The individual performing
these analyses (JAF) was blinded to oiling status, capture
location, and results of other analyses.

We determined PCV and hemoglobin (Hb) from hepar-
inized samples within 12h of collection. Packed cell
volume (%) was calculated using a standard hematocrit
reader following centrifugation at 11,865 x g for 5 min.
Total Hb (g/dl) was quantified using a Hemocue Hb Ana-
lyzer Hb201 (Velguth et al. 2010). Red blood cell count
(RBC, cells/mm3) was estimated via standard manual
methodology using a hemocytometer at a commercial
laboratory (Avian and Exotics Clinical Pathology Labora-
tory, Wilmington, OH, USA) (Campbell 1995). Individuals
performing these analyses were blinded to oiling status,
capture location, and results of other analyses. Hematolo-
gical results of these parameters in birds from reference sites
and birds with visible oiling were first reported in Fallon
et al. (2018), but are reanalyzed here in relation to the
current UV oiling assessment.

Statistical analyses

We used SAS software (version 9.3 SAS Institute Inc.,
Cary, NC, USA) for all analyses. Where appropriate, we
evaluated normality and homogeneity of variance using
Shapiro-Wilk and Levene’s tests, respectively. We used
univariate statistical tests for physiological variable ana-
lyses, as this dataset contained missing values for one or
more values in several birds (for more details, see Fallon
et al. 2018). To account for the lack of independence of
physiological responses compared in our univariate models,
we applied a conservative a<0.01 to assess statistical sig-
nificance in these models, while also noting cases where o
>0.01 and a<0.05.

To determine the utility of UV light assessment as a tool
to identify birds with small amounts of oil on the plumage
that would otherwise be missed by visual oiling assessment,
we used McNemar’s exact test to compare the number of
birds with visible oil to the number of birds with UV oiling
from areas affected by the Deepwater Horizon spill within
each species. Additionally, we calculated the number of
birds that increased one or more category in oiling severity
under the application of UV light (e.g., a bird that was
categorized as light oiling under visual assessment appeared
as moderate oiling under UV assessment) and compared the
effect size of this change in severity using Cliff’s delta
(Cliff 1993, Romano et al. 2006, Macbeth et al. 2011).
Cliff’s delta is a measure of the degree of overlap between

two populations, and ranges from —1 to +1, with £0.147
representing a small effect (percent of non-overlap is
14.7%), £0.33 representing a moderate effect (percent of
non-overlap is 33%), and >+0.474 representing a large
effect (percent of non-overlap is 47.4% (Cohen 1988).

To determine whether UV oiling assessment improved
detection of birds experiencing adverse clinical signs
compared to those detected through visual assessment
alone, we first determined the effects of UV-detectable
oiling on Heinz body formation, reticulocytes, PCV, Hb,
and RBC using Kruskal-Wallis tests for each species with
subsequent post-hoc analysis (SAS Multtest procedure, Sas
Institute Inc 2011). Additionally, we used Mann—Whitney
tests to compare physiologic parameters (Heinz bodies,
reticulocytes, PCV, and Hb) from birds with visible oiling
to the subset of birds that had no evidence of visible oiling
but tested positive for oiling under UV light. Because we
had physiological data on a limited number of birds with
UV oil but no visible oil, we pooled species for this analysis
(Heinz bodies: BLSK n =18, BRPE n=8, GREG n=5
[n =31 total]; reticulocytes: BLSK n=18, BRPE n =38,
GREG n =35, [n=231 total]; PCV: BLSK n =19, BRPE
n=28, GREG n=7, [n=234 total]; Hb: BLSK n=11,
BRPE n =6, GREG n =17, [n =24 total]).

Results
UV oiling assessment

From our sample of 705 birds from areas impacted by the
Deepwater Horizon spill, we identified 138 birds with evi-
dence of visible oiling. However, the number of oiled birds
from the same sample population increased by 259 indivi-
duals to 397 birds once we viewed them under UV light.
Therefore, use of UV light increased the overall percentage
of oiled birds in our sample population from 19.6 to 56.3%
(Table 1, Fig. 3). Importantly, improved detection with the
aid of a UV light occurred in all five species (Table 1,

Table 1 Number of individual black skimmer (BLSK), brown pelican
(BRPE), clapper rail (CLRA), great egret (GREG), and seaside
sparrow (SESP) from areas affected by the Deepwater Horizon oil spill
with McNemar’s test comparing visible oiling and UV fluorescence
(*statistical significance)

Total (V)  Visible 0il UV oil  Chi? p value
BLSK 120 47 92 45.00  <0.001°%*
BRPE 66 21 35 14.00  <0.001%*
CLRA 100 14 82 65.06  <0.001%*
GREG 54 38 46 8.00 0.005*
SESP 365 18 142 142.00 0.001*
Total 705 138 397
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Fig. 3 Percent of black skimmer (BLSK), brown pelican (BRPE),
clapper rail (CLRA), great egret (GREG), and seaside sparrow (SESP)
in areas of potential impact from the Deepwater Horizon oil spill with
visible oiling and oil detected under UV fluorescence. Asterisks
indicate statistically significant difference (p <0.05) between visible
and UV detection techniques
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Fig. 4 Severity of visible oiling (none is 0% of plumage affected with
UV oiling, trace <5% plumage affected, light 6-20% plumage affec-
ted, moderate 21-40% plumage affected or heavy >40% plumage
affected) and oil detected under ultraviolet fluorescence in birds from
areas affected by the Deepwater Horizon spill

Fig. 3). Additionally, we found evidence that the qualitative
categorization of oiling severity increased when we eval-
uated birds under UV light; 40% of birds increased by at
least one category (e.g., an increase from lightly to mod-
erately oiled) after using UV compared to a standard visual
exam (Fig. 4). Cliff’s delta analysis revealed a moderate
effect size on oiling severity with UV evaluation (delta =
0.288). No BLSK (n = 87), BRPE (n =39), or SESP (n=
55) from reference locations were found to have oil on their
plumage either by visual or UV assessment. We found no
CPRL (n =30) from reference sites with oil on standard
visual assessment, but one individual was found to have
trace amounts under UV assessment. In contrast, of 47
GREG from reference sites, 7 individuals had evidence of
trace visible oil and 27 had trace or light UV oil.

@ Springer

Physiological correlates of UV oiling

The physiological responses associated with visible oiling
were originally reported elsewhere (Fallon et al. 2018).
Here, we focus on comparing the physiological responses
detectable based on the two oiling assesment protocols. We
found significantly more Heinz bodies and reticulocytes in
BLSK, BRPE, and GREG with UV oiling compared to
reference populations (Table 2). Additionally, we found
significantly lower PCV and Hb in BRPE and GREG, as
well as decreased RBC in GREG with UV oiling compared
to reference populations (Table 2). Based on visual com-
parison of statistical outcomes of our previous study and the
current study, we found that the effect of oiling on Heinz
body formation, reticulocytes, PCV, Hb, and RBC counts
was similar for both visual (data from Fallon et al. 2018)
and UV assessment techniques (Table 3). Additionally, we
found no significant difference between the mean number of
Heinz bodies, reticulocytes, PCV, or Hb between birds that
had only UV oiling and birds with oil apparent on both
visual and UV oiling assessment (Table 4).

Discussion

It is important to understand the extent of exposure and
injury to birds and other wildlife during oil spill events to
develop an accurate damage assessment. While there were
thousands of dead birds found in the weeks following the
Deepwater Horizon spill, there were many more that were
likely exposed to oil but did not immediately succumb
(Peterson et al. 2003; USFWS 2011). We hypothesized that
the use of hand-held UV lights could enhance the sensitivity
of visible oiling assessments, because even trace amounts of
oil have been shown to fluoresce (Chase et al. 2005). To test
this, we evaluated 705 individuals from sites affected by the
Deepwater Horizon oil spill with both visual and UV
assessment. Ultraviolet assessment identified oiling on 259
individual birds (a 97% increase in detection) that appeared
to be oil-free on initial visual examination. Ultraviolet
assessment resulted in a significant increase in the number
of individuals determined to be oiled in all species, although
this effect was least pronounced in GREG (Table 1, Fig. 3).
Adult GREG have exclusively white plumage, which likely
makes even trace amounts of oil more apparent on visual
exam. Additionally, we found that UV assessment revealed
that birds had more extensive exposure than was apparent
on visual assessment, with 40% of birds increasing by at
least one category of oiling severity after application of the
UV light (Fig. 4). Cliff’s delta analysis confirmed that this
effect size was statistically significant. Together, these
findings suggest that UV assessment can more accurately
determine the number and severity of birds exposed to oil



Ultraviolet-assisted oiling assessment improves detection of oiled birds experiencing clinical signs of... 1405

Table 2 Summary of the response of birds exposed to oil based on UV oiling assessment from the Deepwater Horizon oil spill

GREG

BRPE

BLSK

Percent

Mean Mean p value

Percent

Mean p value

Mean p value Percent Mean

Mean

Variable

difference

impacted

reference

difference

impacted

reference

difference

impacted

reference

96.44%

<0.001*

8.1
69.0

0.87
543

0.028** N/A

<0.001*

1.64
65.6

<0.001* N/A

9.34
67.3

0

Reticulocytes 53.6

Heinz bodies
PCV

27.11%
—19.02%

—12.61%
—7.77%

0.007*
<0.001*

47.38%

44.5

25.6%
—3.6%
—-1.1%

—2.6%

0.004*
0.137
0.841

37.3

46.1

—13.83%
—10.29%
—1.55%

<0.001*

433

50.2

43.1

447

<0.001*

13.9

15.9

0.006*
0.791

19.2

17.4

16.8

17.0

Hemoglobin

RBC

243 0.012%*

2.63

2.85

2.89

2.64 0.905

2.71

Kruskal-Wallis results are reported for Heinz bodies (cells with Heinz bodies/1000 erythrocytes), reticulocytes (%), PCV (%), hemoglobin (g/dl), and RBC (cells/mm3) found in black skimmers

(BLSK), brown pelicans (BRPE), and great egrets (GREG). Percent differences calculated from the mean values from birds from reference areas (BLSK n = 57, BRPE n =32, GREG n = 46) and

birds from Deepwater Horizon affected (impacted) sites with UV detected oil (BLSK n =51, BRPE n =44, GREG n = 51) relative to the reference mean. Asterisk represents significance (p <

0.01) and **indicates marginal significance (0.01 < p < 0.05). N/A indicates that results were not determined for this variable in a particular bird except one GREG. Mean reference results

previously published in Fallon et al. 2018)

during spill events compared to visual assessment without
the aid of UV light.

We found that UV-oiled birds were experiencing adverse
effects similar to those we had observed in our prior visual
assessment (Fallon et al. 2018). Birds with small amounts of
oil on their plumage as determined by UV evaluation had
hematological changes consistent with oxidative injury to
red blood cells (Tables 2, 3). The presence of Heinz bodies
combined with increased reticulocytes found in oiled
BLSK, BRPE, and GREG with UV oiling suggests that this
method can be used to detect birds with modest oiling that
may be experiencing sublethal physiological injury. Addi-
tionally, BRPE and GREG from impacted sites had
decreased PCV and Hb. These three features—presence of
Heinz bodies, decreased PCV or Hb, and increased reticu-
locytes—are indicative of oxidative injury, anemia, and a
physiological regenerative response. This physiologic cas-
cade decreases oxygen availability to tissues (Latimer et al.
2003) which can induce muscle fatigue, lethargy, decreased
energy availability for metabolic processes, and adversely
affect reproduction (Butler et al. 1986; Piersma et al. 1996;
Walton et al. 1997; Ots et al. 1998; Hylton et al. 2006).
These physiological changes have implications for survival
and fitness, suggesting that sublethal physiological injury
associated with modest oil exposure may have important
negative long-term repercussions for individuals. Although
there is no clearly established threshold for what degree of
reduced erythrocyte volume leads to decreased survival,
anemia in oiled birds at admission to rehabilitation facilities
is correlated with higher mortality rates (Duerr et al. 2016).
Our results suggest that UV assessments can be useful in
identifying birds with very small amounts of oil that also
have experienced adverse effects, and that these hematolo-
gical changes mirror those found with visible oiling (Fallon
et al. 2018).

Although all BLSK, BRPE, and SESP and all but one
CPRL from reference sites had no evidence of visual or UV
oil on their plumage, GREG appeared to be at increased risk
of oil exposure in our reference sites. Of 47 GREG from
reference sites evaluated by both visual and UV assessment,
7 birds (15%) had trace visual oiling and 27 (57%) had trace
(n=126) or light (n=1) UV oiling. Of our study species,
GREQG are the only species with exclusively white plumage,
which may make small amounts of oil more easily dis-
cernible. Additionally, this species is unique among those in
this study, as it is a wading bird that spends a great deal of
foraging time standing or slowly wading through water, and
frequents man-made drainage ponds and pooled, standing
water from residential, agricultural, or industrial run-off
which may contain petroleum waste (Trail 2006; McCrim-
mon et al. 2011). Consistent with their exposure, this was
the only species in which Heinz bodies were identified in
the reference population. Our results suggest that further
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Table 3 Summary of results

from Kruskal-Wallis analysis of Heinz Bodies Reticulocytes PCV Hb RBC
oiled birds as determined by BLSK
visual assessment under natural .
llghtmg conditions (data from UV oiled <0.001 0.004 0.137 0.841 0.905
Fallon et al. 2018) compared to Visibly oiled <0.001 0.004 0.164 0.876 0.613
reference populations and UV- BRPE
assisted assessment compared o1y e 0.028 <0.001 <0.001 0.006 0.791
reference populations
Visibly oiled 0.024 <0.001 <0.001 0.002 0.561
GREG
UV oiled <0.001 0.007 <0.001 <0.001 0.012
Visibly oiled 0.003 0.010 <0.001 <0.001 0.003

Response variables were Heinz bodies (cells with Heinz bodies/1000 erythrocytes), reticulocytes (%),
packed cell volume (PCV, %), hemoglobin (Hb, g/dl), and red blood cell count (RBC, cells/mm3) found in
black skimmers (BLSK), brown pelicans (BRPE), and great egrets (GREG)

Table 4 Mann—Whitney comparison of mean number of Heinz bodies
(number of cells/1000 erythrocytes), reticulocytes (%), packed cell
volume (PCV, %), and hemoglobin (g/dl) between birds (pooled
species including black skimmers, brown pelicans, and great egrets)
that tested positive for oiling under both UV and natural (visible) light
versus those that tested positive under UV light only from sites
impacted by the Deepwater Horizon oil spill

Visible and UV oil UV oil only
Variable n mean (+SE) n mean (+SE)  p value
Heinz bodies 79 822 (1.99) 31 2.87 (1.58) 0.355
Reticulocytes 79  69.08 (2.10) 31 64.84 (3.09) 0.597
PCV 78 40.40 (0.57) 34 40.24 (0.94) 0.730
Hemoglobin 73 1488 (0.38) 24 1540 (0.53) 0.320

investigation into the frequency of exposure to petroleum
products in this species is warranted.

There are several limitations to consider when incor-
porating UV light assessment during oil spill events. First,
the individual bird must be evaluated under minimal natural
light, which is cumbersome with large birds. Second,
although application of UV light increased the detection of
oiled birds, the majority of birds that appeared to be oil-free
on visual examination that were determined to be oiled
under UV light application had only trace or light amounts
of oil on their plumage (5-20% of plumage affected).
Because of this, the severity of hematologic changes in the
UV-oiled population of birds was similar to that of visibly
oiled birds (Table 3, Fig. 4). Thus, UV assessment proved
useful for enhancing detection of birds exposed to oil, but
did not increase detection of birds experiencing clinical
signs of anemia compared to standard visual assessment.
Finally, there is the possibility of false positive fluorescence
with naturally occurring oils. Further work in an experi-
mental setting may help determine the frequency of false
positive results.

In summary, our results demonstrate that UV assessment
can identify small amounts of oil present on birds that

@ Springer

appear oil-free on visual exam. Additionally, UV light
allowed detection of oiled feathers over a larger proportion
of surface area on individuals than can be seen on visual
exam. Therefore, UV assessment of individual birds could
be considered as an additional tool following both large and
small oil spill events to help formulate a more complete
damage assessment. This technique may be most useful to
categorize birds with trace oiling that would otherwise be
missed on visual exam, particularly in birds with dark
plumage. Further, UV-oiled birds exposed to the Deepwater
Horizon spill had evidence of oxidative injury to ery-
throcytes, decreased numbers of erythrocytes in circulation,
and evidence of an erythrocytic regenerative response,
similar to birds with visible oiling. These changes are
consistent with formation of Heinz bodies and oxidative
hemolytic anemia, a pathological abnormality caused by
exposure to oil.

Acknowledgements The authors thank Pete Tuttle and Michael
Hooper, for scientific advising, technical support, and assistance dur-
ing this study. We are indebted to the many dedicated people who
assisted with the collection of the avian samples, including Lisa Eggert
who helped coordinate the collection of the BLSK samples; Lucas
Savoy who coordinated the collection of CLRA, Dr. Peter Frederick
and Jason Fidorra who led the collection of the GREG samples; Mike
Yates and Jim Dayton who coordinated sample collection from BRPE.
Additionally, BLSK, BRPE, GREG samples were processed in BRI’s
field laboratory by a dedicated team who provided excellent assistance,
including Dr. Michelle Walsh, Dr. Lee Friedman, Ruth Valentine, Judi
Ellal, Michelle Brown, Alishia Zyer, Tim Watson, and Ken Weber.
Jeff Walters, Eric Hallerman, and Todd Katzner provided helpful
comments that improved the manuscript. Any use of trade, firm, or
product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval The procedures involving animals were conducted by
Biodiversity Research Institute with approval from the U.S. Fish and



Ultraviolet-assisted oiling assessment improves detection of oiled birds experiencing clinical signs of... 1407

Wildlife Service. All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

Alonso-Alvarez C, Munilla I, Lépez M, Velando A (2007) Sublethal
toxicity of the Prestige oil spill on yellow-legged gulls. Environ
Intern 33:773-781

Aird B (2010) Clinical and hematologic manifestations of anemia. In:
Feldman BF, Zinkl JG, Jain NC (eds) Schalm’s veterinary
hematology, 5th edn. Blackwell Publishing Ltd, Ames, Iowa,
USA, p 140-142

Brekke C, Solberg AHS (2005) Oil spill detection by satellite remote
sensing. Proc Spie 95:1-13

Briggs KT, Yoshida SH, Gershwin ME (1996) The influence of pet-
rochemicals and stress on the immune system of seabirds. Regul
Toxicol Pharmacol 23:145-55

Burlamacchi P, Cecchi G, Mazzinghi P, Pantani L (1983) Performance
evaluation of UV sources for lidar fluorosensing of oil films. Appl
Opt 22:48-53

Butler RG, Peakall DB, Leighton FA, Borthwick J, Harmon RS (1986)
Effects of crude oil exposure on standard metabolic rate of
Leach’s storm-petrel. Condor 88:248-249

Campbell TW (1995) Avian hematology and cytology. Iowa State
University Press, Ames, lowa, USA

Chase CR, Van Bibber S, Muniz TP (2005) Development of a non-
contact oil spill detection system. Oceans 2:1352-1357

Cliff N (1993) Dominance statistics: ordinal analyses to answer ordinal
questions. Psychol Bull 114:494-509

Cohen J (1988) Statistical power analysis for the behavioral sciences,
2nd edn. Hillsdate, New Jersey, USA

Colligan TH, LaManna JM (1993) Using ultraviolet light to investigate
petroleum-contaminated soil. Remediat J 3:193-201

Crozier GE, Gawlik DE (2003) The use of decoys as a research tool
for attracting wading birds. J Field Ornithol 74:53-58

Duerr RS, Ziccardi MH, Massey JG (2016) Mortality during treatment:
factors affecting the survival of oiled, rehabilitated Common
Murres (Uria aalge). J Wildl Dis 52:495-505

Eppley ZA, Rubega MA (1990) Indirect effects of an oil spill:
reproductive failure in a population of South Polar skuas fol-
lowing the ‘Bahia Paraiso’ oil spill in Antarctica. Mar Ecol Prog
Ser 67:1-6

Esler D, Schmutz JA, Jarvis RL, Mulcahy DM (2000) Winter survival
of adult female harlequin ducks in relation to history of con-
tamination by the Exxon Valdez oil spill J Wildl Manag
64:839-847

Fallon JA, Hopkins WA, Fox L (2013) A practical quantification
method for Heinz bodies in birds applicable to rapid response
field scenarios. Environ Toxicol Chem 32:401-405

Fallon JA, Smith EP, Schoch N, Paruk JD, Adams EA, Evers DC,
Jodice PG, Perkins C, Schulte S, Hopkins WA (2018) Hemato-
logical indices of injury to lightly oiled birds from the Deepwater
Horizon oil spill. Environ Toxicol Chem 37:451-461

Fingas M, Brown CE (2014) Review of oil spill remote sensing. Mar
Pollut Bull 83:9-23

Fingas M, Brown CE (2013) Detection of oil in ice and snow. J Mar
Sci Eng 1:10-20

Fingas M, Brown C (2000) A review of the status of advanced tech-
nologies for the detection of oil in and with ice. Spill Sci Technol
Bull 6:295-302

Fingas MF, Brown CE (1997) Review of oil spill remote sensing. Spill
Sci Technol Bull 4:199-208

