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1  | INTRODUC TION

Global climate change is expected to result in increased variability and 
changes to precipitation regimes across many regions of the world 
(Milly, Dunne, & Vecchia, 2005; Power, Delage, Chung, Kociuba, & 
Keay, 2013). In particular, droughts are predicted to become more 

extreme, last longer, and increase in frequency (Dai, 2013). During 
an extreme drought, the intense unmet need for water can cause 
plant die‐off (Breshears et al., 2005; Miriti, Rodriguez‐Buritica, 
Wright, & Howe, 2007), as well as reduced survival and reproduc‐
tion in animals (Grant & Grant, 2002; Rymer, Pillay, & Schradin, 2016; 
Sperry & Weatherhead, 2008). The amount of rainfall is particularly 
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Abstract
Despite the profound impacts of drought on terrestrial productivity in coastal arid 
ecosystems, only a few studies have addressed how drought can influence ecological 
cascades across ecosystem boundaries. In this study, we examine the consequences 
of rainfall pulses and drought that subsequently impact the breeding success of a 
threatened nocturnal seabird, the Scripps's Murrelet (Synthliboramphus scrippsi). On 
an island off the coast of southern California, the main cause of reduced nest success 
for one of their largest breeding colonies is egg predation by an endemic deer mouse 
(Peromyscus maniculatus elusus). Mice on the island have an opportunistic diet of pri‐
marily terrestrial sources, but drastic declines in terrestrial productivity from drought 
might be expected to increase their reliance on marine resources, including murrelet 
eggs. We compiled data on terrestrial and marine productivity between 1983 and 
2013 to determine how conditions in these ecosystems influence murrelet nest suc‐
cess. We found that the severity of drought had the strongest negative impact on 
murrelet nest success. We calculated that the reduction in fecundity during drought 
years due to increased egg predation by mice was substantial enough to produce a 
declining population growth rate. Nest success was much higher under normal or 
high rainfall conditions, depending on whether oceanic conditions were favorable to 
murrelets. Therefore, the more frequent and severe drought that is projected for this 
region could lead to an increased risk of murrelet population decline on this island. 
Our study highlights the need for understanding how species interactions will change 
through the effects of increasing drought and altered rainfall regimes under global 
change.
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crucial for the arid and semi‐arid ecosystems of the world, which 
already receive low annual precipitation (Maestre, Salguero‐Gómez, 
& Quero, 2012), as it can strongly limit plant primary productivity 
(De la Maza, Lima, Meserve, Gutierrez, & Jaksic, 2009). This lim‐
itation is vividly illustrated by the landscape green‐up that occurs 
after drought‐breaking rainfall, which subsequently has direct ef‐
fects on higher trophic levels (Deguines, Brashares, & Prugh, 2017; 
Jaksic, Silva, Meserve, Gutiérrez, & Gutierrez, 1997). Although these 
characteristics of drylands are shared by ~41% of the earth's land 
(Maestre et al., 2012), there remains much uncertainty around how 
drought and rainfall variability influence indirect interactions in food 
webs (e.g., Barton & Ives, 2014; Beier et al., 2012). Given climate 
change projections, there remains an urgent need to understand 
how changes to precipitation patterns will influence ecological inter‐
actions (McCluney et al., 2012), particularly if effects extend across 
ecosystems.

Ecosystem boundaries, such as those between the marine and 
terrestrial environments, can be permeable to the flow of resources 
between the adjacent food webs (Gende, Edwards, Willson, & 
Wipfli, 2002; Loreau, Mouquet, & Holt, 2003; Piovia‐Scott, Spiller, 
& Schoener, 2011). If these resource flows are altered, such as by ex‐
treme drought, it could potentially lead to cascading effects across 
ecosystem boundaries (Knight, McCoy, Chase, McCoy, & Holt, 2005; 
Larsen, Muehlbauer, & Marti, 2016). For example, after a high rain‐
fall year on arid islands, mice can consume predominantly terrestrial 
resources that then become extremely abundant, whereas in drier 
years they rely on marine resources to a much greater extent (Stapp 
& Polis, 2003). Some marine resources, such as the eggs of nesting 
seabirds, can therefore represent a seasonally abundant and alloch‐
thonous alternative prey source for island rodents and other gen‐
eralist predators (Russell & Ruffino, 2012). But the extent to which 
rodents utilize this seasonal prey source then could depend on the 
effects of fluctuating terrestrial resources (Ruffino, Russell, & Vidal, 
2013). Similarly, nest success of birds in a variety of environments 
can be strongly influenced by the availability of other prey types for 
predators (Ims, Henden, Thingnes, & Killengreen, 2013; Johnston, 
2016; Ostfeld & Keesing, 2000; Schmidt & Ostfeld, 2008). Thus, de‐
pending on how strongly changes to rainfall patterns propagate in 
a food chain, these changes could increasingly affect some marine 
species through prey switching by terrestrial predators.