Fry M, Lowenstine LJ (1985) Pathology of Common Murres and
Cassin’s Auklets exposed to oil. Arch Environ Contam Toxicol
14:725-737

Fry DM, Swenson J, Addiego LA, Grau CR, Kangt A (1986) Reduced
reproduction of wedge tailed shearwaters exposed to weathered
Santa Barbara crude oil. Arch Environ Contam Toxicol
15:453-463

Giese M, Goldsworthy SD, Gales R, Brothers N, Hamill J (2000)
Effects of the Iron Baron oil spill on little penguins (Eudyptula
minor): breeding success of rehabilitated oiled birds. Wildl Res
27:583-591

Gochfeld M, Burger J, Lefevre KL (2020) Black Skimmer (Rynchops
niger), version 1.0. In Birds of the World (S. M. Billerman,
Editor). Cornell Lab of Ornithology, Ithaca, NY, USA. https://
doi.org/10.2173/bow.blkski.01

Golet GH, Seiser PE, McGuire AD, Roby DD, Fischer JB, Kuletz KL,
Irons DB, Dean TA, Jewett SC, Newman SH (2002) Long-term
direct and indirect effects of the Exxon Valdez oil spill on pigeon
guillemots in Prince William Sound, Alaska. Mar Ecol Prog Ser
241:287-304

Harr KE, Cunningham FL, Pritsos CA, Pritsos KL, Muthumalage T,
Dorr BS, Horak KE, Hanson-Dorr KC, Dean KM, Cacela D,
McFadden AK (2017) Weathered MC252 crude oil-induced
anemia and abnormal erythroid morphology in double-crested
cormorants (Phalacrocorax auritus) with light microscopic and
ultrastructural description of Heinz bodies. Ecotox Environ Saf
146:29-39

Herring G, Gawlik DE, Beerens JM (2008) Evaluating two new
methods for capturing large wetland birds. J Field Ornithol
79:102-110

Hylton RA, Frederick PC, De La Fuente TE, Spalding MG (2006)
Effects of nestling health on postfledging survival of wood storks.
Condor 108:97-106

Iverson SA, Esler D (2010) Harlequin Duck population injury and
recovery dynamics following the 1989 Exxon Valdez oil spill.
Ecol Appl 20:1993-2006

Jha MN, Levy J, Gao Y (2008) Advances in remote sensing for oil
spill disaster management: state-of-the-art sensors technology for
oil spill surveillance. Sensors 8:236-255

Johns JL, Shooshtari MP, Christopher MM (2008) Development of a
technique for quantification of reticulocytes and assessment of
erythrocyte regenerative capacity in birds. Am J Vet Res
89:1067-1072

Latimer KS, Mahaffey EA, Prasse KW (2003) Duncan and Prasse’s
veterinary laboratory medicine: clinical pathology, 4th edn.
Blackwell Publishing, Ames, lowa, USA

Leighton FA (1986) Clinical gross and histological findings in Herring
Gulls and Atlantic Puffins that ingested Prudhoe Bay oil. Vet
Pathol 23:254-263

Leighton FA (1995) The toxicity of petroleum oils to birds: an over-
view. In: Frink L, Weir KB, Smith C (eds) Wildlife and oil spills.
Tri-state Bird Rescue and Research, Inc., Newark, Delaware,
USA, p 10-22

Leighton FA, Lee YZ, Rahimtula AD, O’Brien PJ, Peakall DB (1985)
Biochemical and functional disturbances in red blood cells of
herring gulls ingesting Prudhoe Bay crude oil. Toxicol Appl
Pharmacol 81:25-31

Leighton FA, Peakall DB, Butler RG (1983) Heinz-body hemolytic
anemia from the ingestion of crude oil: a primary toxic effect in
marine birds. Science 4599:871-873

Macbeth G, Razumiejczyk E, Ledesma RD (2011) Cliff’s delta cal-
culator: a non-parametric effect size program for two groups of
observations. Univ Psychol 10:545-555

McCrimmon, DA, Ogden JC, Bancroft GT, Martinez-Vilalta A, Motis
A, Kirwan GM, Boesman PFD (2020) Great Egret (Ardea alba),
version 1.0. In Birds of the World (S. M. Billerman, Editor).

@ Springer


https://doi.org/10.2173/bow.blkski.01
https://doi.org/10.2173/bow.blkski.01

1408

J. A. Fallon et al.

Cornell Lab of Ornithology, Ithaca, NY, USA. https://doi.org/10.
2173/bow.greegr.01

Mills JA, Ryder JP (1979) Trap for capturing shore and seabirds. Bird
Band 50:121-123

Munilla I, Arcos JM, Oro D, Alvarez D, Leyenda PM, Velando A
(2011) Mass peak mortality of seabirds in the aftermath of the
Prestige oil spill. Ecosphere 2:1-14

Ots I, Murumigi A, Horak P (1998) Haematological health state
indices of reproducing great tits: methodology and sources of
natural variation. Funct Ecol 12:700-707

Perkins M, King SL, Linscombe J (2010) Effectiveness of capture
techniques for rails in emergent marsh and agricultural wetlands.
Waterbirds 33:376-380

Peterson CH, Rice SD, Short JW, Esler D, Bodkin JL, Ballachey BE,
Irons DB (2003) Long term ecosystem response to the Exxon
Valdez oil spill. Science 302:2082-2086

Piatt JF, Lensink CJ, Butler W, Kendziorik M, Nysewander DR (1990)
Immediate impact of the Exxon Valdez oil spill on marine birds.
Auk 107:387-97

Piersma T, Everaarts TM, Jukema J (1996) Build-up of red blood cells
in refueling bar-tailed godwits in relation to individual migratory
quality Condor 98:363-370

Post W, Greenlaw JS (2020) Seaside Sparrow (Ammospiza maritima),
version 1.0. In Birds of the World (P. G. Rodewald, Editor).
Cornell Lab of Ornithology, Ithaca, NY, USA. https://doi.org/10.
2173/bow.seaspa.01

Romano J, Kromrey JD, Coraggio J, Skowronek J, Devine L (2006)
Exploring methods for evaluating group differences on the NSSE
and other surveys: are the t-test and Cohen’s d indices the most
appropriate choices? In: Proceedings of the Annual Meeting of
the Southern Association for Institutional Research, Arlington,
VA, USA, pp 14-17

Rush SA, Gaines KF, Eddleman WR, Conway CJ (2020) Clapper Rail
(Rallus crepitans), version 1.0. In Birds of the World (P. G.
Rodewald, Editor). Cornell Lab of Ornithology, Ithaca, NY,
USA. https://doi.org/10.2173/bow.clarail 1.01

@ Springer

SAS Institute Inc (2011) Base SAS® 9.3 procedures guide. SAS
Institute Inc, Cary, NC

Seiser PE, Duffy LK, McGuire AD, Roby DD, Golet GH, Litzow MA
(2000) Comparison of pigeon guillemot, Cepphus columba,
blood parameters from oiled and unoiled areas of Alaska eight
years after the Exxon Valdez oil spill. Mar Pollut Bull
40:152-164

Shields M (2020) Brown Pelican (Pelecanus occidentalis), version 1.0.
In Birds of the World (A. F. Poole, Editor). Cornell Lab of
Ornithology, Ithaca, NY, USA. https://doi.org/10.2173/bow.
brnpel.01

Trail PW (2006) Avian mortality at oil pits in the United States: a
review of the problem and efforts for its solution. Environ Manag
38:532-544

Troisi GM, Borjesson L, Bexton S, Robinson I (2007) Biomarkers of
polycyclic aromatic hydrocarbon (PAH)-associated hemolytic
anemia in oiled wildlife. Environ Res 105:324-329

Trust KA, Esler D, Woodin BR, Stegeman JJ (2000) Cytochrome
P450 1A induction in sea ducks inhabiting nearshore areas of
Prince William Sound, Alaska. Mar Pollut Bull 40:397-403

[USFWS] US Fish and Wildlife Service (2011) Deepwater Horizon
bird impact data from the DOI-ERDC NRDA Database 12 May
2011. http://www.tws.gov/home/dhoilspill/pdfs/Bird%20Data%
20Species%20Spreadsheet%2005122011.pdf. Accessed 4 Aug
2012

Vieira BP, Furness RW, Nager RG (2018) What do we know about
Black Skimmers? review on its annual-cycle and life-history main
events. Ardea 106:119-130

Velguth KE, Payton ME, Hoover JP (2010) Relationship of hemo-
globin concentration to packed cell volume in avian blood sam-
ples. J Avian Med Surg 24:115-121

Yamato O, IKoto I, Maede Y (1996) Hemolytic anemia in wild sea-
ducks caused by marine oil pollution. J Wildl Dis 32:381-384

Walton RM, Brown DE, Hamar DW, Meador VP, Horn JW, Thrall
MA (1997) Mechanisms of echinocytosis induced by Crotalus
atrox venom. Vet Pathol 34:442-449


https://doi.org/10.2173/bow.greegr.01
https://doi.org/10.2173/bow.greegr.01
https://doi.org/10.2173/bow.seaspa.01
https://doi.org/10.2173/bow.seaspa.01
https://doi.org/10.2173/bow.clarai11.01
https://doi.org/10.2173/bow.brnpel.01
https://doi.org/10.2173/bow.brnpel.01
http://www.fws.gov/home/dhoilspill/pdfs/Bird%20Data%20Species%20Spreadsheet%2005122011.pdf
http://www.fws.gov/home/dhoilspill/pdfs/Bird%20Data%20Species%20Spreadsheet%2005122011.pdf

A L L A N CE

& FRACTRACKER
,\

City of Long Beach Oil and Gas Extraction

April 1, 2022

This summary report describes oil and gas extraction activity occurring within the boundaries of
the city of Long Beach. See the map in Figure 2 for a visual description of the study area.

Well Status: There are a total of 2,762 operational wells within the city limits of Long Beach.
Active wells account for 71.3%, idle wells for 27.3%, and new wells 1.4%.

Well Type: The majority of wells are oil and gas production wells (2,031). Production from these
wells is enhanced via 705 waterflood injection wells.

Location: About half of the operational well count is considered onshore (1,365), and the other
half offshore (1,397). For many of the wells on the docks of the Long Beach harbor, the
distinction is arbitrary. There are 1,390 operational wells located on the four THUMS/Astronaut
Islands.

Long Beach Well Status Count

40

W Active
H |dle

New

Figure 1. Chart of CalGEM oil and gas well statuses. The pie chart shows the breakdown of well
statuses for operational wells within the boundaries of the city of Long Beach.

Operators: There are 92 individual operators in the City of Long Beach. The majority of wells are
operated by subsidiaries of California Resources Corporation; California Resources Long Beach,
Inc (88), THUMS Long Beach Co (1,562) and Tidelands Oil Production Co (768). Other operators
include Signal Hill Petroleum (93), Synergy Oil &Gas LLC (61) in the Seal Beach field, Warren E&P
(42) in the Wilmington Field and The Termo Company (22) in several fields.



Production: In total, the operational wells within the Long Beach city limits produced a total
893,247 barrels of crude oil/condensate in 2020. Only 16 of the 93 operators with operational
wells produced oil in 2020.

Table 1. Production by operator for 2020.

Operator 2020 Production (Bbls)

THUMS Long Beach Co. 6,561,448
Tidelands Oil Production Co. 2,324,338
Signal Hill Petroleum, Inc. 258,010
California Resources Long Beach, Inc. 232,179
Synergy Oil & Gas, LLC 112,622
Warren E&P, Inc. 76,548
E & T Limited Liability Co. 38,498
The Termo Company 35,899
The Lansdale Co. 23,609
Arrowhead Operating, Inc. 8,885
Herley-Kelley LLC 3,983
P&M Oil Company, Inc. 3,920
E & B Natural Resources Management Corporation 3,681
TJ Scott Family Investments, LLC 2,164
S & C 0il Co., Inc. 2,154
Mitchell-Grossu Oil Co. 1,686

Age: The age of the wells vary widely and a distribution is difficult to generate as spud data is
sparsely included in CalGEM’s “AllWells” dataset. It is also difficult to pinpoint the oldest well
still operating within the city limits, but records dating back to the 1930’s are not uncommon.

Population: There is an estimated 463,569 people living in the City of Long Beach (U.S. Census
Bureau. American Community Survey, 5-year, 2013-2019). An estimated 140,138 individuals
live within 3,200’ of an operational oil and gas well within the city limits. This is about 30.2% of
the population. Of those, 101,498 (72.4%) identify as non-white, including Latina/Hispanic
origin. This is slightly higher than the citywide average (71.7% non-white)
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Figure 1. Map of Long Beach Oil and Gas Extraction Locations. The map of the City of Long Beach shows
the locations of CalGEM’s operational oil and gas wells.
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DISCLAIMER

Recovery plans delinede reasonable actions that are believed to be required to
recover and/or protect listed species. We, theU.S. Fish and Wildlife Service,
publish recovery plans sometimes preparing them with the assigance of recovery
teams, contractors, Sate agencies, and others. Recovery teams serve as
independent advisorsto the U.S. Fish and Wildlife Service. Objectives of the
recovery plan will be attained and necessary funds made available subject to
budgetary and other constraints affecting the partiesinvolved, as wdl as the need
to address other priorities. Recovery plans do not obligate other partiesto
undertake specific actions, and may not represent the views or the official
positions or approval of any individuals or agencies involved in the recovery plan
formulation other than our own. They represent our official position only after
they have been signed by the Director, Regiond Director, or Operations Manager
asapproved. Approved recovery plans are subject to modification as dictated by
new findings, changes in species status, and the completion of recovery actions.

Literature Citation Should Read As Follows:

U.S. Fish and Wildlife Service. 2007. Recovery Plan for the Pacific Coast
Population of the Western Snowy Plover (Charadrius alexandrinus nivosus). In
2 volumes. Sacramento, California. xiv + 751 pages.

An electronic version dof this recovery plan alsowill be made availableat
http://www.fws.gov/cno/es/recoveryplans.html and
http://endangered.fws.gov/recovery/index.html#plans
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EXECUTIVE SUMMARY

CURRENT SPECIES STATUS: The Pacific coast popuation of the western
snowy plover (Charadrius alexandrinus nivosus) (western snowy plover) is
federally listed asthreatened. The current Pacific coast breeding population
extends from Damaon Point, Washington, south to Bahia Magdalena, Bgja
Cadlifornia, Mexico (including both Pacific and Gulf of California coasts). The
western snowy plover winters mainly in coastal areas from southern Washington
to Central America

HABITAT REQUIREMENTSAND LIMITING FACTORS: The Pacific
coast population of the western snowy plover breeds primarily above the high tide
line on coastal beaches, sand spits, dune-backed beaches, sparsely-vegetated
dunes, beaches at creek and river mouths, and salt pans at lagoons and estuaries.

L ess common nesting habitats include bluff-backed beaches, dredged material
disposal sites, salt pond levees, dry salt ponds and river bars. In winter, western
snowy plovers are found on many of the beaches used for nesting as well as on
beaches where they do not nest, in man-made salt ponds, and on estuarine sand
and mud flats.

Habitat degradation caused by human disturbance, urban devel opment, introduced
beachgrass (Ammophila spp.), and expanding predator populations have resulted
in adeclinein active nesting areas and in the size of the breeding and wintering
populations.

RECOVERY OBJECTIVE: The primary objective of thisrecovery planisto
remove the Pacific coast population of the western snowy plover from the List of
Endangered and Threatened Wildlife and Plants by: (1) increasing popul ation
numbers distributed across the range of the Pacific coast population of the
western snowy plover; (2) conducting intensive ongoing management for the
species and its habitat and devel oping mechanisms to ensure management in
perpetuity; and (3) monitoring western snowy plover populations and threats to
determine success of recovery actions and refine management actions.
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RECOVERY PRIORITY: 3C, per criteria published by Federal Register Notice
(U.S. Fish and Wildlife Service 1983).

RECOVERY CRITERIA: The Pacific coast population of the western snowy
plover will be considered for delisting when the following criteria have been met:

1. Anaverage of 3,000 breeding adults has been maintained for 10 years,
distributed among 6 recovery units as follows: Washington and Oregon, 250
breeding adults; Del Norte to Mendocino Counties, California, 150 breeding
adults; San Francisco Bay, California, 500 breeding adults, Sonomato Monterey
Counties, California 400 breeding adults; San Luis Obispo to Ventura Counties,
Cdlifornia, 1,200 breeding adults; and L os Angeles to San Diego Counties,
California, 500 breeding adults. This criterion aso includes implementing
monitoring of site-pecific threats, incorporation of management activities into
management plans to ameliorate or eliminate those threats, completion of research
necessary to modify management and monitoring actions, and development of a
post-delisting monitoring plan.

2. A yearly average productivity of at least one (1.0) fledged chick per male has
been maintained in each recovery unit in the last 5 years prior to delisting.

3. Mechanisms have been devel oped and implemented to assure long-term
protection and management of breeding, wintering, and migration areas to
maintain the subpopul ation sizes and average productivity specified in Criteria 1
and 2. These mechanisms include establishment of recovery unit working groups,
development and implementation of participation plans, devel opment and
implementation of management plans for Federal and State lands, protection and
management of private lands, and public outreach and education.

ACTIONSNEEDED:
1. Monitor breeding and wintering populationsand habitats of the Padfic coast

population of the western snowy plover to determine progress of recovery actions
to maximize survival and productivity.
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2. Manage breeding and wintering habitat of the Pacific coast population of the
western snowy plover to ameliorate or eliminate threats and maximize survival
and productivity.

3. Develop mechaniams for long-term management and protedtion of western
snowy plovers and their breeding and wintering habitat.

4. Conduct scientificinvestigations that fadlitate the recovery of the western
snowy plover.

5. Conduct public information and education programs about the western snowy
plover.

6. Review progress towards recovery of the western snowy plover andrevise
recovery efforts, as gopropriate.

7. Dedicate U.S. Fish and Wildlife Service staff to allow the Arcata Fish and
Wildlife Office to coordinate western snowy plover recovery implementation.

8. Establish an international conservation program with the government of
Mexico to protect western snowy plovers and their breeding and wintering
locations in Mexico.

Appendices B and C address Actions 1 and 2, providing site-specific
recommendations for breeding numbers and management actions. Appendix J
addresses Action 1, providing guidelines for monitoring western snowy plovers
during the breeding and wintering seasons. Appendix K addresses Action 5,
providing a public information and education plan.

ESTIMATED COST OF RECOVERY: $149,946,000 plus additional costs
that cannot be estimated at this time.

DATE OF RECOVERY: Delisting could occur by 2047 if the recovery criteria
above have been met.
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. INTRODUCTION

On March 5, 1993, the Pacific coast population of the western snowy plover
(Charadrius alexandrinus nivosus) (western snowy plove) was listed as
threatened under provisons of the Endangered Species Act of 1973, as amended
(16 U.S.C. 1531 et seq.). The Pacific coast population is defined as those
individuals that nest within 50 miles of the Pacific Ocean on the mainland coast,
peninsulas, offshore islands, bays, estuaries, or rivers of the United States and
Baja California, Mexico (U.S. Fish and Wildlife Service 1993a) (Figure 1).
General locations of the western snowy plover’s breeding and wintering locations
in the United States are shown in Appendix A. Surveys, status reviews, and
literature searches haveidentified 159 current or historical western snowy plover
breeding or wintering locations on the U.S. Pacific coast. These localitiesinclude
6 in Washington, 19 in Oregon, and 134 in Cdifornia (Appendix B). In Baja
Cdlifornia, breeding western snowy plovers concentrate at coastal wetland
complexes as far south as Bahia Magdalena, Mexico (Palacioset al. 1994). The
locations listed in Appendix B are important for the recovery of the United States
Pacific coast population of the western snowy plover because they represent
important breeding, feeding, and sheltering habitat for the species.

In Washington, the western snowy plover was listed as endangered under
Washington Department of Fish and Wildlife Policy #402 in 1981. In 1990 the
Washington Fish and Wildlife Commission (Washington Administrative Code
232-12-014) reaffirmed the endangered status. I1n 1975, the Oregon Fish and
Wildlife Commission listed the western snowy plover as threatened. Its
threatened status was reaffirmed in 1989 under the Oregon Endangered Species
Act and again in 1993 and 1998 by the Oregon Fish and Wildlife Commission as
part of its periodic review process. Since 1978, the California Department of Fish
and Game has classified both the inland and coastal population of western snowy
plover as a“ species of gecial concern.” (Remsen 1978, California Natural
Diversity Database 2001).

In August 2002, we received a petition from the Surf Ocean Beach Commission
of Lompoc, Californiato delist the Pacific Coast population of the western snowy
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plover. The City of Morro Bay, California submitted substantially the same
petition dated May 30, 2003. On March 22, 2004, we published a notice that the
petition presented substantial information to indicate that the delisting may be
warranted (U.S. Fish and Wildlife Service 2004a). This notice also announced
our initiation of a 5-year status review for the Pacific coast population of western
snowy plover.

Under sections 4(b)(3)(B) and 4(c)(2) of the Endangered Species Act, we
conducted a 5-year status review and evaluated whether the petitioned action was
warranted. On April 21, 2006, we published a12-month finding that concluded
the petitioned action was not warranted (U.S. Fish and Wildlife Service 2006a).
We also proposed a specia rule pursuant to section 4(d) of the Endangered
Species Act (U.S. Fish and Wildlife Service 2006b), which would exempt
counties that have met western snowy plover recovery goals from most
prohibitions on take as long as popul ations remain above recovery goals. The
5-year status review was completed on June 8, 2006.

Section 4 of the Endangered Species Act of 1973, as amended, requires us to
develop arecovery planfor the conservation and survival of a species dter itis
federally listed as threatened or endangered, unlessit is determined that such a
plan will not promote the conservation of the species. Recovery is the process of
reversing the decline of alisted species, eliminating threats, and ensuring the
species’ long-term survival. Thisrecovery plan recommends actions necessary to
satisfy the biological needs and assure recovery of the Pacific coast population of
the western snowy plover. These actions include protection, enhancement, and
restoration of all habitats deemed important for recovery; monitoring; research;
and public outreach.

This recovery plan will serve as a guidance document for interested parties
including Federal, Stae, and local agencies; private landowners; and the general
public. It includes recommendations for western snowy plover management
measures for all known breeding and wintering locations (Appendix C). These
locations have been divided into six recovery units, as follows: (1) Oregon and
Washington; (2) northern California (Del Norte, Humboldt, and Mendocino
Counties); (3) San Francisco Bay (locations within Napa, Alameda, Santa Clara,



and San Mateo Counties); (4) Monterey Bay (including coastal areas along
Monterey, Santa Cruz, San Mateo, San Francisco, Marin, and Sonoma Counties);
(5) San Luis Obispo, Santa Barbara, and Ventura Counties; and (6) Las Angeles,
Orange, and San Diego Counties. Designation of these |ocations and recovery
units assists in identifying priority areas for conservation planning across the
western snowy plover’s breeding and wintering range.

This recovery plan emphasi zes management on Federal and State lands, including
opportunities to improve or expand upon current efforts. Becauseof this
emphasis on public Iands, the cost associated with this emphasis, and potential
restrictions of public use on these lands, public support and involvement will be
crucial to the recovery o the western snowy plover. Opportunities for public
participation in recovery efforts are emphasized in Appendix K (Information and
Education Plan).

A. DESCRIPTION AND TAXONOMY

The western snowy plover, asmall shorebird in the family Charadriidae, weighs
from 34 to 58 grams (1.2 to 2 ounces) and ranges in length from 15to 17
centimeters (5.9 to 6.6 inches) (Pageet al. 1995a). It is pale gray-brown above
and white below, with awhite hindneck collar and dark lateral breast patches,
forehead bar, and eye patches (Figure 2). The hill and legs are blackish. In
breeding plumage, males usually have black markings on the head and breast; in
females, usually one or more of these markings are dark brown. Early in the
breeding season a rufous crown may be evident on breeding males, but it is not
typically seen on females. In non-breeding plumage, sexes cannot be
distinguished because the breeding markings disappear. Fledged juveniles have
buffy edges on their upper parts and can be diginguished from adults until
approximately July through October, depending on when in the nesting season
they hatched. After this period, molt and feather wear makes fledged juveniles
indistinguishable from adults. Individual hirds 1 year or older are considered to
be breeding adults. Themean annual life span of western snowy ploversis
estimated at about 3 years, but at least one individual was at least 15 years old
when last seen (Pageet al. 1995a).



Figure2. Adult male western snowy plover (photo by Peter Knapp, with
permission).

The species was first described in 1758 by Linnaeus (American Ornithol ogists
Union 1957). Two subspecies of the snowy plover have been recognized in North
America (American Ornithologists Union 1957): the western snowy plover
(Charadrius alexandrinus nivosus) and the Cuban snowy plover (C. a.
tenuirostris). The Pacific coast population of the western snowy plover breeds on
the Pacific coast from southern Washington to southern Baja California, Mexico.
Wintering birds may remain at their breeding sites or move north or south to other
wintering sites along the Pacific coast. The interior population of the western
snowy plover breedsininterior areas of Oregon, California, Nevada, Utah, New
Mexico, Colorado, Kansas, Oklahoma, and north-central Texas, as well as coastal
areas of extreme southern Texas, and possibly extreme northeastern Mexico
(American Ornithologists Union 1957). Although previously observed only as a
migrant in Arizona, small numbers have bred there in recent years (Monson and
Phillips 1981, Davis and Russell 1984). Interior population birds breeding east of
the Rockies generally winter along the Gulf coast, while most interior population
birds breeding west of the Rockies winter in coastal California and Baja



California, often intermingling with birds from the Pacific coast breeding
population. The Cuban snowy plover breeds along the Gulf coast from Louisiana
to western Florida and south through the Caribbean (American Ornithd ogists
Union 1957). More recent works recognize only subspecies C. a. nivosusfor
North America (Hayman et al. 1986, Binford 1989, Sibley and Monroe 1990).

A large amount of breeding data indicates that the Pacific coast population of the
western snowy plover is distinct from western snowy plovers breeding in the
interior (U.S. Fish and Wildlife Service 1993a, 2006a). A study conducted
between 1977 and 1982 reported that western snowy plovers tend to exhibit
breeding site fidelity (Warriner et. al. 1986). Banding and resighting data show
that the Pacific Coast breeding populations and the western interior breeding
populations experience limited or rare reproductive interchange (G. Pagein litt.
2004a). Between 1984 and 1995, the period with the most extensive banding
studies and search efforts, 907 plovers color-banded in coastal and interior
populations were subsequently resighted (excluding birds banded on the coast
during winter and birds resighted in their original region without evidence of
nesting). Of these, 894 birds (98.6 percent) were observed during the breeding
Season using the same breeding range in which they were originally banded.
Twelve birds (1.3 percent) were banded on the coast and later observed in the
interior, only one of which was known to nest in the interior. Only one male (0.1
percent) was banded in the interior (without evidence of nesting) and later found
nesting on the coast. Moreover, data from a period of lessintensive surveys and
banding from 1977 to 1983 corroborate thispattern (G. Pagein litt. 2004a, U.S.
Fish and Wildlife Service 2006a). During this period, of 400 birds banded in the
interior, none were observed on the coast during breeding season, and of 599
birds banded on the coast only one was found nesting in the interior. Finally, 304
retrievals of numbered metal bands reported between 1969 and 2002 show no
evidence of movement from interior to coast and only one bird (G. Goldsmith in
litt. 2004, U.S. Fish and Wildlife Service 2006a) that moved from coast to interior
(the dates being consistent with a bird from the interior population having been
banded on the coast during the non-breeding season).

Thus, intensive banding and monitoring stud es have documented only two clear
instances of interbreed ng between coastal and interior populations, and afew



cases of inter-popul ation movement without confirmed breeding, among
thousands of birds observed. These resultsillustrate that the amount of
interchange between coastal and interior populations is likely to be extremely

low, though not zero. Movement of birds from coastal to interior populations has
been documented more often than the reverse (see also U.S. Fish and Wildlife
Service 20063).

Genetic studies using mitochondrial DNA and microsatellite DNA makers
(Gorman 2000, Funk et al. 2006) have found no significant genetic differentiation
between the Pacific coast and interior populations of the western snowy plover.
However, because a small number of disperang individuals per gereration is
sufficient to prevent genetic differentiation between two semi-isolated
populations (Mills and Allendorf 1996, Funk et al. 2006), this result is consistent
with the banding data reported above. Because the small number of dispersing
individuals indicated by banding data appear insufficient to substantially affect
rates of population growth or decline in either population, the two populations
evidently function demographically as largely independent of one another.
Moreover, the infrequency of observed dispersal from coast to interior further
indicates that any declines in the coastal population are not likely to be effectively
offset by immigration of interior birds to the coast. Consequently thereisno
evidence that existing unoccupied habitat along the Pacific coast is curently
being or in future would be naturally colonized by birds from the interior
population (Funk et a. 2006).

B. LIFE HISTORY AND ECOLOGY
1. Breeding

The Pacific coast population of the western snowy plover breeds primarily on
coastal beaches from southern Washington to southern Bgja California, Mexico
(e.g., Figure 3). Sand spits, dune-backed beaches, beaches at creek and river
mouths, and salt pans at |agoons and estuaries are the main coastal habitats for
nesting (Stenzel et al. 1981, Wilson 1980). This habitat is unstable because of



Figure 3. Coastal beach in Oregon Dunes National Recreational Area (photo
by Ruth Pratt, with permission)

unconsolidated soils, high winds, storms, wave action, and colonization by plants.
L ess common nesting habitats include bluff-backed beaches, dredged material
disposal sites, salt pond levees, dry salt ponds, and river bars (Wilson 1980, Page
and Stenzel 1981, Powell et al. 1996, Tuttleet al. 1997).

a. Population Size and Distribution

Population estimates referenced below are based on window surveys as well ason
more intensive studies involving repeated surveys of populations with
individually identifiable color-banded birds. Window surveys are aone-time pass
of asurveyor, or teamof surveyors, through potential western snowy plover
nesting habitat during May or June (see survey protocol in Appendix J). The
surveyor counts all adult western snowy ploversin the habitat and identifies the
adults as male or female, when possible. Because window surveys may not detect
all birds, they are not directly comparable to more intensive studies. A correction
factor can be estimated by comparing window survey data with concurrent
population estimatesfrom detailed studies of color-banded popuations; currently



the best rangewide estimate of the correction factor is 1.3 (U.S. Fish and Wildlife
Service 2006a), but it is preferable to determine correctionson a more specific
regional or site basisif possible due to differencesin survey efficiency in
different habitats (see action 4.3.1).

Western snowy plovers concentrate in suitable habitat, with the number of adults
at coastal breeding locations ranging from 1to 315, depending in pat, on the size
of the area (Appendix B). The largest number of breeding birds occurs from
south San Francisco Bay to southern Baja California (Page and Stenzel 1981,
Palacioset al. 1994).

The locations of the following parenthetical references to western snowy plover
breeding and wintering locations in Washington, Oregon, and Californiaare
shown in Figures A-1 through A-7 of Appendix A, and mapped in greater detall
in Appendix L. Information on the numbers of breeding and wintering western
snowy plovers at these locations is described in Appendix B.

Four breeding areas currently exist in southern Washington: Damon Point
(Washington location 2 [WA-2]) in Grays Harbor; Midway Beach (WA-4); and

L eadbetter Point (WA-5) and Graveyard Spit (discovered in 2006) in Willapa
Bay. Prior to the 1998 breeding season, fewer than 25 western snowy plovers and
12 nests were found in Washington during regular, standardized surveys.
However, surveys from 1998 through 2006 (Sundstrom 2003, 2005; Brennan and
Fernandez 2004a, 2006; Pearson et al. 2006; Washington Department of Fish and
Wildlife unpub. data) indicate greater numbers of western snowy plovers are
nesting at L eadbetter Point (WA-5) and Midway Beach (WA-4), with a maximum
estimated population of 70 western snowy plovers statewide in 2006.

In Oregon, nesting birds have been recorded at 14 sites since 1990 (Castelein et
al. 2002, Lauten et al. 2006a, 2006b). Nesting has occurred most frequently at 9
sites, including Sutton (OR-8), Siltcoos (OR-10), Dunes Overlook (OR-10),
Tahkenitch (OR-10), Tenmile Spits (OR-12), Coos Bay North Spit (OR-13),
Bandon (OR-15), New River (OR-15), and Flaras Lake (OR-15). An estimated
177-179 adult western snowy plovers were observed at Oregon sites during the
2006 breeding season. A total of 135 individuals were known to have nested in



2006, with 147 nests located. Individual nestshave aso been found between
1990 and 2002 at severd other Oregon sites, induding Necanicum (OR-1);
Bayocean Spit (OR-3); North Siuslaw (OR-8); Threemile-Umpqua River (OR-
11); and Menasha Spoils, North Bend.

Western snowy plover populationsin Califarnia have fluctuated between roughly
one thousand and two thousand birds over the past 30 years, as detailed in section
I.C.1.c below. Eight geographic areas support over three-quarters of the
California coastal breeding population: San Francisco Bay (CA-27 to CA-47),
Monterey Bay (CA-63 to CA-65), Morro Bay (CA-79 to CA-81), the Callendar-
Mussel Rock Dunes area (CA-83), the Point Sal to Point Conception area (CA-84
to CA-88), the Oxnardlowland (CA-96 to CA-99), Santa Rosa Island (CA-93),
and San Nicolas Island (CA-100) (Pageet al. 1991, G. Pagein litt. 2005a).

A survey of breeding western snowy plovers along the Pacific coast of Baja
California, Mexico between 1991 to 1992 found 1,344 adults, mostly at four
coastal wetland complexes:. Bahia San Quintin, Lagunas Ojo de Liebre and

Guerrero Negro, Laguna San Ignacio, and Bahia Magdalena (Palacioset al.

1994).

b. Arrival and Courtship

Nesting western snowy plovers at coastal |ocations consist of both year-round
residents and migrants (Warriner et al. 1986). Migrants begin ariving at
breeding areas in southern Washington in early March (Widrig 1980) and in
central California as ealy as January, although the main arrival isfrom early
March to late April (Pageet al. 1995a). Since some individuals nest at multiple
locations during the same year, birds may continue arriving through June (Stenzel
et al. 1994).

Mated birds from the previous breeding season frequently reunite. Pair bonds are
associated with territorial defense by males and nest scraping behavior, but early
in the season birds beginto associate with one another in pairs within and apart
from roosting flocks before nest scraping activity is observed, suggesting that pair
bonds can be established prior to overt displays(Warriner et al. 1986). A scrape
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Isadepression in the sand or substrate that a mde constructs by leaning forward
on his breast and scratching his feet while rotating his body axis (Pageet al.
1995a). Copulations are associated with scraping behavior (Warriner et al. 1986).
Females choose which scrape becomes the nest site by laying eggs in one of them.
In California, pre-neging bonds and courtship activities are observed as early as
mid-February. Similar activities begin by March in Oregon. During courtship,
males defend territories and usually make multiple scrapes.

c. Duration of Breeding Season

Along the west coast of the United States, the nesting season of the western
snowy plover extends from early March through late September. Generally, the
breeding season may be 2 to 4 weeks earlier in southern California than in Oregon
and Washington. Fledging (reaching flyingage) of late-season broods may
extend into the third week of September throughout the breeding range.

The earliest nests on the California coast occur during the first week of Marchin
some years and by the third week of March in most years (Page et al. 1995a).
Peak initiation of nesting is from mid-April to mid-June (Warriner et al. 1986;
Powell et al. 1997). Hatching lasts from early April through mid-August, with
chicks reaching fledging age approximately 1 month after hatching (Powell et al.
1997). On the Oregon coast nesting may begin as early as mid-March, but most
nests are initiated from mid-April through mid-July (Wilson-Jacobs and Meslow
1984); peak nest initiation occurs from mid-May to early July (Stern et al. 1990).
In Oregon, hatching occurs from mid-April through mid-August, with chicks
reaching fledging age as early as mid- to late May. Peak hatching occurs from
May through July, and most fledging occurs from June through August. On the
Washington coast, most adults arrive duringlate April, with maximum numbers
present from mid-May to late June. Fledging occurs from late June through
August (Washington Department of Fish and Wildlife 1995).

d. Nestsand Nest Sites

Nests typically occur inflat, open areas with sandy or saline substrates
vegetation and driftwood are usually sparse or absent (Widrig 1980, Wilson 1980,
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Stenzel et al. 1981). Western snowy plovers also regularly nest on the gravel bars
along the E€el River in northern California. In southern California, western snowy
plovers nest in areas with 6 to 18 percent vegetative cover and 1 to 14 percent
inorganic cover; vegetaion height is usually less than six centimeters(2.3 inches)
(Powell et al. 1995, 1996). Nests consist of a shallow scrape or depression,
sometimes lined with beach debris (e.g., small pebbles, shell fragments, plant
debris, and mud chips); nest lining increases as incubation progresses. Driftwood,
kelp, and dune plants provide cover for chicks that crouch near objectsto hide
from predators. Invetebrates are often found near debris, so driftwood and kelp
are also important for harboring western snowy plover food sources (Page et al.
1995a). Page and Stenzel (1981) found that nests were usually within 100 meters
(328 feet) of water, but could be several hundred meters away when there was no
vegetative barrier between the nest and water. They believed the absence of such
abarrier is probably important for newly-hatched chicks to have access to the
shore. Powell et al. (1995, 1996) also reported that nests from southern
Californiawere usually located within 100 meters (328 feet) of water, which
could be either ocean, lagoon, or river mouth. Although the majority of western
snowy plovers are site-faithful, returning to the same breeding areain subsequent
breeding seasons, some also disperse within and between years (Warriner et al.
1986, Stenzel et al. 1994). Western snowy plovers occasionally nest in exactly
the same location as the previous year (Warriner et al. 1986).

e. Egg Laying, Clutch Size, and I ncubation

Initiation (eggs and laying) occurs from mid-February/early March through the
third week of July (Wilson 1980, Warriner et al. 1986). The approximate periods
required for nesting events are: scrape construction (in conjunction with
courtship and mating), 3 days to more than a month; egg laying, usualy 4 to 5
days; and incubation, 26 to 31 days (mean 27 days) (Warriner et al. 1986). The
usual clutch size (e.g., number of eggsin one nest) isthree (Figure 4) with arange
from two to six. (Warriner et al. 1986, Page et al. 1995a). Both sexes incubate
the eggs, with the female tending to incubate during the day and the male at night
(Warriner et al. 1986). Adult western snowy plovers frequently will attempt to
lure people and predators from hatching eggs with alarm calls and distraction
displays. Occasionally, adults behave similarly during the egg-laying period or

12



Figure4. Western snowy plover clutch (photo by Bruce Casler, with
permission).

incubation of completed clutches. Moretypical, however, isfor the incubating
adult to run away fromthe eggs without being seen. Incomplete clutches are
those in which all eggs have not been laid. Partly-incubated clutches arethose
clutches having some degree (in days) of incubation.

Western snowy plovers will re-nest after loss of their eggs (Wilson 1980,
Warriner et al. 1986). Re-nesting occurs 2 to 14 days after failure of a clutch, and
up to five re-nesting attempts have been observed for apair (Warriner et al.
1986).

Double brooding with polyandry (meaning the female successfully hatches more
than one brood [i.e. sibling chicks of a hached nest] in a nesting season with
different mates) is common in coastal Cdifornia (Warriner et al. 1986) and
Oregon (Wilson-Jacobs and Meslow 1984). On the California coast, the breeding
season is long enough for some females to triple brood and for some males to
double brood (Pageet al. 1995a). Triple brooding in amale has, on rare
occasion, been recorded; a male triple brooded at Moss Landing salt pondsin
2001 (D. Georgein litt. 2001). After losing a dutch or brood or successfully
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hatching a nest, westem snowy plovers may re-nest at the same site or move up to
several hundred kilometers to nest at other sites(Stenzel et al. 1994, Powell et al.
1997).

f. Clutch Hatching Success

Widely varying clutch hatching success (percent of clutches hatching at least one
egg) isreported in the literature. Clutch hatching success ranging from 0 to 90
percent has been recorded for coastal western snowy plovers (Widrig 1980,
Wilson 1980, Saul 1982, Wilson-Jacobs and Dorsey 1985, Warriner et al. 1986,
Wickham unpubl. datain Jacobs 1986). Low clutch hatching success has been
attributed to a variety of factors, including predation, human disturbance, high
tides, and inclement weather. Heavy recreational beach use coincides with the
peak hatching period for western snowy plover eggs (Powell 2001), adding
additional pressures towestern snowy plover adults and chicks that aremore
exposed to human disturbance. Observed clutch hatching success ranged from
12.5 to 86.8 percent and averaged 50.6 percent in eight studies of coastal breeding
western snowy plovers(Page et al. 1995a). In San Diego County, estimated
nesting success ranged from 43 to 68 percent between 1994 and 1998, averaging
54 percent (Powell et al. 2002); nesting western snowy ploversin San Diego
County likely benefitted from predator management efforts for snowy plovers and
Cdlifornialeast terns (Sternula antillarum browni) (A. Powell, U.S. Geological
Survey, pers. comm. 1998). In Monterey Bay, hatching rate was significantly
increased from 43 percent (during 1984-1990) to 68 percent (during 1991-1999)
by intensive control of mammalian predators and use of nest exclosures (Neuman
et al. 2004).

g. Brood-rearing

The first chick hatched remainsin or near the nest until other eggs (or at least the
second egqg) hatch. Theadult western snowy plover, while incubating the eggs,
also broods the first chick. The non-incubating adult also may brood the first-
born chick a short distance from the nest. If the third egg of a clutch is 24 to 48
hours behind the othersin hatching, it may be deserted. Western snowy plover
chicks are precocial, leaving the nest within hours after hatching to search for
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food. They are not ableto fly (fledge) for approximately 1 month after hatching;
fledging requires 28 to 33 days (Warriner et al. 1986). Broods rarely remainin
the nesting area until fledging (Warriner et al. 1986, Stern et al. 1990). Western
snowy plover broods may travel along the beach as far as 6.4 kilometers (4 miles)
from their natal area (Casler et al. 1993).

Adult western snowy plovers do not feed their chicks, but lead themto suitable
feeding areas. Adultsuse distraction displays to lure predators and people away
from chicks. Withvocalizations, adult western snowy plovers signal the chicksto
crouch as another way to protect them (Pageet al. 1995a). They also may lead
chicks, especially larger ones, away from predators. Warriner et al. (1986)
reported that most chick mortality occurs within 6 days after hatching.