In this study, we examine whether rainfall patterns that influ‐
ence terrestrial productivity have cascading effects that extend 
across ecosystem boundaries and influence the breeding success 
of a seabird on a semi‐arid oceanic island. Santa Barbara Island is 
the smallest island in the Channel Islands National Park in California 
and is part of a region that has been identified as a climate change 
“hotspot” (Diffenbaugh, Giorgi, & Pal, 2008), where the risk of fu‐
ture unprecedented drought conditions are projected by some 
models (Cook, Ault, & Smerdon, 2015). On this island, ~21% of the 
global population of a threatened nocturnal seabird, the Scripps's 
Murrelet (Synthliboramphus scrippsi; Whitworth, personal commu‐
nication, 2018), arrives to breed each spring. Unlike most other 
seabirds (Weimerskirch, 2002), ocean productivity apparently only 

has a weak influence on Scripps's Murrelet nest success on Santa 
Barbara Island (Roth, Sydeman, & Martin, 2005), largely because 
egg predation by an endemic subspecies of deer mouse (Peromyscus 
maniculatus elusus) is the main cause of reduced nest success for 
murrelets there (up to 70% of all eggs laid are lost to mice annually; 
Drost & Lewis, 1995). However, interannual differences in repro‐
ductive success have not been conclusively linked to variations in 
mouse density alone (Murray, 1980; Nur, Harvey, Thomsen, Bradley, 
& Jahncke, 2013; Schwemm & Martin, 2005). Instead, murrelet nest 
success might be influenced by changes in mouse foraging behavior 
regardless of mouse abundance (Thomsen & Green, 2016), such that 
reduced food availability for mice during extreme drought could re‐
sult in higher rates of egg predation compared to years with more 
abundant rainfall and vegetation. To investigate this hypothesis, we 
examined murrelet nest success over a span of 31 years (1983–2013) 
and evaluated the relative importance of several indicators of terres‐
trial and marine productivity. We also assessed how changes in mur‐
relet nest success might influence the resulting population growth 
rates with a matrix population model.

2  | MATERIAL S AND METHODS

2.1 | Study area and system

Santa Barbara Island (33º29′N, 119º02′W) is 2.6 sq km in size and 
located ~63 km offshore within the Southern California Bight at the 
southern end of the California Current Large Marine Ecosystem in 
the northeast Pacific Ocean. The island is the location of one of the 
largest colonies of Scripps's Murrelets in the US (~475‐650 breeding 
pairs; Whitworth, personal communication, 2018), a small (~165 g) 
pursuit diving alcid that is endemic to this region and considered by 
the IUCN to be Vulnerable (Birdlife International, 2017) and state‐
listed as Threatened. This region of southern California is semi‐arid, 
with the island only receiving an estimated average 21.8 cm of rain‐
fall per year (Orrock, Allan, & Drost, 2011). The vegetation of the is‐
land consists of mostly non‐native grasses (Avena spp., Bromus spp., 
and Hordeum spp.) in the gently rolling slopes of the interior, while 
the perimeter has greater cover of native shrubs (e.g., Leptosyne gi‐
gantea, Eriogonum giganteum var. compactum) and cacti (Opuntia spp.; 
Halvorson, Fenn, & Allardice, 1988; Junak, Drost, & Philbrick, 1993) 
that grow on the steep rocky cliffs that tower up to 193 m above 
the ocean.

2.2 | Murrelet nest monitoring

The U.S. National Park Service and collaborators have been monitor‐
ing the nest success of Scripps's Murrelets on the island since the 
early 1980s (Lewis, Gress, Ingram, Hunt, & Anderson, 1988; Millus, 
Stapp, & Martin, 2007; Sydeman, Nur, & Martin, 1998 and references 
therein; http://www.montroserestoration.noaa.gov/multimedia/
publications/). Here, we focus on one of the largest monitoring areas 
on the island (Cat Canyon) that has been consistently studied annu‐
ally throughout this time period except for the year 2006. Murrelets 
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lay only 1–2 eggs inside shallow rocky crevices or on the ground 
underneath the dense low‐growing shrubs along the island's sea 
cliffs (Drost & Lewis, 1995). The first egg laid is left unattended for 
~8 days before the clutch is completed and incubation commences 
(Murray, Winnettmurray, Eppley, Hunt, & Schwartz, 1983). Both par‐
ents incubate in shifts of ~3 days, until the eggs hatch about 34 days 
later, at which time the family unit departs the island as a group 
within 1–2 days (Drost & Lewis, 1995). Nest sites in Cat Canyon were 
checked for contents and status once or twice weekly beginning in 
early‐mid March and the fate of each egg can be reliably determined 
based on eggshell evidence (Lewis et al., 1988). The main cause of 
egg loss (~80% of cases) is due to depredation by mice, which usu‐
ally happens during the initial egg neglect period (Millus et al., 2007; 
Murray et al., 1983). Video footage of mice consuming murrelet eggs 
corroborates other evidence, such as teethmarks left on eggshells, 
that depredation is only by mice (NPS unpub. data). Otherwise, eggs 
sometimes fail due to either abandonment or inviability (Millus et al., 
2007). Each year, data from all monitored nests were summarized 
into mean nest success (total number of eggs hatched/total number 
of nest attempts).