Females generally desert mates and broods by the sixth day after hatching and
thereafter the chicks are typically accompanied by only the male. While males
rear broods, femalesobtain new mates and initiate new nests (Pageet al. 1995a).
Females typically help rear the last brood of the season.

h. Fledging success

The fledging success of western snowy plove's (percentage of hatched young that
reach flying age) varies greatly by location and year. Even western snowy
plovers nesting on neighboring beach segments may exhibit quite different
success in the same year. For example, the percentage of chicks fledged on
different beach segments of Monterey Bay in 1997 varied from 11 to 59 percent
(average 24 percent) (Page et al. 1997). During the prior 13 years, fledging
success on Monterey Bay beaches averaged 39 percent (Page et al. 1997). From
the former Moss Landing salt ponds (now known as the Moss Landing Wildlife
Ared) in Monterey Bay (CA-64), fledging success ranged from 13.2 percent to
57.1 percent from 1988 to 1997. In San Diego County, fledging success ranged
from 32.6 to 51.4 pecent (Powell et al. 1997). In Oregon, annual fledging
success for 1992 to 2006, for all coastal sites combined, ranged from 26 to 55
percent (Lauten et al. 2006a, 2006b). Asin California, thereis considerable
variation among siteswithin years. For example, in 2005, the fledgng success
ranged from 24 percent at New River (OR-15) to 70 percent at Coos Bay South
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Beach (OR-13). Therealsoisvariation at individua sites among years. At the
Coos Bay North Spit (OR-13), one of the larger nesting areas in coastal Oregon,
annual fledging success for 1992 to 2006 ranged from 38 to 74 percent.

i. Productivity

The productivity information most useful for this recovery plan is reproductive
success (the annual number of young fledged per adult male). For the population
viability analysis (Appendix D), males were used in the model because their
population parameters can be estimated with greater certainty than for females. In
addition, it is reasonable to consider that the availability of malesis limiting
reproductive success because they are responsible for post-hatching parental care,
and females can lay clutches for more than one male (Warriner et al. 1986).

Chicks are considered fledged at 28 to 33 days after hatching. Estimates of the
number of young fledged per adult male are available for Oregon; northern
Cdliforniafrom Mendocino to Del Norte Counties; Monterey Bay, California; and
San Diego County, California. Along the Oregon coast, the average number of
young annually fledged per male during the period between 1992 and the
initiation of predator management (2002 to 2004 depending on site) was
estimated as 0.87 (Lauten et al. 2006b); this fledging success significantly
increased to 1.44 since implementation of predator management. Male fledging
success in Oregon has amually ranged between 0.70 and 1.64 (Lauten et al.
2006a). In northern California, fledging success ranged from 0.8 to 1.7 fledglings
per mal e between 2001-2005, with birds nesting on river gravel bars consistently
achieving greater success than those nesting on beaches (Colwell et al. 2005). At
Monterey Bay, California, from 1984 to 1990, when little effort was made to
protect chicks from predators and people, males averaged 0.86 fledglings
annually. When intensive efforts were undertaken to control mammalian
predators from 1993 to 1999, the number of young fledged per adult maleinitially
increased above 1.1, then declined sharply as avian predation on chick s became
increasingly significant (Neuman et al. 2004). After live trapping and removal of
avian predators was initiated, fledging success again increased in target areas (G.
Pagein litt. 2004b). Over 16 yearsof study at Monterey Bay, the annual number
of young fledged ranged from 0.32 to 1.23 per male (Neuman et al. 2004). In San
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Diego County from 1994 to 1998, an averageof 0.15 to 0.44 young were fledged
per male (Powell et al. 2002). Fledging successin Washington cannot be
accurately estimated due to lack of banded chicks and adults and varigble
monitoring effort prior to 2006 (S. Pearson in litt. 2006); however it wasroughly
estimated at between 0.76 and 1.45 young fledged per male in 2006, excluding

L eadbetter Point whichwas insufficiently surveyed but may have had poorer
fledging success (Pearson et al. 2006).

j. Survival

Annual survival rates for adult and juvenile western snowy plovers have been
calculated from studies of color banded birds from the coast of Oregon (M. Stern
unpubl. data), the shoreline of Monterey Bay, California (Point Reyes Bird
Observatory unpublished data), and the coast of San Diego County, California (A.
Powell and J. Terp unpublished data) using the program SURGE (L ebreton et al.
1992, Cooch et al. 1996). Annual juvenile survival rates for fledged young
average 48.5 percent (1992-2002) from the Oregon coast, 45 percent from
Monterey Bay, and 45 percent from the San Diego coast. Annual survival rates
for adult females and males, respectively, averaged 75 and 75 percent from the
Oregon coast, 69 and 75 percent from Monterey Bay, and 72 and 71 percent from
the San Diego coast. Differences between males and females were statistically
significant only for the Monterey Bay area. Appendix D explains how these
survival rates were incorporated into the populaion viability analysis.

2. Feeding Habitat and Habits

Western snowy plovers are primarily visual foragers, using the run-stop-peck
method of feeding typical of Charadrius species. They forage on invertebratesin
the wet sand and amongst surf-cast kelp within the intertidal zone, in dry sand
areas above the high tide, on salt pans, on spoil gtes, and along the edges of salt
marshes, salt ponds, and lagoons. They sometimes probe for prey in the sand and
pick insects from low-growing plants. At theBolsa Chicawetlandsin California,
western snowy plovers have been observed pecking small, flying insects from
mid-air and shaking one foot in very shallow water to agitate potentid prey
(Fancher et al. 1998). Western snowy plover food consistsof immature and adult
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forms of aquatic andterrestrial invertebrates Little quantitative information is
available on food habits. In San Diego, California, invertebrates found in western
snowy plover feces during the breeding season included rove beetles
(Staphylinidae), long-legged flies (Dolichopodidage), shore flies (Ephydridag),
water bugs (Saldidae), hymenopterans (Braconidae), and unidentified insect
larvae (Tucker and Powell 1999). During the breeding season, Jacobs (1986)
observed adult western snowy plovers feeding on sand hoppers (Orchestoidea)
and small fish on the Oregon coast. Other food items reported for coastal western
snowy ploversinclude Pacific mole crabs (Emerita analoga), striped shore crabs
(Pachygrapsus crassipes), polychaetes (Neridae, Lumbrineris zonata, Polydora
socialis, Scoloplos acmaceps), amphipods (Corophium ssp., Ampithoe spp.,
Allorchestes angustus), tanadacians (Leptochelia dubia), shore flies (Ephydridae),
beetles (Carabidae, Buprestidae, Tenebrionidae), clams (Transenella sp.), and
ostracods (Page et al. 1995a). In salt evaporation pondsin San Francisco Bay,
California, the following prey have been recorded: brine flies (Ephydra cinerea),
beetles (Tanarthrus occidentdis, Bembidion sp.), moths (Perizoma custodiata),
and lepidopteran caterpillars (Feeney and Maffei 1991). Opportunities for
foraging are directly dependent on salinity levels. Specifically, salt ponds of
medium salinity seem to provide the best quality foraging habita (M. Kolar, San
Francisco Bay Nationd Wildlife Refuge, pers. comm. 2004).

3. Migration

While some western snowy ploversremainin their coastal breeding areas year-
round, others migrate south or north for winter (Warriner et al. 1986, Page et al.
19953, Powell et al. 1997). In Monterey Bay, California, 41 percent of nesting
males and 24 percent o the femal es were consistent year-round reddents
(Warriner et al. 1986). At Marine Corps Base Camp Pendleton in San Diego
County, California, about 30 percent of neding birds stayed during winter
(Powell et al. 1995, 1996, 1997). The migrants vacate California coastal nesting
areas primarily fromlate June to late October (Page et al. 1995a). Thereis
evidence of alate-summer (August/September) influx of western snowy plovers
into Washington; it is suspected that these wandering birds are migrants (S.
Richardson, Washington Department of Fish and Wildlife, pers. comm. 1998).
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Most western snowy plovers that nest inland migrate to the coast for the winter
(Page et al. 1986, 1995b). Thus, the flocks of non-breeding birds tha begin
forming along the U.S. Pacific coast in early July are a mixture of adult and
hatching-year birds from both coastal and interior nesting areas. During
migration and winter, these flocks range in size from afew individuals to up to
300 birds (Appendix B).

4. Wintering

a. Distribution and Abundance

In western North America, the western snowy plover winters (here defined as late
October to mid-February) mainly in coastal areas from southern Washington to
Central America (Page et al. 1995a). Both coastal and interior popul ations use
coastal locationsin winter. Small numbers of western snowy plovers occur at two
locations on the Washington coast: Midway Beach (WA-4) (S. Richardson, pers.
comm. 1998, J. Grettenberger, U.S. Fish and Wildlife Service, pers. comm. 2004),
and L eadbetter Point (WA-5), Willapa Bay (Washington Department of Fish and
Wildlife 1995), both in Pacific County. Increasing numbers of wintering western
snowy plovers are being documented along the Washington coast, with 32
counted in 2005 (L. Kelly in litt. 2005). As many as 97 western snowy plovers
were observed wintering on the Oregon coast in 2005 (L. Kelly in litt. 2005).
During the survey period between 1990 and 2005, at least 9 Oregon locations
(Appendix B) have been used by wintering plovers. Probably as many as 2,500
plovers overwinter along the mainland California coast, and hundreds more at San
Francisco Bay and in the Channel Islands (Appendix B, Pageet al. 1986). The
majority of wintering western snowy plovers on the California coast are found
from Bodega Bay, Sonoma County, southward (Page et al. 1986). Appendix B
gives the range of years over which each state’ s data was collected as well asthe
minimum and maximum number of western snowy ploversinventoried.

Nesting western snowy plovers from the Oregon coast have wintered as far south
as Monterey Bay, California; those from Monterey Bay in central California have
wintered north to Bandon, Oregon, and southto Laguna Ojo de Liebre Baja
California, Mexico (Page et al. 1995a); and those from San Diego in southern
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California have wintered north to Vandenberg Air Force Base in SantaBarbara
County and south to Laguna Ojo de Liebre, Bga California, Mexico (Powell et al.
1995, 1996, 1997).

In winter, western snowy plovers are found on many of the beaches used for
nesting, as well as some beaches where they do not nest (Appendix B). They also
occur in man-made salt ponds and on estuarine sand and mud flats In California,
the majority of wintering western snowy plovers concentrate on sand spits and
dune-backed beaches. Some also occur on urban and bluff-backed beaches,
which are rarely used for nesting (Pageet al. 1986). Pocket beaches at the
mouths of creeks and rivers on otherwise rocky shorelines are used by wintering
western snowy plovers south, but not north, of San Mateo County, California.

b. Site Fidelity

Western snowy plovers that breed on the coast and inland are very site faithful in
winter (Point Reyes Bird Observatory unpublished data). For example, after 166
adults and 204 chicks were banded at L ake Abert, Oregon during summer, many
were subsequently found along the California and Baja California, Mexico coasts.
Of those for which awintering location was identified, 67 percent of the adult
males, 73 percent of the adult females, and 60 percent of the birds banded as
chicks (immatures) were found at the same winter location in at |east 2
consecutive years; and 33 percent of the males, 32 percent of the females, and 35
percent of the immatures for at least 3 years(Page et al. 1995b).

c. Behavior

Western snowy plovers are typically gregariousin winter. Although some
individuals defend territories on beaches, most usually roost in loose flocks;
frequently western snowy plovers also are observed foraging in loose flocks
(Page et al. 1995a). Roosting western snowy plovers usually sitin small
depressions in the sand, or in the lee of kelp, ather debris, or small dunes (Page et
al. 1995a). Sitting behind debris or in depressions provides some shelter from the
wind and probably makes the birds more difficult for predators to detect. When
roosting western snowy plovers are disturbed, they frequently run afew metersto
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anew spot where they sometimes displace other individuals. Alternatively, the
whole flock may fly to a new location.

C. POPULATION STATUSAND TRENDS
1. Historical Trends

Historical records indicate that nesting western snowy plovers were once more
widely distributed and abundant in coastal Washington, Oregon, and California.

a. Washington Coast

In Washington, western snowy plovers formerly nested at five coastal locations
(Washington Department of Fish and Wildlife 1995). Three of these sites have
had active nesting in recent years, as summaized in Table 1. One new site was
also recently discovered in 2006. Populationsappear to have increased overall
since the early 1990s, dthough consistent, intensive surveys have been conducted
only since the mid-1990s. Quantitative comparisons prior to that arenot possible
because of the inconsistency in surveys. Estimated numbers of breeding adults
(Table 1) substantially exceed window survey data (M. Jensenin litt. 2006),
partially because of adverse weather during window survey periods in recent
years.

i. GraysHarbor County

Copalis Spit (WA-1) held 6 to 12 western snowy plover pairsin the late 1950s or
early 1960s (Washington Department of Fish and Wildlife 1995). No other
information on breedng at Copalis Spit is available. Suitable habitat was judged
capable of supporting four pairsin 1984 (Washington Department of Fish and
Wildlife 1995). Periodic surveys since 1983 have revealed just a single western
snowy plover (Washington Department of Fish and Wildlife unpubl. data). Two
post season juvenile western snowy plovers were observed at Copalis Spit in 2001
(Sundstrom 2002a). Thereis no longer vehicle access to the site since the road
washed out several years ago, which has reduced the potential for disturbance
from recreational activities. Erosion caused by the northward shift of Connor
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Creek has reduced the amount of habitat, but some suitable habitat remains at the
end of the spit and the area has potential as a nesting site with habitat restoration
and public education (U.S. Fish and Wildlife Service 2005, M. Jensen in litt.
2006).

Damon Point and Oyhut Wildlife Area (WA-2) lack western snowy plover
records prior to 1971, but thisis likely due to limited visitation rather than
western snowy plover ésence. Between 1971 and 1983, birders reported up to
Six western snowy plovers during infrequent visits-to Damon Point (Washington
Department of Fish and Wildlife 1995). Western snowy plover research in 1985
and 1986 revealed up to 20 western snowy plovers and 8 nests at Damon Point
(Anthony 1987). Although most of the locality is suitable habitat, increasing
levels of public use have reduced the secure nesting areas to a small portion of the
site that is difficult to access, and the breeding population has declined over the
last two decades (M. Jensen in litt. 2006). From 1993 to 2006 the number of
adults at Damon Point has ranged from 2 t0 10 (Table 1). Only one nest was
found in 2006 (Pearson et al. 2006).

Westport Spit (WA-3) held low numbers of western snowy plove's from before
1915 until at least 1968, and scientific collecting was concentrated there through
1934 (Washington Department of Fish and Wildlife 1995). A single nest, poorly
documented, was reported in 1983 (Washington Department of Fish and Wildlife
unpublished data). Noother quantitative information on abundanceor nesting is
available for this site. Erosion of the site has rendered the beach too narrow to
support successful nesting, and there islittle opportunity for habitat restoration
through beachgrass removal due to private ownership of upland dune habitat (M.
Jensen in litt. 2006). Recreational useisalso substantial. Thislocationisno
longer being surveyed due to lack of suitable habitat.

ii. Pacific County
Midway Beach (WA-4) and Cape Shoalwater once contained several hundred
acres of suitable western snowy plover habitat, but the area lacks historical

records of these birds except for specimens collected in 1914 and 1960 and
labeled “ Tokeland” (Washington Department of Fish and Wildlife 1995). In
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recent years, Midway Beach has been accreting sand and creating high qudity
habitat. Recent nesting was first documented in 1998 (Richardson et al. 2000).
Numbers of breeding adults have increased since 1998, and during 2003-2006 the
numbers of adults during the breeding season have ranged from 23-33, with a
peak number of 30 nests (M. Jensen in litt. 2006; Pearson et al. 2006).
Approximately one third of the habitat is on Sate Park land with controlled
access, on the privately owned land recreational disturbance isfairly high and
contributes to high rates of nest failure.

In 2006, western snowy plovers were discovered nesting on Graveyard Spit in
northern Willapa Bay, which is primarily on the Shoalwater Indian Reservation
and State lands (M. Jensen in litt. 2006; Pearson et al. 2006). Three pairs of
plovers used the spit in 2006 and produced threefledglings.

L eadbetter Point (WA-5) was rarely visited by western snowy plover doservers
prior to 1964. In the 1960s and 1970s, birders reported up to 35 western snowy
plovers, with nesting confirmed in 1967 by the sighting of two chicks
(Washington Department of Fish and Wildlife 1995). Western snowy plover
numbers were estimated at up to 24 individuals and between 7 and 11 nests
during surveys done beween 1978 to 1997 (Widrig 1980, 1981; Willapa National
Wildlife Refuge unpublished data; Williamson 1995, 1996, 1997). Numbers
increased slightly from 1998-2006, with numbers ranging from 24 to 45 adults
present (Table 1). The dstribution of nesting by western snowy plovers has
changed, however, with recent habitat |oss from erosion on the tip of Leadbetter
Point and shifting of nesting southwards. Since 2002 the refuge has cleared 25
hectares (63 acres) of non-native beachgrass and the habitat restoration site has
been consistently used by nesting plovers. Western snowy plovers are also
nesting in Leadbetter State Park and State-owned lands south of the Park. Use of
predator exclosures at the refuge since 2004 has greatly improved hatching
success in the habitat restoration area and outer beach. Gunpowder Sands Island
became intertidal in 2001 and no longer is suitable for nesting western snowy
plovers (K. Brennan in litt. 2006).
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Table 1. Status of western snowy plovers at four nesting sites in Washington

(Sundstrom-Bagley et. al. 2000; Jagues 2001; Sundstrom 2001, 2002a, 2002b,

2003, 2004, 2005; Brennan and Jaques 2002; Brennan 2003; Brennan and
Fernandez 2004a, 2004b, 2006; Pearson et al. 2006).

Y ear Estimated Number of Adults Present
L eadbetter Midway Damon Graveyard Total
Point Beach Point Spit
1993 16 - 7 - 23
1994 13 - 6 - 19
1995 25 0 9 - 34
1996 19 0 4 - 23
1997 21 0 3 - 24
1998 45 6 5 - 56
1999 26 12 5 - 43
2000 25 21 4 - 50
2001 27 14 4 - 45
2002 32 23 4 - 59
2003 30 33 5 - 68
2004 24 19 10 - 53
2005 38 25 5 - 68
2006 39 23 2 6 70
b. Oregon Coast

In Oregon, western snowy plovers historically nested at over 20 sites on the coast.
At present only seven caore nesting sites are consistently used, with afew
additional areas occupied during some years (Lauten et al. 2006a, 2006b).

Annua window surveys of western snowy ploversin Oregon (Table 2), including
both adults and young of the year, began in 1978, with counts ranging from a high
of 139 at 13 sites (1981) to alow of 30 observed at 9 sites (1992). Populations
reached alow from 1991 to 1993 with a mean of 33 individuals recorded
annualy. From 1994 to 2006 western snowy plover numbers have generaly

24



Table2. Number of adult western snowy plovers observed on window surveys of
the Oregon coast during the breeding season (1978-2006). Window surveys
record the number of birds seen during 1-day censusesin May to June (Lauten et
al. 2006a, 2006b).

Y ear Number Y ear Number
1978 93 1993 45
1979 100 1994 51
1980 80 1995 64
1981 139 1996 85
1982 78 1997 73
1983 52 1998 57
1984 46 1999 49
1985 48 2000 no surveys conducted
1986 73 2001 71
1987 61 2002 71
1988 53 2003 63
1989 58 2004 82
1990 59 2005 100
1991 35 2006 91
1992 30

increased, with an average of 71 plovers observed. The increase in thenumbers
of plovers observed in recent yearsis believed to be related to intensive
management that began at the time of Federal listing.

Since 1993, the population on the Oregon coast has been intensively monitored,
with many of the adults and chicks being uniquely color-banded. The presence of
marked birds has allowed for the devel opment of two other means of estimating
the population (Table 3, Lauten et al. 2006b). The number of western snowy
plovers, asindicated by the three indicesin Table 3, has increased between 1993
and 1997, declined in 1998/1999, then increased again through 2006. The trends
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Table 3. Comparison of population estimates of adult western snowy plovers on
the Oregon coast during the breeding season (1993 to 2005) based on three
different measures of abundance (Lauten et al. 2006a, 2006b).

Y ear Estimates

A B C
1993 45 55to 61 72
1994 51 67 83
1995 64 94 120
1996 85 110to 113 134 to 137
1997 73 106 to 110 141
1998 57 75 97
1999 45 77 95 to 96
2000 no survey 89 109
2001 71 79to 80 111to 113
2002 71 80 99 to 102
2003 63 93 102 to 107
2004 82 120 136 to 142
2005 100 104 153 to 158
2006 91 135 177 to 179

A = Window census.

B = Estimated number of breeding adults. This number islower than those in column C because
it is an estimate of the number of individual birds thought to be breeding birds.

C = Total number of individual adultspresent during breeding season (includes depredated
adults).

for al three indices remained relatively consistent throughout that measurement
period.

Management measures (Lauten et al. 2006a, 2006b) have included the use of
exclosures to reduce predation, predator control measures, restoration of breeding
habitat by removing European beachgrass (Ammophila arenaria), increased
presence of law enforcement personnel, additional and improved signs, additional
symbolic fencing (consisting of one or two grands of light-weight string or cable
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tied between posts to delineate areas where pedestrians and vehicles should not
enter), and increased efforts on public information and education.

c. California Coast
i. Coastwide Perspective

In California, there also has been a significant decline in breeding locaions,
especialy in southern California. By the late 1970s, nesting western snowy
plovers were absent from 33 of 53 locations with breeding records prior to 1970
(Page and Stenzel 1981). The first quantitative data on the abundance of western
snowy plovers along the California coast came from window surveys conducted
during the 1977 to 1980 breeding seasons by Point Reyes Bird Observatory (Page
and Stenzel 1981). An estimated 1,593 adult western snowy plovers were seen on
these pioneer surveys (Table 4). The surveys suggested that the western snowy
plover had disappeared from significant parts of its coastal California breeding
range by 1980. It no longer bred along the beach at Mission Bay or at Buena
VistaLagoon in San Diego County. In Orange County, the only remaining
breeding location was the Bolsa Chica wetlands; historically, the western snowy
plover was known to breed along the beach from Upper Newport Bay to Anaheim
Bay. It was absent from Los Angeles County where it formerly nested along the
shores of Santa MonicaBay. In Ventura County, it had ceased breeding on
Ventura Beach (San Buenaventura Beach), and in Santa Barbara County on
Carpinteria, Santa Barbara (East Beach), and Goleta Beaches. Nesting no longer
occurred along the northernmost portion of Monterey Bay in Santa Cruz County
or on Doran Beach at Bodega Harbor in Sonoma County.

Subsequent coast-wide surveys by Point Reyes Bird Observatory in 1989 and
1991 indicated a further decline in numbers of breeding adult western snowy
plovers during the decade after the 1977 to 1980 survey. Along the mainland
coast, including the shores of the Channel Islands, western snowy plover
populations had declined by about 5 percent, and in San Francisco Bay by about
44 percent (Table 4).
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Table 4. Number of adult western snowy plovers observed during breeding season
window surveys of the California coast.

L ocation 1977/80 | 1989 1991 1995 2000 2002 2003 2004 2005 2006
Del Norte County 11 8 3 0 0 0 0 0 0 0
Humboldt County 54 32 30 19 39 49 38 37 32 49
Mendocino County 15 2 0 - 1 0 1 3 9 3
Sonoma County 0 10 9 3 0 0 0 0 5 0
Marin County 40 24 25 8 21 25 17 26 22 16
San Mateo County 4 8 1 - 4 3 4 17 3 7
(incl. SF beaches)
Northern Santa Cruz 25 19 22 26 19 9 2 2 3 4
County
Monterey Bay 146 146 119 125 120 270 279 331 297 317
Point Sur 3 4 - - 8 5 6 5 7 13
Northern San Luis 9 - 1 3 0 3 12 15
Obispo County
Morro Bay Area 80 126 87 85 113 150 172 268 259 167
Pismo Beach/Santa 45 123 246 124 81 170 137 167 200 211
Maria River
Vandenberg AFB 119 115 242 213 106 179 256 420 259 245
Jalama Beach 0 1 1 0 0 0 0 0 0 0
Hollister Ranch 8 - - - - - - -
Cod Oil Point - - - 8 26 30 30 39
(Devereaux) vicinity
Oxnard Lowland 136 175 105 69 107 164 80 119 110 125
Channel Islands (288)* 217 200 196 89 79 90 82 99 115
Orange County 19 21 5 9 27 38 31 31 66 62
Northern San Diego 160 72 48 49 63 80 145 159 107 141
County
Mission Beach - - - - - 1 0 -
San Diego Bay 60 36 31 33 73 61 76 76 30 81
Tijuana Estuary 37 21 4 10 8 16 12 14 6 14
Subtotal 1,242 1,160 | 1,195 969 880 1,309 | 1,372 | 1,791 | 1,556 | 1,624
S San Francisco Bay 351 216 176 - 96 78 72 113 124 99
Total 1,593 1,376 [ 1,371 - 976 1387 | 1444 | 1904 | 1,680 | 1,723

1260 adults during the survey; 28 additional adults extrapolated for unsurveyed portions of Santa Rosa Idand.
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The more recent coast-wide surveys, during the summers of 1995, 2000, and 2002-
2006, were accomplished through the collaboration of researchers sudying western
snowy plovers along the California coast. Between the 1977 to 1980 surveys and
the 1995 survey, western snowy plovers apparently ceased nesting at Los
Penasquitos, and Agua Hedionda Lagoons in northern San Diego County (A.
Powell, pers. comm. 1998). Nesting has been absent or sporadic at San Elijo
Lagoon; Afio Nuevo State Beach and Pescadero State Beach in San Mateo County;
Bolinas Lagoon in Marin County; the south and north spits of Humboldt Bay and
Big Lagoon in Humbaddt County; and the Lake Talawa region of Del Norte County
(Point Reyes Bird Observatory, unpublished data).

By 2000 populations had declined further to 71 percent of the 1977-1980 levels
along the California caast and 27 percent of the 1977-1980 levels in San Francisco
Bay. However, since then populations have grown substantially, roughly doubling
along the coast while fluctuating irregularly in San Francisco Bay (Table 4).
Recent population increases along the coast have been associated with
implementation of management actions for the benefit of western snowy plovers
and Californialeast terns, including predator management and protection and
restoration of habitat.

ii. Regional Perspective

Del Norte, Humboldt, and M endocino Counties - Numbers of western snowy
plover breeding adults declined and then somewhat rebounded in this northern
Cdliforniaregion since the initial Point ReyesBird Observatory survey in 1977. In
this region where there were 80 adults counted in 1977, alow of 19 werefound in
1995 and 52 in 2006. In 1996, breeding was documented on the gravel bars of the
Eel River, Humboldt County, and this area has continued to be a successful nesting
site for western snowy plover breeding (Colwell et al. 2002, 2005). Even with the
nest success at the gravd barsthereis still aredudion in western snowy plovers
from 1977; Del Norte County has no breeding birds, and Mendocino County has
very few.

San Francisco Bay - Asindicated in Table 4, western snowy plover numbersin
San Francisco Bay declined markedly between the initial survey in 1978 and
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follow-up surveys. Western snowy plover numbers steadily declined over 26 years,
reaching alow of 72 in 2003, followed by a moderate but irregular increase (124 in
2005 surveys; 99 in 2006).

Recent surveysin South San Francisco Bay (Strong and Dakin 2004, Strong et al.
2004, Tucci et al. 2006) indicate that the largest breeding populaions are
concentrated at Eden Landing Ecological Reserve/Baumberg North (CA-33),
managed by California Department of Fish and Game. Other population centers
occur at Oliver Salt Ponds (CA-31), managed by Hayward Area Recredion District
and East Bay Regional Parks District; and at Dumbarton (CA-36), Warm Springs
(CA-39), Alviso (CA-41), and Ravenswood (CA-44), managed by Don Edwards
San Francisco Bay National Wildlife Refuge. Foraging and nesting activities are
concentrated in specific salt ponds within these areas. Small numbers of western
snowy plovers have been observed at Ponds 7 and 7A in Napa County (CA-25 and
vicinity), the only currently known nesting site in the North Bay.

Sonoma, Marin, San Francisco, San Mateo, Santa Cruz, and Monter ey
Counties - Along the segment of coastline from Sonoma County to Monterey Bay,
numbers of western snowy plover adults during window surveys declined from 215
in 1977 to 162 in 1995, and subsequently increased to a maximum of 376 in 2004.
The numbers of adults breeding on the beaches and salt ponds of Monterey Bay,
and the beaches of northern Santa Cruz County, has increased dramatically since
management actions have been undertaken to increase nesting success (Neuman et
al. 2004; G. Pagein litt. 2004b)

San L uis Obispo, Santa Barbara, and Ventura Counties, including Channel
Islands - Thereisno clear evidence of an overall decline in the number of
breeding western snowy plovers for this region from 1978/1980 to the present.
Numbers of adults fluctuated between a high of 1089 and alow of 497 between
1978 and 2006. While numbers for the region may not have changed overall, there
have been definite changes at specific locations (Table 5). Most notable are the
decline and loss of the population on San Miguel Island from 1978 /1980 to 2000,
the decline at Santa Rosa Island from 1991 to 2006, and the suddenincreasein
numbers at Vandenberg Air Force Base between 2000 and 2004 and at Coal Ol
Point Reserve between 2002 and 2006 (Table 4).
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Table 5. Breeding season window surveys of western showy plover adults at
selected sites along the coast of San Luis Obispo, Santa Barbara, and Ventura

Counties.
L ocation Y ear
1978 | 1989 | 1991 | 1995 | 1996 | 1997 | 1998 | 2000 | 2002 | 2003 | 2004 | 2005 | 2006
-80

Atascadero 0 17 2 38 28 23 26 5 19 23 21 21 24
Beach

Morro Bay 80 94 69 34 40 39 55 87 93 114 203 205 120
Spit
Vandenberg | 119 | 115 | 242 | 213 | 230 | 238 | 130 | 106 | 179 | 256 | 420 | 259 | 245
AFB !

Ormond 25 24 34 20 19 34 19 10 35 19 28 21 22
Beach

Naval Base 82 81 59 40 49 26 47 81 85 51 75 83 79
Ventura

County

(Pt. Mugu)

Santa Rosa 84 91 103 71 78 79 76 17 10 37 19
Island ?

San Miguel 133 36 19 9 3 5 1 0 0 0 0 0
Island 2

San Nicolas 71 90 78 116 | 104 91 90 72 69 90 79 62 96
Island 3

Total 594 548 606 541 551 535 444 378 490 553 826 688 605

Unless footnoted, the source of all datais Point Reyes Bird Observatory.
The source of this dataisthe U.S. Air Force (Phil Persons)
The source of thisdata is the National Park Service
The source of thisdataisthe U.S. Navy

1

2

3
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L os Angeles, Orange, and San Diego Counties - Western snowy plove numbers
detected during window surveys declined from the 276 adultstallied during the
1978 Point Reyes Bird Observatory survey to 88 during the 1991 survey.
Subsequently the population has increased to 298 in 2006.

2. Current Breeding Distribution

The current Pacific coast breeding range of the western snowy plover extends from
Damon Point, Washington, to Bahia Magdelena, Bgja California, Mexico. The
population is sparse in Washington, Oregon, and northern California. In 2006,
estimated populations were 70 adults along the Washington coast (Pearson et al.
2006), 177-179 adults along coastal Oregon (Lauten et al. 2006b), and 2,231 adults
in coastal California and San Francisco Bay (window survey including correction
factor: G. Pagein litt. 2006, U.S. Fish and Wildlife Service 2006a). Approximately
7 percent of the California population was observed in San Francisco Bay, and 4
percent in northern California north of the Golden Gate bridge. Along the coast of
Baja California, Mexico, most nesting western snowy plovers are associated with
the largest wetlands, especially Bahia San Quintin, Laguna Ojo de Liebre, and
BahiaMagdelena (Palados et al. 1994). No recent quantitative data exist on the
western snowy plover population in Baja California, but it is probably roughly
similar in size to the U.S. Pacific coast population.

3. Habitat Carrying Capacity

There is no quantitativeinformation on carrying capacity of beaches for western
snowy plovers. Determining carrying capacity of beachesis confounded by human
use that affects the numbers of snowy plovers using the beaches. Beaches vary
substantially in their structure, width, vegetaion, and level of human use,
complicating such a measurement.

The maximum reported breeding density of western snowy ploversis associated
with the Moss Landing Wildlife Area, where since 1995 Point Reyes Bird
Observatory staff have conducted intensive management specifically for western
snowy plovers. These measures include predator control, removal of excessive
vegetation, and operation of water control structures to maintain desred water
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levels. With extensive management of approximately 55 hectares (138 acres) of
mostly dried pondsinthe Moss Landing Wildife Area, 25 active neds, 3 pairs
within 5 days of initiating nests, and 10 broods have been documented
simultaneously; thusa peak of 76 nesting aduts was accommodated simultaneously
by 55 hectares (138 acres) of playa, or 1.4 hectares (3.6 acres) per functional pair
(some of the broods were only being cared for by males) (D. George, Point Reyes
Bird Observatory, pers. comm.). However, the numbers of nesting western snowy
plovers at the Moss Landing Wildlife Area cannot be applied to beach areas
because of the physical differences between salt pond and beach habitats and
because beach habitats are typically subject to much more human disturbance.
Neither can these numbers necessarily be applied to other salt ponds (e.g., San
Francisco Bay) because habitat and management opportunities differ.

D. REASONSFOR DECLINE AND CONTINUING THREATS

Overall, western snowy plover numbers have declined on the U.S. Pacific coast
over the past century (see Population Status and Trends section). The subspecies
faces multiple threats throughout its Pacific coast range. The reasons for decline
and degree of threats vary by geographic location; however, the primary threat is
habitat destruction and degradation. Habitat |ass and degradation can be primarily
attributed to human disturbance, urban development, introduced beachgrass
(Ammophila spp.), and expanding predator populations. Natural factors, such as
inclement weather, have also affected the quality and quantity of western snowy
plover habitat (U.S. Fish and Wildlife Service 1993a). The following discussion is
organized according to the five listing criteria under section 4(a)(1) of the
Endangered Species Act.

1. ThePresent or Threatened Destruction, M odification, or Curtailment of
Habitat or Range

a. Shoreline Stabilization and Development
The wide, flat, sparsely-vegetated beach strands preferred by western snowy

plovers are an unstable habitat, subject to the dynamic processes of accretion and
erosion of sand, and dependent on natural forces for replenishment and renewal.
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These habitats are highly susceptible to degradéaion by construction of seawalls,
breakwaters, jetties, piers, homes, hotels, parking lots, access roads, trails, bike
paths, day-use parks, marinas, ferry terminds, recreational facilities, and support
services that may cause direct and indirect losses of breeding and wintering habitat
for the western snowy plover.

Beach stabilization efforts may interfere with coastal dune formation and cause
beach erosion and loss of western snowy plover nesting and wintering habitat.
Shoreline stabilization features such as jetties and groins may cause significant
habitat degradation by robbing sand from the downdrift shoreline (U.S. Fish and
Wildlife Service 1996a). However, jetties also can redirect sand deposition,
causing an increase in available habitat. Construction of homes, resorts, and
parking lots on coastal sand dunes constitutes irrevocable loss of habitat for western
snowy plovers. Urban development has permanently eliminated valuable nesting
habitat on beaches in southern Washington (Brittell et al. 1976), Oregon (Oregon
Department of Fish and Wildlife 1994), and California (Page and Stenzel 1981). In
addition to causing direct loss of habitat, thereare additional potential adverse
impacts to western snowy plovers from urban development (Figure 5). Increased
development increases human use of the beach, thereby increasing disturbance to
nesting plovers. When urban areas interface with natural habitat areas, the value of
breeding and wintering habitat to native speciesmay be diminished by increased
levels of illumination at night (e.g., building and parking lot lights); increased
sound and vibration levels; and pollution drift (e.g., pesticides) (Kelly and
Rotenberry 1996/1997). Beach raking removes habitat features for both plovers
and their prey, and precludes nests from being established. Also, construction of
residential development in or near western snowy plover habitat attracts predators,
including domestic cds.

b. Resource Extraction
i. Sand Removal and Beach Nourishment
Sand ismined in coastal areas such as Monterey Bay. Mining sand from the coastal

mid-dunes and surf zone can cause erosion and loss of western snowy plover
breeding and wintering habitat. Sand removd by heavy machinery can disturb
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Figure>5. New housing development next to beach at Monterey Bay,
California (photo by Peter Baye, with permission).

incubating western snowy plovers, destroy their nests or chicks, and result in the
loss of invertebrates and natural wave-cast kelp and other debris that western snowy
ploversuse for foraging. Mining of surface sand from the 1930s through the 1970s
at Spanish Bay in Monterey County degraded a network of dunes by lowering the
surface elevations, removing sand to granite bedrock in many locations, and
creating impervious surfaces that supported little to no native vegetation (Guinon
1988).

Beach nourishment with sand can be benefidal for the western snowy plover if it
resultsin an increase in habitat. However, unless beach nourishment projects are
properly designed, they can result in changes to beach slope from redeposition of
sediments by storm waves, and result in the loss of western snowy plover breeding
and wintering habitat. For example, if an inappropriate size class of sand (e.g.,
coarser-grained sand) and range of minerals are introduced that are different from
the current composition of native sand on a beach, it can alter dune slope (making it
steeper or narrower), affect mobility and color of sand, decrease the abundance of
beach invertebrates, and facilitate establishment of invasive exotic plants that may
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have a competitive advantage over native plants. Feeney and Maffei (1991)
investigated the color hues of the ground surface within San Francisoo Bay salt
ponds used as western nowy plover nesting habitat. Predominant sails were silty
clay with varying amounts of humus, salt crystals, and shell fragments. They found
astrong similarity between the color of the substrate in habitat preferred by western
snowy plovers and the color of western snowy plover mantles (upper parts).

ii. Dredging and Disposal of Dredged M aterials

Dredging is detrimental to western snowy plovers when it eliminates habitat or
alters natural patterns of beach erosion and deposition that maintain habitat.
Disturbances associated with dredging, such as placement of pipes, disposal of
dredged materials, or noise, also may negatively affect breeding and wintering
western snowy plovers Dredging also is detrimental when it promotes water-
oriented developments that increase recreational access to western snowy plover
habitat (e.g., marinas, boat ramps, or other facilities to support water-based
recreation). In some cases, however, dredged materials may provide important
nesting habitat for western snowy plovers such as those at Coos Bay, Oregon
(Wilson-Jacobs and Dorsey 1985). Western snowy plovers also have been
observed using dredged material during the winter; however, these areas are not
used nearly as often as the adjacent ocean beach (E.Y. Zielinski and R.W. Wil liams
in litt. 1999).

iii. Driftwood Removal

Driftwood can be an important component of western snowy plover breeding and
wintering habitat. Driftwood contributes to dune-building and adds organic matter
to the sand as it decays (Washington Department of Fish and Wildlife 1995).
Additionally, driftwood provides western snowy plovers with year-round protection
from wind and blowing sand. Often, western snowy plovers build nests beside
driftwood, so its removal may reduce the number of suitable nesting sites.

Driftwood removed for firewood or decorative items can result in destruction of

nests and newly-hatched chicks that frequently crouch by driftwood to hide from
predators and people. Chainsaw noise may disupt nesting, and vehides used to
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haul wood may crush nests and chicks. Removal of driftwood has been
documented as a source of nest destruction at Vandenberg Air Force Base where
two nests were crushed beneath driftwood dragged to beach fire sites (Persons
1994). Also, driftwood beach structures built by visitors are used by avian
predators of western snowy plover chicks suchas loggerhead shrikes (Lanius
ludovicianus) and American kestrels (Falco sparverius), and predators of aduts
such as merlins (Falco columbarius) and peregrine falcons(Falco peregrinus).

Although driftwood is an important component of western snowy plover habitat,
too much driftwood on a beach, which may occur after frequent and prolonged
storm events, can be detrimental if there is not sufficient open habitat to induce the
birds to nest.

iv. Beach Firesand Camping

Beach fires and camping may be harmful to nesting western snowy plovers when
valuable driftwood is destroyed, as described above. Camping near breeding
locations can cause greder impacts due to the prolonged disturbance and increased
chance for possible direct mortality from associated dogs and children

(S. Richardson in litt. 2001). Nighttime collecting of wood increases the risk of
stepping on nests and chicks, which are difficult to see even during daylight hours.
Fires near awestern snowy plover nest could cause nest abandonment due to
disturbance from human activities, light, and smoke. Fires have the potential to
attract large groups of people and result in an increase of garbage, which attracts
scavengers such as gulls (Larus spp.) and predators such as coyotes (Canis latrans),
American crows (Corvus brachyrhynchos), and common ravens (Corvus corax).
Also, after fires are abandoned, predators such as coyotes may be attracted into the
area by odors lingering from the fire, particularly if it was used for cooking.
Occasionally fires escape into nearby driftwood; fire suppression activities may
disturb and threaten western snowy plover nestsand chicks.

v. Watercourse Diversion, Impoundment, or Stabilization

Water diversion and impoundment of creeksand rivers may negatively affect
western snowy plover habitat by reducing sand delivery to beaches and degrading
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water quality. Water dversions are a major threat to western snowy plovers when
they impair hydrologic processes (such as migration of creek and river mouths) that
maintain open habitat at river and creek mouths by retarding the spread of
introduced beachgrass (Ammophila spp.) and other vegetation. Water diversion,
impoundment, or stabilization activities could include construction of dams and
irrigation, flood control, and municipal waer development projects (Powell et al.
2002).

vi. Operation of Salt Ponds

Salt ponds of San Francisco Bay and San Diego Bay, which are filled and drained
as part of the salt production process, provide breeding and wintering habitat for
western snowy plovers Dry salt ponds and unvegetated salt pond levees are used
as western snowy plover nesting habitat. Ponds with shallow water provide
important foraging habitat for western snowy plovers, with ponds of low and
medium salinity providing the highest invertebrate densities. Ponds of high salinity
have reduced invertebrate densities and therefore provide lower quality foraging
habitat. Nesting western snowy plovers can be atracted to an area when ponds are
drained during the breeding season, but flooding can then destroy the nests when
the ponds arerefilled. Also, human disturbance resulting from maintenance
activities associated with the operation of commercial salt ponds can result in the
loss of western snowy plovers and disturbance of their habitat. 1f conducted during
the western snowy plover breeding season, reconstruction of salt pond|evees could
destroy western snowy plover nests. Maintenance activities that are conducted by
vehicles, on foot, or through the use of dredgng equipment could result in direct
mortality or harassment of western snowy plovers (See Dredging, Pedestrian, and
Motorized V ehicle sections).

c. Encroachment of Introduced Beachgrass and Other Nonnative Vegetation

One of the most significant causes of habitat |oss for coastal breedng western
snowy plovers has beenthe encroachment of introduced European beachgrass
(Ammophila arenaria) and American beachgrass (Ammophila breviligulata).
Foredunes dominated by introduced beachgrass have replaced the original low,
rounded, open mounds formed by the native American dunegrass (Leymus mollis)
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and other beach plants. Native dune plants do not bind sand like Ammophila spp.,
and thus allow for sand movement and regenerating open expanses of sand.
However, Ammophila spp. forms a dense cover that excludes many native taxa. On
beaches dominated by this invasive grass, species richness of vegetation is halved,
in comparison with foredunes dominated by native dune grass (Barbour and Mgjor
1990). Similarly, American beachgrass greatly depresses the diversity of native
dune plant species (Seabloom and Wiedemann 1994).

European beachgrass was introduced to the wes coast around 1898 to stabilize
dunes (Wiedemann 1987). Since then, it has spread up and down the coast and now
is found from British Columbiato Ventura County in southern Cdifornia. This
invasive species is arhizomatous grass that sprouts from root segments, with a
natural ability to spread rapidly. Its most vigorous growth occurs in areas of wind-
blown sand, primarily just above the high-tide line, and it thrives on burial under
shifting sand. 1n 1988, European beachgrasswas considered a major dune plant at
about 50 percent of western snowy plover breeding areasin Californiaand all of
those in Oregon and Washington (J. Myersin litt. 1988).

American beachgrassis native to the East coas and Great L akes region of North
America. The densed populations of American beachgrass on the Pacific coast are
currently located between the mouth of the Columbia River and Westport,
Washington. Like European beachgrass, American beachgrass is dominant on the
mobile sands of the foredune and rapidly spreads through rhizome fragments.
American beachgrass occurs along the entire coast of Washington, ranging from Shi
Shi Beach, Washington, in the north, to Sand Lake, Oregon, in the south, although
its frequency decreases markedly at the northern and southern limits of this range.
Currently, American beachgrassis the dominant introduced beachgrass speciesin
much of the western snowy plover range in the State of Washington (Seabloom and
Wiedemann 1994).

Stabilizing sand dunes with introduced beachgrass has reduced the amount of
unvegetated area abovethe tideline, decreased the width of the beach, and increased
its slope (Wiedemann 1987). These changeshave reduced the amount of potential
western snowy plover nesting habitat on many beaches and may hamper brood
movements. In Oregon, the beachgrass community may provide habitat for western
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snowy plover predators(e.g., skunks [Mephitis spp.], weasels [Mustela spp.],
coyotes [Canis latrans], foxes [Urocyon cinereoargenteus and Vul pes vulpes],
raccoons [Procyon lotor], and feral cats [Felis domesticus]) that historically would
have been largely precluded by the lack of cover in the dune community (Stern et
al. 1991; K. Palermo, U.S. Forest Service, pers. comm. 1998).

In areas with European beachgrass, it has caused the devel opment of avegetated
foredune that effectively blocks movement of sand inland and creates conditions
favorable to the establishment of dense vegeation in the deflation plain, which
occurs behind the foredunes (Wiedemann et al. 1969). In natural sand dunes,
deflation plains consist of open sand ridges and flat plains at or near the water table.
Thus, in areas with European beachgrass, the goen features that characterize
western snowy plover breeding habitat are destroyed. The establishment of
European beachgrass has also caused sand spits at the mouths of small creeks and
rivers to become more stable than those without vegetation because of the creation
of an elevated beach profile. This elevated profile, in effect, reduces the scouring
of spits during periods of high run-off and storms. A secondary effect of dune
stabilization has been human development of beaches and surroundng areas
(Oregon Department of Fish and Wildlife 1994). This development, in turn, has
reduced available beach habitat and focused human activities on a smaller area that
must be shared with western snowy plovers and other shorebirds.

On the Oregon coast, the establishment of European beachgrass has produced
dramatic changes in the landscape (Oregon Department of Fish and Wildlife 1994).
The spread of this nonnative species was greatly enhanced by aggressive
stabilization programsin Oregon in the 1930s and 1940s (Wiedemann 1987).
European beachgrass spread profusely along the Washington coast, and was well
established by the 1950s (Washington Department of Fish and Wildlife 1995). In
1988, the spread of beachgrass was termed an “increasing threat” to traditional
western snowy plover nesting areas at L eadbetter Point, Washington, having
become established where absent only 4 years earlier (Willapa National Wildlife
Refuge 1988).

In California, there are many beaches where European beachgrass has established a
foothold. These beachesinclude the dunes at Lake Earl, Humboldt Bay (from
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Trinidad to Centerville Beach), MacKerricher Sate Beach/Ten Mile Dunes
Preserve, Manchester Sate Beach, Bodega Bay, Point Reyes Nationd Seashore,
Golden Gate National Recreation Area, Monterey Bay, Morro Bay Beach,
Guadalupe-Nipomo Dunes, and Vandenberg Air Force Base (A. Pickart in litt.
1996). Chestnut (1997) studied the spread of European beachgrass at the
Guadalupe-Nipomo Dunes in San Luis Obispo County. He documented an increase
in beachgrass from approximately 8 to 109 hectares (20 to 270 acres) between 1969
and 1997, and found that its rapid spread through native vegetation posed a serious
threat to nesting westem snowy plovers and rare plants.

In addition to the loss of nesting habitat, introduced beachgrass also may adversely
affect western snowy plover food sources. Slobodchikoff and Doyen (1977) found
that beachgrass markedly depressed the diversity and abundance of sand-burrowing
arthropods at coastal dune sitesin central California. Because western snowy
plovers often feed oninsects well above the high-tide line, the presence of this
invasive grass may al<o result in loss of food supplies for plovers (Stenzel et al.
1981).

In some areas of California, such as the Santa Margarita River in San Diego
County, and the Santa Clara and Ventura Riversin Ventura County, giant reed
(Arundo donax) has become a problem along riparian zones. During winter storms,
giant reed is washed downstream and deposited at the river mouths where western
snowy plovers nest (Powell et al. 1997). Large piles of dead and sprouting giant
reed eliminate nesting sites and increase the presence of predators, which useit as
perches and prey on rodents in the piles of vegetation.

Other nonnative vegetation that has invaded coastal dunes, thereby reducing
western snowy plover breeding habitat, includes Scotch broom (Cytisus scoparius),
gorse (Ulex europaeus), South African iceplant (Carpobrotus edulis), pampas grass
(Cortaderia jubata and Cortaderia selloana) and iceplant (Mesembryanthemum
sp.); shore pine (Pinus contorta) is a native plant speciesthat has invaded coastal
dunes and resulted in similar impacts to western snowy plovers (Schwendiman
1975, California Native Plant Society 1996, Powell 1996). Many nonnative weed
species also occur on and along San Francisco Bay salt pond levees, resuting in
unsuitable nesting habitat for western snowy plovers (J. Albertson in litt. 1999).
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d. Habitat Conversion for Other Special Status Species

It is not known whether western snowy plovershistorically nested in San Francisco
Bay prior to the construction of salt evaporator ponds beginning in 1860 (Ryan and
Parkin 1998). However, western snowy plovers have wintered on the San
Francisco Bay since at least the late 1800's, as indicated by a specimen dated
November 8, 1889, in the California Museum of Vertebrate Zoology (Grinnell et al.
1918). Itispossible tha natural salt pondsin the vicinity of San Lorernzo once
supported nesting birds, but insufficient data exist to assess this possibility (U.S.
Fish and Wildlife Sevice 1992). Today, however, the San Francisco Bay recovery
unit supports an important western snowy plover source population, representing
approximately 5 to 10 percent of the total breeding population. Feeney and Maffel
(1991) observed a sizable population of western snowy plovers at the Baumberg
and Oliver salt ponds during the breeding and nonbreeding seasons, suggesting that
these ponds are important to western snowy plovers throughout the year. They
suspected that these ponds are used by western snowy plovers as both a pre-
breeding and post-breeding staging area, based on the high numbersof ploversin
mid-February and in late August/September, respectively.

As part of the Recovery Plan for Tidal Marsh Ecosystems of Northem and Central
Cdlifornia (U.S. Fish and Wildlife Service, in preparation), extensive tidal marsh
restoration isidentified as arecovery action for listed and other sensitive species of
tidal salt marshes including the California dapper rail (Ralluslongirostris
obsoletus) and salt marsh harves mouse (Reithrodontomys raviventris). A large
area of San Francisco Bay salt ponds, especially within the South Bay, are proposed
for tidal marsh restoration for the benefit of federally listed tidal marsh species.
Salt ponds are large, persistent hypersaline ponds that are intermittently flooded
with South Bay water. Some of these ponds currently provide valuable breeding
and wintering habitat for western snowy plovers. However, they occur within the
historical areas of tidal salt marsh, which once dominated San Francisco Bay.
Endangered tidal marsh species would benefit from conversion of these ponds back
to salt marsh; however, western snowy plovers would lose suitable nesting and
wintering areas.
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The Recovery Plan for Tidal Marsh Ecosystems of Northern and Central California
will focus primarily on management of tidal marsh species, but will also provide for
some areas to be maintained as managed ponds that would provide habitat for
western snowy ploversand Californialeast terns (Sernula antillarum browni). The
South Bay Salt Pond Restoration Project (Philip Williams & Assodates et al. 2006)
has identified sites on National Wildlife Refuge and CaliforniaDepartment of Fish
and Game lands with potential for salt marsh restoration and managed ponds under
arange of alternatives; the projected area of managed ponds ranges from 647 to
3,035 hectares (1,600to 7,500 acres). Six of the plover locations identified in
Appendices B and L (CA-33, CA-34, CA-39, CA-40, CA-41, CA-44) occur within
the South Bay Salt Pond Restoration Project area. These six locationscomprise
about 60 percent of the western snowy plover locations in San Francisco Bay by
area, and currently support over 90 percent of the western snowy plover population
in San Francisco Bay (Strong et al. 2004, Tucci et al. 2006). In particular, severa
salt ponds at Eden Landing (location CA-33 and vicinity) currently support the
largest population of western snowy ploversin San Francisco Bay. Distribution of
plover populations and nesting sites within San Francisco Bay can fluduate with
salt pond management and availability of appropriate habitat, such that some
locations identified in Appendix L are not currently occupied and other locations
not mapped in Appendix L may nonethel ess support breeding birds as management
practices change. Thusthe boundaries of San Francisco Bay locationsas mapped in
Appendix L reflect current and historical condtions and should be considered as
flexible in the context of planning for future tidal marsh restoration. Specific
localities to be managed for plovers should be coordinated with tidal marsh
restoration in an integrated fashion, and thus may not be identical with the current
or historical localities identified in this recovery plan.

Thus intensive management of designated ponds within the South Bay Salt Pond
Restoration Project areawill be crucial to achieving success in meeting western
snowy plover recovery goalsin San Francisco Bay. However, establishing western
snowy plover populations at a variety of sitesin San Francisco Bay, both within and
outside the South Bay Salt Pond Restoration Project area, is advisable to minimize
their vulnerability to loss (L. Trulio in litt. 2007). Potential wegern snowy plover
habitat in San Francisco Bay outside of the South Bay Salt Pond Restoration Project
areaincludes several sites around Alameda, Napa County, Hayward Shoreline, and

43



Crissy Field. In addition, large salt pond tracts in the South Bay remain under the
ownership of Cargill; certain areas are still managed for salt production and could
incidentally provide habitat for western snowy plovers, while approximately 600
hectares (1,400 acres) of ponds near Redwood City are no longer in salt production
and provide an opportunity for significantly increasing western snowy plover
habitat through active management. |If these locations can be managed to
encourage western snowy plover nesting, they may contribute substantially to
meeting the overall goal of 500 breeding birds in San Francisco Bay. Western
snowy plover management targets for the South Bay Salt Pond Redoration Project
should take into accourt the habitat quality and management potential of plover
habitat elsewhere in San Francisco Bay to meet overall goals for the recovery unit.

Don Edwards San Francisco Bay National Wildlife Refuge is currently planning
pilot studies to assess how best to manage salt ponds for high densities of breeding
western snowy plovers Special management for western snowy plover may
include intensive control of avian predators (e.g., California gull colonies, ravens);
active management of water levels to control vegetation, maintain optimal salinity,
and produce brine flies; timing of inundation to avoid flooding nests; and
reconfiguration of shallow salt ponds with isolated islands and furrowed aress.

L ocations of managed salt ponds should be planned to minimize the proximity of
western snowy plover populations to landfills, gull colonies, and areas with high
predator densities. Intensive management of salt ponds for western snowy plovers
generally appears feadble, and plovers have been observed to opportunistically
disperse among sites and use habitat that becomes suitable (V. Bloom in litt. 2005),
SO we expect relocation of plover nesting concentrations away fromtidal marsh
restoration areas to be passible, but management success should be carefully
evaluated. Those alternatives with greater acreages of tidal marsh restoration (e.g.,
Alternative C at 90 percent tidal habitat) would require correspondingly more
intensive management and reconfiguration of the remaining salt ponds (Philip
Williams & Associates et al. 2006), and should be implemented gradually in
conjunction with evaluation of management effectiveness for western snowy
plovers.

Thus, we believe tidal marsh restoration can be compatible with the recovery of
western snowy plovers and should not preclude meeting a goal of 500 breeding
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birdsin San Francisco Bay. As described below under Recovery Action 2.6,
occupied salt ponds should initially be conserved. Salt marsh restoraion in
occupied plover habita, particularly at densely populated sites, should be phased in
after intensive adaptive management of other compensating salt pond habitat has
demonstrated successin increasing plover populations. Thus habitat quality should
be continually assessed so that overall western snowy plover populationsin San
Francisco Bay are not adversely affected by the restoration project and can increase
to meet the management goal for this recovery unit.

In southern California, unless carefully planned, conversion of western snowy
plover habitat to tidal salt marsh may result in loss of western snowy plover habitat.
The light-footed clapper rail (Rallus longirostris levipes) inhabits coastal tidal
marshes from Santa Barbara County southto Baja California, Mexico. Several
locations in Ventura, Orange, and San Diego Counties provide nesting and/or
wintering habitat for western snowy plovers, but also provide high qudity light-
footed clapper rail hahitat or represent high priority tidal marsh restoration sitesin
the recovery plan for the light-footed clapper rail (U.S. Fish and Wildlife Service
1985). These sites include Bolsa Chica, Agua Hedionda Lagoon, San Elijo Lagoon,
San Dieguito Lagoon, and L os Penasquitos Lagoon. The Bolsa Chica wetlands
were opened to tidal action in 2006, in a project combining tidal restoration work
with construction of idands and sand flats for nesting of shorebirdsand California
least terns.

2. Over utilization for Commercial, Recreational, Scientific, or Education
Purposes

Biologists and agency personnel monitor wegern snowy plovers to assess
population status and evaluate management techniques. Additionally, nest searches
at some sites allow for placement of predator exclosures that aid in hatching
success. Measures to minimize distur bance from these activitiesinclude: time
limits for surveys, exclosure construction and sign/rope maintenance; conducting
walking surveys where feasible; and limited entries.

Egg collecting has been observed at several California nesting colonies (Stenzel et
al. 1981, Warriner et al. 1986). Occasionally recreational birdwatchers also may
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harass western snowy plovers. The significance of these factors to nesting success
isuncertain but probably relatively minor.

Qualified individuals may obtain permits to conduct scientific research and
population census activities on western snowy plovers under section 10(a)(1)(A) of
the Endangered Species Act. Specific activities that may be authorized include:
population censuses and presence/absence surveys, monitoring of nesting activity;
capturing, handling, weighing, measuring, banding, and color-marking of young
and adults on breeding and wintering grounds; radio-telemetry studies;
translocation studies; genetic studies; contaminant studies; behavioral, ecological,
and life history studies; and placing predator exclosures around active nests. Short-
term impacts of these activities may include harassment and possible accidental
injury or death of alimited number of individual western snowy plovers. Thelong-
term impacts will be to contribute to recovery of the species by facilitating
development of more precise scientific information on status, life history, and
ecology (U.S. Fish and Wildlife Service 1993b).

Banding birds with metal and plastic bands to identify individuals and to monitor
bird populationsis a common practice. However, anumber of leg inuriesto
western snowy plovers, possibly resulting from banding, have been reported (G.
Pagein litt. 2005b). These injuriesinclude swelling and abrasion of legs possibly
from sand or other particles becoming | odged between the bands and the leg. Some
banding injuries appear to have resulted in foot loss and in afew instances, death of
the bird. Similar injuries have been observedin piping plovers (Charadrius
melodus) banded on the Atlantic coast and interior U.S., and resulted in a
moratorium on bandng of that species (Lingle et. al. 1999, U.S. Fish and Wildlife
Service 19963, U.S. Fish and Wildife Service 2002). Despite leginjuries, severa
piping plovers were observed to successfully breed and fledge young (Lingle et. al.
1999). However, these injuries may contribute directly or indirectly to mortalities
or reduce breeding performance. It should benoted that incidents of foot lossin
Pacific coast western snowy plovers usually gopear to result from fine fibers
wrapping around the bird’ s ankle, and have occurred in unbanded as wdl as banded
individuals (J. Watkins, pers. comm. 2006). Despite risk of injuries, banding
remains the best technique to study population traits such as survival, recruitment,
and dispersal, and may be the most effective way to monitor populations of the
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western snowy plover to determine effectiveness of management strategies.
Currently the percentage of banded birds range-wide that become injured from
banding and the impacts of banding injuries on populations of the western snowy
plover are unknown; a gudy was initiated in 2005 by Point Reyes Bird Observatory
to assess the effectiveness of alternative banding techniquesin reducing injuries and
band loss (G. Pagein litt. 2005b).

Concerns that color bands increase the vulnerahility of western snowy ploversto
predation by reducing effectiveness of camouflage do not appear to be supported by
existing evidence. Because western snowy plovers crouch and flattento the sand at
the approach of avian predators, color bands are typically hidden fromsight;
terrestrial predators areevaded by running or taking flight at their approach (J.
Watkins, pers. comm. 2006).

3. Disease or Predation

West Nile virus, a mosguito-borne disease which can infect birds, reptiles, and
mammals, has spread rapidly across the United States from the initial introduction
in New England (National Audubon Society 2006). The disease has killed birds of
various speciesin al coastal California counties sinceitsarrival in the state in 2003
(U.S. Geological Survey 2006). In 2004 to 2006 the disease was reported from two
coastal counties (Lane and Lincoln) in Oregon but has not been reported from any
coastal counties in Washington (U.S. Geological Survey 2006). The deadliness of
the disease varies by species; however, the virus has been identified in dead piping
plovers (Charadrius melodus) and killdeer (C. vociferus), both closely related to the
western snowy plover (Center for Disease Control 2004).

Since 2004 numerouswestern snowy ploversin southern Californiahave been
found dead or exhibited neurological signs consistent with avian botulism (M. Long
in litt. 2006). Confirmation of disease diagnosisis currently pending availability of
specimens for autopsy. We are currently coordinating with the USGS National
Wildlife Health Center to better understand the causes of these mortalities and to
develop aprogram for treatment of ill birds diagnosed with botulism. Additionally,
32 western snowy plovers died in 2006 from unknown causes in San Diego County
(U.S. Navy in litt. 2007).
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Predator density is a significant factor affecting the quality of western snowy plover
nesting habitat (Stenzd et al. 1994). Predation can result in the loss of adults,
chicks, or eggs; separation of chicks from adultsis also caused by the presence of
predators. Powell et al. (2002) found that predation accounted for most nest
failuresin 1994, 1996, and 1997, in San Diego County, California. Western snowy
plovers generally cannot defend themselves or their nests against predation but
must rely on antipredaor adaptation, including (1) pale coloration of adults, eggs,
and young, which acts as camouflage against detection by predators; (2) a skulking
retreat from the nest & a predator’ s approach; (3) extreme mobility and elusiveness
of precocial young and; (4) maintenance of low nesting density (Page et al. 1983).
In natural ecosystems, there is a co-evolution of the predator-prey relationship,
where prey species slomy evolve with evading behavior as predator speaes slowly
evolve effective prey-capturing behavior. However, when exotic predators are
introduced into the ecosystem and thrive there, they frequently occur in much
higher densities and possess more effective strategies than native predators and,
hence, usually have a more severe effect.

Predation, by both native and nonnative species, has been identified as a major
factor limiting western snowy plover reproductive success at many Pacific coast
sites. Known mammealian and avian predators of western snowy plover eggs,
chicks, or adultsinclude the following native species. gray foxes (Urocyon
cinereoar genteus), Santa Rosa I sland foxes (Urocyon littoralis santarosae),
coyotes, striped skunks (Mephitis mephitis), spotted skunks (Spilogal e putorius),
raccoons, Californiaground squirrels (Citellus beecheyi), long-tailed weasels
(Mustela frenata), American crows, common ravens (Corvus corax), ring-billed
gulls (Larus delawarensis), California gulls (Larus californicus), western gulls
(Larus occidentalis), glaucous-winged gulls (Larus glaucescens), gull-billed tern
(Gelochelidon nilotica), American kestrels (Falco sparverius), peregrine falcons
(Falco peregrinus), northern harriers (Circus cyaneus), loggerhead shrikes, merlins
(Falco columbarius), great horned owls (Bubo virginianus), burrowing owls
(Speotyto cunicularia), great blue herons (Ardea herodias); and the following
nonnative species. eastern red foxes (Vulpes vulpesregalis), Norway rats (Rattus
norvegicus), Virginia opossums(Didelphis marsupialis), domestic and feral dogs
(Canisfamiliarig), and cats (Felis domesticus). Loss or abandonment of eggs due



to predation by fire ants and Argentine ants (Iridomyrmex humilis) has also been
observed (Fancher et al. 2002, Powell et al. 2002).

In Oregon, nest predation by corvids (common ravens and American crows) isthe
major cause of nest failures. Of 63 unexclosed nests in 2005, corvid predation
accounted for 22 nest failures, by comparison with 14 failures due to mammalian or
unknown predators and 10 due to abandonment (Lauten et al. 2006a). Exclosures
were effective in protecting nests against thisthreat (0 of 83 exclosed nests failed
due to nest predation).

American crows have been consistently documented as a major predator on western
snowy plover nests along the California and Oregon coasts (Page 1990; Persons and
Applegate 1997; T. Applegate, Bioresources, pers. comm. 1999; M. Stern, The
Nature Conservancy, pers. comm. 1999). At Coal Oil Point, American crows were
the most frequent predator on western snowy plover nests and experimentally
placed quail eggs (Lafferty et al. 2006). Populations of American crows have
increased in the San Francisco Bay and central Cdifornia coast over the past
several decades, and are positively associated with human popul ation density
(Leibezet and George 2002).

Common ravens are known predators of western snowy plover eggs (Wilson-Jacobs
and Dorsey 1985, Point Reyes Bird Observatory unpublished data, George 1997,
Stein 1993, Point Reyes Bird Observatory unpublished data, J. Albertson in litt.
1999, Point Reyes Bird Observatory unpubl. data, Stern et al. 1991). Ravens have
consistently been the most significant nest predator at Point Reyes, accounting for
69 percent of all predation events over 5 years and destroying approximately 50
percent of nests (Hickey et al. 1995). Hatching success at Point Reyes National
Seashore increased after exclosures were used to protect western snowy plover
nests from ravensin 1996. Approximately 12 percent of nestsin San Diego County
were destroyed by ravens (Powell et al. 1996, Powell et al. 1997). Raven
populations in coastal California have significantly increased in recent decades
(Leibezet and George 2002), and as their range expands they are becoming
increasingly significant as a nest predator on western snowy plovers; ravens were
observed to destroy nestsin Monterey Bay for the first time in 2002 and 2003 (G.
Pagein litt. 2004b). In northern California ravens are the single most limiting
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factor on western snowy plover reproduction (Colwell et al. 2006). Ravens also
prey on western snowy plover chicks, but not nearly to the extent that they do on
eggs. However, at Point Reyes raven predation primarily affected chicks after
exclosures were erected to protect snowy plover eggs (S. Allen in litt. 2004).

Gulls pose a special threat to breeding western snowy plovers because they not only
depredate nests and chidks, but also usurp and trample western snowy plover
nesting habitat and crush eggs (Persons and Applegate 1997, Point Reyes Bird
Observatory unpublished data, Widrig 1980, J. Albertson in litt. 1999, Pageet al.
1983).

Thefirst time a gull-billed tern was found in San Diego County, Cdifornia, wasin
1985. Two years later they were nesting in south San Diego Bay (Unitt 2004).
Since then, the nest colony has steadily increased with an estimated 52 pairsin
2006 (Patton 2006a). Gull-billed terns have become a concern to managers of
beach-nesting birdsin the region. Gull-billed terns were first documented taking
Californialeast terns (presumably chicks) insouth San Diego Bay in 1992 (Caffrey
1993). Patton (2006a) summarizes recent incidents of gull-billed tern predation on
both terns and western snowy plovers. He notes roughly 20 to 60 California least
terns and 1 to 4 western snowy plover depredations by gull-billed terns and a
greater number was suspected. Although the documented number of gull-billed
tern depredations on western snow ploversis considerably lower than on California
least terns, it is difficult to know the full extent of gull-billed tern impacts (Patton
2006b), especially for the plovers whose nests are more dispersed and less easily
monitored.

Unlike managemert of other avian predators, management of gull-billed ternsis
problematic. Thelocal subspecies of gull-billed tern, G. n. vanrossemi, is limited to
western North America (Molina and Erwin 2006, but see Unitt 2004). The
subspecies nests in scattered, localized colonies and “[i]n 2003 and 2005, the entire
North American population of vanrossemi gull-billed terns ranged from about 533
to 810 pairs’ (Molinaand Erwin 2006). This means that this predator is
considerably rarer thanthe listed bird species upon which it preys (California least
terns and western snowy plovers), which poses a conundrum for managers of
western snowy ploversand Californialeast terns (Unitt 2004). Because of the gull-

50



billed tern’s status, lethal predator control has not been used on this spedes since
1999 (Unitt 2004). Gull-billed terns will likely become a greater source of
management concem as the local population of this species grows. Gull-billed
terns have been observed at other locations of beach-nesting birds farther north
from San Diego Bay, including Camp Pendleton, San Diego County (Foster 2005);
Bolsa Chica, Orange County (Hamilton and Willick 1996), and Venice Beach, Los
Angeles County (McCaskie and Garrett 2005).

Loggerhead shrikes arenot known to take western snowy plover eggs, but do prey
upon chicks and locally can have substantial effects on fledging success (Warriner
et al. 1986, D. Georgein litt. 2001, Pageet al. 1997, George 1997, Page 1988,
Feeney and Maffei 1991).

Although not known to be predators of western snowy plover eggs, American
kestrels are predators of chicks and possibly adults (D. George, pers. comm. 1998).
Fledging success increased from 9 to 64 percent after a kestrel unexpectedly
disappeared from a western snowy plover nes site in Moss Landing Wildlife Area
(Pageet al. 1998). In 1997, amerin was suspected of taking 13 banded adults
within the period of afew days at Salinas River National Wildlife Refuge. Also,
western snowy plover chicks and adults are among the avian prey of the peregrine
falcon (B. Walton, University of California Santa Cruz, pers. comm. 1998; D.
George, pers. comm. 1998; Feeney and Maffei 1991). Northern hariers are
effective predators of western snowy plover chicks and adults. 1n 1987, aharrier
was observed hunting on the islands in the Salinas River where only approximately
one third of the hatched chicks reached fledging age (Point Reyes Bird Observatory
unpubl. data). At the Moss Landing Wildlife Area, fledging success dropped from
61 to 23 percent after a harrier began foraging there (Page et al. 1997). A northern
harrier was seen capturing 2 to 4 western snowy plover chicks at Moss Landing salt
pondsin 2000 (D. Georgein litt. 2001).

In recent decades, alien eastern red foxes have become a serious new predator of
endangered and threatened animals in coastal habitats (Jurek 1992, Golightly et al.
1994, Lewiset al. 1993). Nonnative red foxes were imported into the southern
Sacramento Valley, primarily for hunting and fur farming purposes, as early asthe
1870s and experienced explosive spread in the 1970s and 1980s (Jurek 1992, Lewis
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et al. 1993, 1995). The red fox now occurs throughout a significant portion of
coastal California, including Marin, San Mateo, Santa Cruz, Monterey, San Luis
Obispo, Santa Barbara Ventura, Orange, and Los Angeles Counties (California
Department of Fish and Game 1994). It alsooccurs at Monterey Bay (G. Pagein
litt. 1988) and San Francisco Bay (Harding et al. 1998), including the additional
San Francisco Bay area counties of Napa, Solano, Contra Costa, Alameda, and
Santa Clara (California Department of Fish and Game 1994). Red foxes also are
present in some areas of coastal Oregon where western snowy plovers breed (D.
Georgein litt. 2001, Lauten et al. 2006b).

Red foxes have been identified as a significant predator of western snowy plover
eggsin the Monterey Bay area, where they are sugpected of also preying on adults
and chicks. On Monterey Bay beaches, red fox depredation of western snowy
plover eggs resulted in adecline in clutch hatching rate of 30 percent from 1984 to
1990. After exclosures and mammalian predator control came into use to protect
nests around Monterey Bay, annual clutch hatching rates have climbed from 43 to
68 percent (Neuman et al. 2004).

Predation of western snowy plover nests and chicks by red fox have been
documented at Bandon Beach, New River and other portions of OR-15 on the
Oregon coast. Biologists have documented red fox tracks around western snowy
plover nest exclosures and have followed fox tracks back to dens located within
western snowy plover nest areas. As part of theemergency response to the New
Carissa il spill in February 1999, a predator program was implemented. Animal
and Plant Health Inspedion Service (APHIS) Wildlife Services Divigon personnel
removed 17 red fox from the New River area over a 3 month period (S. Richardson
inlitt. 2001). Ongoing predator management since 2002 has removed an average
of 15 foxes per year from Bandon Beach/New River (Lauten et al. 2006b).

The U.S. Department of Agriculture, Wildlife Services Branch, has been involved
in predator damage management for protection of threatened and endangered
speciesfor over 10 yeasin California. The management of nonndive red foxes
has become a controversial issue in many areas of California, particularly in coastal
habitats near urban areas (California Department of Fish and Game1994). In
November 1998, California voters approved Proposition 4, which banned the use of
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leghold traps in California. In February 1999, the U.S. District Court issued a
Preliminary Declaratory Relief Order, which allows the use of padded leghold traps
on Federal and non-Federal lands for the purpose of protecting threatened or
endangered species. Trapping of nonnative and native predators of western snowy
plovers will therefore not be affected by Proposition 4 (J. Albertson in litt. 1999).

Coyotes are known predators of western snowy plover eggsin the Pismo
Beach/Santa Maria Rive area of San Luis Obispo County (T. Applegate, pers.
comm. 1996). They are the main nest predator of eggs on Vandenberg Air Force
Base where they were the cause of 43 percent of al clutch losses attributed to
predators from 1994 to 1997 (Persons and Applegate 1997). At Vandenberg Air
Force Base, coyotes may be attracted to marine mammal carcasses on the beach
early in the western snowy plover nesting season (Page and Persons 1995).
Coyotes also have beenidentified as predatorsof western snowy plover nests at
Mono Lake, California (Page et al. 1983).

Striped skunks have been recorded as predators of western snowy plover eggs
(Hickey et al. 1995, George 1997, Page et al. 1997, Hutchinson et al. 1987, Stein
1993, Stern et al. 1991). Skunks were believed to be the main cause of nest loss on
Morro Bay Spit in 1987, the only year that the reproductive success of western
snowy plovers has been monitored at that location (Hutchinson et al. 1987).
Persons and Ellison (2001) reported that the striped skunk was the predominant
predator of nests at Morro spit, destroying 87 percent of depredated nests in 2000.

Domestic and feral cats are widespread predators. The threat of predation of
western snowy ploversby cats increases when housing is constructed near western
snowy plover breeding habitat. As natural-appearing beaches continue to be
surrounded by urban areas, western snowy plovers will increasingly be subjected to
this predator in the future. Predation by catsis difficult to measure because of the
difficulty in finding evidence of bird remains, but they are known to take western
snowy plover adults and eggs (B. Farner, pers. comm. in Powell and Collier 1994;
Page 1988; D. Georgein litt. 2001).

Predation, while predominantly a natural phenomenon, is exacerbated through the
introduction of nonnative predators and unintentional human encouragement of
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larger populations of native predators. Elevated predation pressures result from
landscape-level alterationsin coastal dune habitats which, in turn, now support
increased predator populations within the immediate vicinity of nesting habitat for
western snowy plovers. Urbanization benefits red fox population growth by
eliminating coyotes, which are the red fox’ s most common native predator and
competitor; by providing ready sources of food, water and denning sites; and by
aiding dispersion of foxesinto new areas. Red foxes disperse readily in urban areas
because there are no predators besides the domestic dog. Red foxes traverse most
urban habitats, and readily cross busy highways and travel long distances
underground through aulverts (Lewiset al. 1993). Other predators such as corvids,
attracted by the presence of human activities(e.g., improper disposal o trash), may
frequent beaches in increasing numbers. Gulls have greatly expanded their range
and numbers, especidly along the United States portion of the Pacific coast, as a
result of human-supplied food sources (trash, fish offal, and dumps). Thousands of
Californiagulls now breed in the southern part of San Francisco Bay, where only a
few were present in the early 1980s (J. Albertson in litt. 1999). This population
growth is attributed largely to the increase in landfills along the Bay within the last
20 years. Also, crows and ravens forage at landfills. Buick and Paton (1989) found
that losses of hooded plover (Charadrius rubricollis) nests with human footprints
around them were higher than at those without footprints, suggesting “that
scavenging predators may use human footprints as avisual cuein locaing food.”
Beach litter and garbageal so attract predators such as skunks and coyotes (e.g., N.
Read in litt. 1998). Unnatural habitat features such as landscaped vegetation (e.g.,
palm trees), telephone poles, transmissiontowers, fences, buildngs, and landfills
near western snowy plover nesting areas attract predators and provide them with
breeding areas (e.g., J. Buffain litt. 2004). These alterations all combine to make
the coastal environment more conducive to various native and nonnaive predators
that adversely affect western snowy plovers.

Substantial evidence exists that human activities are affecting numbers and activity
patterns of predators on western snowy plovers. For example, increased
depredation of westem snowy plover nests by ravens at the Oliver Brathers salt
pond, California, may be an indirect adverse impact of nearby installation of light
structures by the California Department of Transportation and high-tension power
lines by the Pacific Gas and Electric Compary, thereby creating corvid nesting sites
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(G. Page, Point ReyesBird Observatory, pers comm. 1997). Raven nests have also
been discovered by National Wildlife Refuge biologists in transmission towers near
other snowy plover neging areas managed by the Don Edwards San Francisco Bay
National Wildlife Refuge in Warm Springs, Alviso, and Mountain View (J. Buffain
litt. 2004). On the Oregon coast, predation risk by mammals has increased as a
result of the spread of European beachgrass, Scotch broom, and shore pine, which
has transformed vast areas of open sand into dense grass-shrub habitat, providing
excellent habitat for naive and nonnative mammalian predators, such as skunks,
raccoons, foxes, and feral cats (Stern et al. 1991). At Vandenberg Air Force Base,
coyote predation can be exacerbated by human presence when trash or debrisis left
behind (N. Read in litt. 1998).

Signing and fencing o restricted areas on the beach may provide perches for avian
predators of western snowy plover adults or chicks (Hallett et al. 1995). Although
signs and fences are important conservation tools in many areas, land managers
need to be aware that modifications to them may be necessary to deter predatorsin
some circumstances

4. Thelnadequacy of Existing Regulatory Mechanisms

The western snowy plover is protected by the Federal Migratory Bird Treaty Act
(16 U.S.C. 703 et seq.) and, in each state, by State law as a nongame species. The
western snowy plover's breeding habitat, however, receives only limited protection
from these laws (e.g., the Migratory Bird Treaty Act prohibition against taking
"nests"). Listing of the western snowy plover under State endangered species laws
generally provides some protection against direct take of birds, and may require
State agencies to consult on their actions, but may not adequately protect habitat.
State regulations, policies, and goals include mandates both for protection of beach
and dune habitat and for public recreational uses of coastal areas, consequently they
may conflict with protection of western snowy ploversin some cases. Section 404
of the Clean Water Act (33 U.S.C. 1251 et seq.) and section 10 of the Rivers and
Harbors Act (33 U.S.C. 403) are the primary Federal laws that could provide some
protection of nesting and wintering habitat of the western snowy plover that is
determined by the U.S Army Corps of Engneers (Corps) to be wetlands or historic
navigable waters of the United States. These laws, however, would apply to only a
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small fraction of the nesting and wintering areas of the western snowy plover on the
Pacific coast. Aside from the Migratory Bird Treaty Act, western snowy plovers
have no protection status in Mexico.

To effectively recover the western snowy plover, it is necessary to develop
participation plans among cooperating agencies, landowners, and conservation
organizations to assure protection and appropriate management of breeding,
wintering, and migration areas. Since listing of the western snowy plover in 1993,
several local working groups have been developed and local governments and State
and Federal agencies have cooperated extensively to implement awide variety of
western snowy plover conservation actions. These partners continue to work to
implement appropriate management of coastal areas for recovay of the western
snowy plover. These conservation efforts and the environmental policies of State
and Federal agencies aredescribed in greater detail in the Conservation Efforts
section, below.

For additional discussion of regulatory mechanisms and management actions taken
by California State Parks and other entities, see U.S. Fish and Wildife Service
(20064).

5. Other Natural or Manmade Factors Affecting Their Continued Existence

a. Natural Events

Western snowy plover breeding and wintering habitat is subject to constant change
from weather conditions. Stenzel et al. (1994) reported that the quality and extent
of western snowy plover nesting habitat is variable in both the short- and long-term.
Coastal beaches increase in width and elevation during the summer through sand
deposition, making marginal beaches more suitable for nesting later in the season.
Over the longer term, an increase or decrease in habitat quality may occur after
several years of winter storms. Based on the amount of flooding, the availability of
dry flats at the edges of coastal ponds, lagoons and man-made salt evaporators also
varies within and between seasons. Therefore, the number of western snowy
plovers breeding in some areas may change annually or even over one breeding
season in response to naural alterations in habitat availability (Stenzd et al. 1981).
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Because most western snowy plover nesting areas occur on unstable sandy
substrates, nest losses caused by weather-related natural phenomenacommonly
occur. High tides and strong winds cause marny nest losses. Events such as
extreme high tides (Wilson 1980, Stenzel et al. 1981), river flooding (Stenzel et al.
1981), and heavy rain (Wilson 1980, Warriner et al. 1986, Page 1988) have been
reported to destroy or wash away nests. The annual percentage of total nest losses
attributed to weather-related phenomenon has reached 15 to 38 percent at some
locations (Wilson 1980, Warriner et al. 1986, Page 1988).

Stormy winters can adversely affect the wegern snowy plover. It issuspected that
the severe storms occurring during the El Nifio atmospheric and oceanic
phenomenon of the winter of 1997/1998 caused a 10 to 30 percent decline in the
1998 western snowy plover breeding population, depending on the coastal region.
In all monitored recovery units, the number of breeding birds in 1998 was lower
than in the 1997 nesting season. Additionally, avery wet spring resultedin alater
than normal breeding initiation and fewer nesting attempts.

The western snowy plover population naturally varies, both spatially and
temporally, because of natural changes in weather and habitat conditions from year
to year. However, as described above, human influences over the past century (e.g.,
habitat destruction, invasion of introduced beachgrass, and elevated predation
levels) have reduced thewestern snowy plover’s ability to respond to these natural
perturbations.

b. Disturbance of Breeding Plovers by Humans and Domestic Animals

The coastal zone of the United States, including both open coastal areas and inland
portions of coastal waersheds, is home to over one-third of the U.S. human
population, and that proportion isincreasing (U.S. Fish and Wildlife Service
1995a). The southern California coastal area, which constitutes the central portion
of the western snowy plover’s coastal breeding range, attracts large crowds on a
regular basis (Figure 6). Theincreasing level of human recreation was cited as a
major threat to the breeding success of the Padfic coast population of the western
snowy plover at thetime of listing (U.S. Fish and Wildlife Service 1993a).
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Figure6. Recreationists at Salt Creek Beach, California (photo by Ruth Pratt,
with permission).

i. Pedestrians

Pedestrians (e.g., beach walkers and joggers) can cause both direct mortality and
harassment of western snowy plovers. Pedestrians on beaches may crush eggs or
chicks and chase westem snowy plovers off their nests. Separation of western
snowy plover adults from their nests and broods can cause mortality through
exposure of vulnerable eggs or chicksto heat, cold, blowing sand, and/or predators.
Pedestrians have been known to inadvertently sep on eggs and chicks, deliberately
take eggs from nests, and remove chicks from beaches, erroneously thinking they
have been abandoned. People also may cause broods of western snowy ploversto
run away from favored feeding areas. These effects are described in more detail
below. Trash left on the beach by pedestrians dso attracts predators. In addition to
public pedestrians, military personnel using the beach for maneuvers, boat
launches, and landingshave the potential to similarly cause adverse impacts to
western snowy plovers
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Beach-related recreational activities that are concentrated in one location (e.g.,
sunbathing, picnicking, sandcastle building, birding, and photography) can
negatively affect incubating adult western snowy plovers when these activities
occur too close to their nests. Recreational activities that occur in the wet sand area
(e.g., sand sailing) can adversely affect western snowy plovers when they disturb
plover adults or broods, which feed at the edge of the surf aong the wrack line.
Recreational activities that occur in or over deep water (such as the beach- and
water-oriented activities of surfing, kayaking, wind surfing, jet skiing, and boating,
and the coastal-related recreational activity of hang gliding) may not directly affect
western snowy plovers however, they can potentially be detrimentd to western
snowy plovers when reareationists use the beach to take a break from these
activities, or as access, exit, or landing points.

Concentrations of people may deter western snowy plovers and other shorebirds
from using otherwise suitable habitats. Anthony (1985) found tha intensive human
activity at Damon Point had a “ bracketing effect” on the distribution of nesting
western snowy plovers, confining their breeding activity to a section of the spit and
precluding their regular use of otherwise suitable habitat. Fox (1990) also found
that western snowy plovers avoided humans at Damon Point, and the presence of
fishermen and beachcombers kept them hundreds of yards away from potential
habitat. Because early-nesting western snowy plovers have narrower beaches from
which to select nest locations, recreational use may be more concentrated in the
limited habitat available. Also, repeated intrusions by people into western snowy
plover nesting areas alO may cause birds to move into marginal hahbitats where
their chances of reproductive success are reduced. Studies of the Atlantic coast
population of the piping plover (Charadrius melodus), an eastern species with
habitat requirements very similar to the snowy plover, indicate that some piping
plovers that nest early inthe season are forced to move el sewhere when human use
becomes too intense (Cairns and McLaren 1980). These authors concluded that
piping plovers that nest early, before beaches become heavily used for recreation,
“cannot predict and avaid reproductive failurein habitats that otherwise appear
suitable to them.” Burger (1993) observed that piping plovers, in regponse to
human disturbance, spent more energy on vigilance and avoidance behavior at the
expense of foraging activity, and sometimes abandoned preferred foraging habitat.
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Page et al. (1977) observed westem snowy plovers response to human disturbance
at two coastal beaches where normal beach use ranged from light to heavy. The
study included 156 hours of observation at 15 western snowy plover nests. At Point
Reyes, they found that pedestrians disrupt incubation of nests. When humans
approached western snowy plovers, adults left their nests 78 percent of the time
when people were within 50 meters (164 feet) and 34 percent of the time when
people were over 100 meters (328 feet). They also found that western snowy
plovers reaction to disturbance by humans varied, ranging from one bird remaining
off the nest for less than 1 minute when a person walked within 1 meter (3 feet) of
the nest on a heavily-usad beach to another western snowy plover leaving the nest
when three people were 200 meters (656 feet) away on aless-used beach. They
noted that “birds exposed to prolonged human activity near the nest seemed to
become accustomed toit.” It has been speculated that predators of western snowy
plovers may benefit from a decline in wariness by western snowy plovers nesting
on beaches that are subject to ongoing high levels of human disturbance (Persons
and Applegate 1997).

Lafferty (2001) observed western snowy plovers' response to people pet dogs,
equestrians, crows and other birds. Observations were made at Devereux Slough in
Santa Barbara County, Santa Rosa Island, San Nicolas Island, and Naval Base
Ventura County (Point Mugu). This study found that western snowy plover are
most frequently disturbed when approached closely (within 30 meters) by people
and animals. The most intense disturbance (causing the western snowy plover to
fly away) were in response to crows, followed by horses, dogs, humans, and other
birds. Lafferty (2001) created a management model based on his findings and
estimated flight response disturbances unde different scenarios. The model
predicted a reduced disturbance response for buffer zones of 20 to 30 meters.

Fahy and Woodhouse (1995) quantified the levels of recreational disturbance, their
effect on western snowy plovers, and the effectiveness of the Linear Restriction
Program at Ocean Beach, Vandenberg Air Force Base in 1995. Unde this program
signs directed visitors not to cross from the outer beach into the Linear Restriction
area (inland of mean high tide mark, in dune habitat used by western snowy
plovers). Seventy percent of al disturbances were in compliance with restriction
warning signs. The digurbance types that weremost and least frequently in
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compliance with the boundary were joggers or walkers and stationary visitors,
respectively. The closer the disturbance occurred to the plover, the more severe the
plover response. All-terrain vehicles caused the most significant alert and flight
behaviors by western snowy plovers, even though they were in compliance with the
Linear Restriction. The disturbance types that caused incubating western snowy
ploversto flush fromtheir nests most frequently were joggers and walkers,
followed by joggers or walkers with dogs off |eash, and stationary visitors. The
disturbance types that kept incubating western snowy plovers off their nests for the
longest period of time were stationary visitors and surf fishermen, probably because
of the duration of these stationary disturbances that occurred close to nests.
Weekends accounted for 60 percent of all disturbances. The enforcement personnel
appeared to have alimited presence; their presence was documented during only 14
percent of all identified disturbances.

Hoopes et al. (1992) quantified human use and disturbance to piping ploversin

M assachusetts during the 1988 and 1989 nesting seasons. They found pedestrians
caused piping ploversto flush or move at an average distance of 23 meters (75
feet). Pedestrians within 50 meters (164 feet) of the birds caused piping ploversto
stop feeding 31 percent of the time.

Point Reyes Bird Obsarvatory found that management actions tha included
exclusion zones around nesting areas, seasonal closure to dogs, and active weekend
docent programs reduced mortality of chidks and eggs during the weekend such that
the weekend and weekday mortality was the same (Peterlein and Roth 2003).

At the Pgjaro River mouth in California, at least 14 percent of western snowy
plover clutches were destroyed by being driven over, stepped on, or ddiberately
taken by people (Warriner et al. 1986). Since exclosures have been used to protect
nests at the Pajaro River mouth and other locations at Monterey Bay, afew nests
have still been deliberately destroyed by vandals in most years (Point Reyes Bird
Observatory unpublished data). At South Beach, Oregon, the number of western
snowy plovers declined from 25 in 1969 to 0 in 1981 when a new park was
constructed next to the beach and the adjacent habitat became more accessible to
vehicles and people (Hoffman 1972 in Oregon Department of Fish and Wildlife
1994).
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At Vandenberg Air Force Base, western snowy plover monitoring during 1993 at
South Beach (where reareational use was high) and North Beach (where
recreational use was low) found the rate of nest loss caused by humansdiffered
markedly: 24.3 percent of South Beach nests were lost compared to only 3.0
percent of North Beach nests (Persons 1994). Persons and Applegate (1997)
reported that “rates of reproductive success, combined for 1994 through 1997, were
substantially higher on North Beach than on South Beach.” This difference
occurred despite the fact that nesting habitat was posted as off-limits during the
nesting season in 1994. However, at that timerestrictions were new and not strictly
enforced (R. Dystein litt. 2004). Since 2000, public access has been restricted and
fully enforced by Vandenberg Air Force Basepersonnel. Additionally, Santa
Barbara County-supparted volunteer docents were present at Surf Station (within
Vandenberg Air Force Base) during the 2001-2003 plover breeding seasons when
the beach was open for public access. In 2003, plover monitors did not document
the loss of any nests within Surf Station Beach as aresult of trampling by humans
(R. Dystein litt. 2004).

L oss of western snowy plover chicks also may occur because of human activities.
The number of young produced per nesting attempt increased from0.75 in
disturbed habitat to 2.0 for nests free of disturbance at Willapa National Wildlife
Refuge, Washington (Saul 1982). At Vandenberg Air Force Base, the 1997
fledging success of western snowy plovers was 33 to 34 percent on Narth Beach
where recreational activity isrestricted and only 12 percent on South Beach where
recreational useis high (Persons and Applegate 1997). In 1999 and 2000, Ruhlen
et al. (2003) found that increased human activities on Point Reyes beaches had a
negative effect on western snowy plover chick survival. In both 1999 and 2000,
western snowy plover chick loss was about three times greater on weekends and
holidays than on weekdays. In most coastal areas, beach visitation in summer
months is much higher on weekends and holidays than on weekdays.

Flemming et al. (1988) measured the effects of human disturbance on reproductive
success and behavior of piping ploversin NovaScotia. To assess human
disturbance, they recorded positions of people, pedestrian tracks, and vehicle tracks,
then defined classes based on visits per week. They found significantly fewer
young survived in areas of high versus low disturbance; humans elicited a
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significantly higher response level from adult piping plovers than did predators or
nonpredatory species; chicks fed less and werebrooded |ess when humans were
within 160 meters (525 feet); and chick peck rate during feeding waslower when
humans were present. They speculated that because chicks shifted from feeding
and energy conservation activities to vigilanceand cryptic predator avadance
behaviors, their energy reserves would be depleed, making them more susceptible
to predators and inclement weather. They postulated that a decline in piping plover
abundance in Nova Scatia could be caused by human disturbance altering chick
behavior. Fewer chicks survived to 17 daysin aeas heavily disturbed by humans.

Schultz and Stock (1993) studied the effects of tourism on colonization,
distribution, and hatching success of Kentish plovers (Charadrius alexandrinus
alexandrinus), a Eurasian subspecies of the snowy plover, at the Wadden Seain
Germany. They measured disturbance intensity by counting and mapping tourists
on 50 days from April to July, during times of peak human activity (1500 to 1600
hours) and in intervals of 30 minutes throughout other days. An index of person-
hours per area per day was calculated. They found that Kentish plovers did not
colonize heavily-disturbed areas and that resting and sunbathing people were
apparently more disruptive than walking people because the latter genegally
followed the high-tide line. Clutch losses were lowest in areas with little
disturbance and highed in areas with heavy disturbance. They indicated that
hatching success in highly disturbed areas, even with optimal habitat, isaslow asin
poor habitat with alow level of disturbance.

ii. Dogs

Dogs on beaches can pose a serious threat to western snowy plovers during both the
breeding and nonbreeding seasons. Unleashed pets, primarily dogs sometimes
chase western snowy plovers and destroy nests Repeated disturbances by dogs can
interrupt brooding, incubating, and foraging behavior of adult western snowy
plovers and cause chicks to become separated from their parents. Pet owners
frequently allow their dogs to run off-leash even on beaches where it is clearly
signed that dogs are not permitted or are only permitted if on aleash. Enforcement
of pet regulations on beaches by the managing agenciesis often lax ar nonexistent.
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A number of examples of disruptive waysthat dogs affect western snowy plovers
have been noted at beaches in Monterey County (Marina State Beach), Santa Cruz
County (Laguna, Scott Creek, and Seabright Beaches) and San Mateo County (Half
Moon Bay and Pacifica Beaches) (D. George, pers. comm. 1997). Incubating birds
have been flushed from nests by dogs, including nests located inside areas protected
by symbolic fencing. Dogs aso have displaced adults from nests with newly-
hatched chicks. Roosting and feeding flocks, as well asindividual hirds, have been
deliberately and persistently pursued by dogs. At Laguna Creek Beach,
Zmudowski State Beach, and Salinas River Sate Beach, dogs partidly or entirely
destroyed western snowy plover nests which were in several cases, protected with
symbolic fencing (D. George, pers. comm. 1997; Point Reyes Bird Observatory
unpublished data; G. Page, pers. comm. 1998). Fera dogs are suspected to have
disturbed western snowy plover nests and chicks on San Francisco Bay salt ponds
(J. Albertson in litt. 1999).

Even when not deliberaely chasing birds, dogs on a beach may disturb western
snowy plovers and other shorebirds that are rooging or feeding. Pageet al. (1977)
found that western snowy plovers flushed more frequently and remained off their
nests longer when a person was accompanied by a dog than when alone. They
collected data during 156 hours of observationat 15 nests at Point Reyes,
Cdlifornia, and found the following distances at which western snowy plovers
flushed from their nests as aresult of disturbance by people with dogs. Within 50
meters (164 feet), people with dogs caused flushing 100 percent of the time. At a
distance of over 100 meters (328 feet), people with dogs caused flushing 52 percent
of the time (Pageet al. 1977). Fahy and Woodhouse (1995) found that joggers or
walkers with off-leash dogs caused a significantly greater number of avoidance
responses from western snowy plovers than other types of disturbances at Ocean
Beach, Vandenberg Air Force Base, California. Lafferty’s (2001) management
model predicted that intense disturbances could be dramatically reduced by
removing dogs.

At wintering sites such as Ocean Beach in San Francisco, California, off-leash dogs
have caused frequent d sturbance and flushing of western snowy plovers and other
shorebirds. Off-leash dogs chase wintering western snowy plovers at this beach
and have been observedto regularly disturb and harass birds (P. Baye, U.S. Fish
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and Wildlife Service pers. comm. 1997). Observations by National Park Service
volunteers suggest that unleashed pets represent the mog significant recreational
threat to wintering western snowy plovers and migratory shorebirds at Ocean
Beach, because of the prolonged and repeated disturbance created when they chase
birds (Hatch 1997). In 1995 and 1996, during 45 hour-long observations of
wintering flocks of western snowy plovers at Ocean Beach, western snowy plovers
responded by moving in 73 percent of 74 instances when dogs with or without
people approached to within 15 meters (50 feet) (Golden Gate National Recreation
Area unpublished data). When shorebirds are flushed, they must spend more energy
on vigilance and avoidance behaviors at the expense of foraging and resting activity
(Burger 1993, Hatch 1997). Disruption of faraging and roosting may result in
decreased accumulation of energy reserves necessary for shorebirds to complete the
migration cycle and successfully breed (Burger 1986, Pfister et al. 1992). Dog
disturbance at wintering and staging sites, therefore, may adversely affect
individual survivorship and fecundity, thereby affecting the species at the
population level.

iii. Motorized Vehides

Unrestricted use of motorized vehicles on beachesis athreat to western snowy
plovers and their habita. Motorized vehicles may affect remote stretiches of beach
where human disturbance would be slight if access were limited to pedestrians. The
magnitude of this threat is variable, depending on level of use and type of terrain
covered. Use of motor vehicles on coastal dunes may also be destructive to dune
vegetation, especially sensitive native dune plants.

Driving vehiclesin breeding habitat may cause destruction of eggs, chicks, and
adults, abandonmert of nests, and considerable stress and harassment to western
snowy plover family groups (G. Page, pers.comm. 1997; J. Myeasin litt. 1988;

J. Pricein litt. 1992; Stern et al. 1990; Cadler et al. 1993; S. Richardson, pers.
comm. 1998; Widrig 1980). In addition to recreational vehicles, vehicles used for
military activities have also caused western snowy plover mortality (Powell et al.
1995, 1997; Persons 1994).
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Driving motor vehicles at night seems to be particularly hazardous to western
snowy plovers. Drivers of all-terrain vehiclesat night have run over and killed
western snowy plover adults at Vandenberg Air Force Base, and State park ranger
patrol vehicles have crushed western snowy plover chicks at Oceano Dunes State
Vehicular Recreation Area during night patrols(R. Mestain litt. 1998).

On the Eel River gravel bars, vehicle use (includng motorcycles, ATV, and full-
size 4x4s) has resulted in the crushing of nestsand disturbance to nesting plovers
(Colwell et al. 2006).

Western snowy plover adults and chicks have been observed using tire tracks and
human footprints for loafing at Camp Pendleton and Naval Amphibious Base
Coronado (Powell and Collier 1994). This behavior increases their chances of
being run over. Western snowy plover chicks also may have difficulty getting out
of tireruts, thereby inareasing their likelihood of being run over. Thar cryptic
coloring and habit of crouching in depressions like tire tracks makes western snowy
plover chicks especialy vulnerable to vehicular traffic. 1n Massachusetts, between
1989 and 1997, atotal of 25 piping plover chidks and 2 adults were found dead in
off-road vehicle tire ruts on the upper beach between the mean high tide line and
the foredune (U.S. District Court of Massachusetts 1998).

Hoopes et al. (1992) found off-road vehicles caused piping ploversto flush or move
at an average distance of 40 meters (131 feet). Off-road vehicles within 50 meters
(164 feet) of the birds caused piping ploversto stop feeding 77 percent of the time.
While most responses by piping ploversto off-road vehicles resulted in movement
by the birds, they observed three instances wherethe plovers “froze” in response to
the off-road vehicles Both types of responses have a negative impact on plovers
through either disturbance, interruption of feeding behavior, or increasing the risk
that piping ploverswill be hit or crushed by vehicles.

At wintering sites, disturbance from motorized vehicles may harass western snowy
plovers and disrupt their foraging and roosting activities, thereby decreasing energy
reserves needed for migration and reproduction. When motorcydes, most of which
were in the wet sand zone, were driven at high speed along Ocean Beach in San
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Francisco, Hatch (1997) observed that western snowy plovers and other shorebirds
were continually disturbed and often took flight.

iv. Beach Cleaning

Removal of human-created trash on the beach is desirable to reduce predation
threats by eliminating food for predators of western snowy plovers; however, the
indiscriminate nature of mechanized beach-cleaning adversely affects western
snowy plovers and their habitat. Mechanized beach cleaning can be dangerous to
western snowy ploversby crushing their clutches and chicks or causing prolonged
disturbance from the machine' s noise. Also, this method of beach cleaning
removes the birds' natural wrackline (area of beach containing seaweed and other
natural wave-cast organic debris) feeding habitat, reducing the availability of food.
Kelp and driftwood, with their associated invertebrates, are regularly removed and
the upper layer of sand isdisturbed. Beach grooming also alters beach topography,
removes objects associated with western snowy plover nesting, and prevents the
establishment of native beach vegetation (J. Watkinsin litt. 1999). Inall of Los
Angeles County and pats of Ventura, Santa Barbara, and Orange Counties,
California, entire beaches are raked on a daily to weekly basis. Large rakes, with
tines 5 to 15 centimeters (2 to 6 inches) apart, are dragged behind motorized
vehicles from the waterline to pavement or to the low retaining wall bordering the
beaches (Stenzel et al. 1981). Even if human activity was low on these beaches,
grooming activities completely preclude the possibility of successful western snowy
plover nesting (Powell 1996).

v. Equestrian Traffic

Most equestrian use on beachesis directed to wet-sand areas. However, during
high tide periods, horseback riders on the beach sometimes enter coastal dunes or
upper beach areas (Figure 7), where they may carush clutches or disturb western
snowy plovers (Point Reyes Bird Observatory unpublished data, Page 1988,
Persons 1995, Craig et al. 1992, Woolington 1985).
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Figure7. Equestrians on beach (photo by U.S. Forest Service, with
permission).

vi. Fishing

Impacts on western snowy plover nesting may be associated with surf fishing and
shellfish harvesting inand near western snowy plover habitat. The improper
disposal of offal (waste parts of fish), bat, and other litter attrads crows, ravens,
and gulls, which are predators of western snowy plover eggs and chicks. Also,
western snowy ploversmay become entangled in discarded fishinglines (G. Page,
pers. comm. 1998).

Surf fishing isacommercial enterprise in many coastal locations, including the
ocean smelt fishery in northern California (C. Moulton in litt. 1997). Recreational
surf fishing occurs throughout the California coast. In Humboldt County,
California, Redwood National and State Parks have proposed allowing beach
vehicle use, by annual permit, for commercial fishing and tribal fishing/gathering
on Gold Bluffs Beach, Freshwater Spit, and Crescent Beach (J. Watkinsin litt.
1999). In the State of Washington, the most popular season for surf fishing is April
through July (Washington Department of Hsh and Wildlife 1995). At present,
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demand for surf perch fishing is relatively low in Oregon. However, the Oregon
Department of Fish and Wildlifeis promoting a surf perch fishery to lessen the
demand for anadromous fishing. Thisfishery would increase vehicle driving to
remote and relati vely undisturbed sites used by western snowy plovers (K. Palermo
inlitt. 1998a).

Because the earliest wedern snowy plover clutches in Washington arelaid between
mid-April and mid-May, harvesting of razor clams during the mid-March to mid-
May clamming season may have adverse impacts on prospecting or nesting western
snowy plovers. Clammers near nesting aress may disturb adults and chicks; human
activity in feeding areas may restrict western snowy plover foraging activity, and
increased motorized traffic may increase the risk of nest and chick loss
(Washington Department of Fish and Wildlife 1995). However, observations of
western snowy plover and human activities during the spring 1995 razor clam
season showed clamming had no visible impact on western snowy plovers where
clamming intensity was low (Kloempken and Richardson 1995). Instances of
trespassing into the wegern snowy plover protection area were noted; howvever,
movement of the western snowy plover pratection area boundary about 327 meters
(1,073 feet) west of its previous location seemed to benefit the birds by providing
more space between them and pedestrian and vehicular disturbances

vii. Fireworks

Fireworks are highly disturbing to western snowy plovers. All western snowy
plovers flushed from Coal Oil Point Reserve during anearby July 4, 2005,
fireworks display (C. Sandoval, University of California Santa Barbara, pers.
comm. 2005). At Del Monte Beach, California, awestern snowy plover chick
hatched on July 4, 1996, within an area demarcated by symbolic fencing, and was
abandoned by its parents after afireworks display. Disturbance from the noise of
the pyrotechnics is exacerbated by disturbance caused by large crowds attracted to
fireworks events. California Department of Parks and Recreation staff estimated
that 6,000 people visited Del Monte Beach on that day. Because of the extensive
disturbance, the adult western snowy plovers |t the nest site with two chicks,
abandoned the third chick, and were not seen again (K. Neuman, California
Department of Parks and Recreation, pers. comm. 1997). During July 4, 1992,
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observations of piping plovers that nest on the Breezy Point Cooperative and
adjacent beaches of Gateway National Recreation Areain Queens, New Y ork, the
birds were disturbed by fireworks displays (Howard et al. 199