2.3 | Marine environment

Ocean productivity in the California Current is highly dynamic and 
influenced by both interannual and interdecadal climatic variations. 
Periods of high marine productivity are characterized by wind‐driven 
upwelling of cold, nutrient‐laden water, which subsequently influ‐
ences higher trophic levels including increased seabird reproduc‐
tive success (e.g., Ainley, 1990). We therefore obtained several key 
indices of marine environmental conditions during 1983–2013 that 
could potentially predict murrelet nest success. We included three 
indices of physical processes that describe large‐scale patterns in 
the Northeast Pacific Ocean such as the Pacific Decadal Oscillation 
(PDO; http://research.jisao.washington.edu/pdo/), the North Pacific 
Gyre Oscillation (NPGO; http://www.o3d.org/npgo/npgo.php), and 
the Multivariate ENSO Index (MEI; http://www.esrl.noaa.gov/psd/
enso/mei/table.html). For example, when El Niño conditions occur 
every ~2–7 years, they cause increases in sea surface temperature 
and a reduction in upwelling (McPhaden, Zebiak, & Glantz, 2006). 
The PDO also describes shifts in ocean temperature but operates on 
decadal time scales (Mantua & Hare, 2002). In addition, the NPGO 
describes the second dominant mode of sea surface height variabil‐
ity and is associated with additional fluctuations of ocean tempera‐
ture and upwelling (Di Lorenzo et al., 2008).

We also obtained data for local to regional‐scale conditions near 
the island such as sea surface temperature (SST; Station 46025 buoy; 
33°44'58"N 119°3'10"W, http://www.ndbc.noaa.gov/), Bakun's 
upwelling index (33°N 119°W; http://orpheus.pfeg.noaa.gov/prod‐
ucts/PFELData/upwell/monthly/upindex.mon), and mesozooplank‐
ton abundance. Murrelets are generalist predators (Hamilton, Carter, 
& Golightly, 2004), and the abundance of mesozooplankton was pre‐
viously identified as potentially being important to murrelet breed‐
ing parameters (Roth et al., 2005). Mesozooplankton abundance 

also correlates with the availability of other prey types (Koehn et al., 
2016). Therefore, following Roth et al. (2005), we compiled mesozo‐
oplankton data from the California Cooperative Oceanic Fisheries 
Investigations (CalCOFI; http://calcofi.org/new.data/index.php/
zooplankton), which conducts standardized net tows at long‐term 
monitoring stations located in potential murrelet foraging habitat. 
Marine indices were averaged across March–May to match and rep‐
resent breeding season conditions for each year.

2.4 | Terrestrial environment

2.4.1 | Terrestrial productivity

We obtained the Palmer Drought Severity Index (PDSI) for the 
South Coast climate division in California (available from ftp://ftp.
ncdc.noaa.gov/pub/data/cirs/climdiv/), in order to examine interan‐
nual variation in terrestrial productivity on the island. The PDSI is 
a widely used metric of meteorological drought that accounts for 
both precipitation inputs and evaporative loss (mainly via tem‐
perature), with negative values indicating the severity of dry spells 
and positive values indicating the extent of wet spells (Dai, 2011). 
Therefore, the monthly index reflects the accumulation of both cur‐
rent and long‐term lagged effects of climate that contribute to soil 
moisture anomalies compared to normal conditions (Dai, 2011), and 
potentially represents water availability on the semi‐arid island bet‐
ter than current rain year precipitation amounts alone. We selected 
the PDSI value in April of each year to represent conditions that 
influenced food availability for mice during each murrelet breeding 
season.

Data on rainfall amounts were not consistently collected on the 
island over the entire study period so this variable could not be in‐
cluded in our analyses. However, the impact of variation in rainfall on 
terrestrial productivity can be observed with satellite‐derived mea‐
sures of greenness such as the Normalized Difference Vegetation 
Index (NDVI; Pettorelli et al., 2011). Variation in NDVI and rainfall 
has been found to correlate with the abundance of seeds and insects 
(Batzli & Pitelka, 1970; Sofaer, Sillett, Peluc, Morrison, & Ghalambor, 
2013; St. Clair, Sudderth, Castanha, Torn, & Ackerly, 2009; Sweet et 
al., 2015), which contributes most of the diet of deer mice (Collins, 
Storrer, & Rindlaub, 1979; Millus & Stapp, 2008). NDVI thus rep‐
resents an integrated measure of terrestrial conditions so it was im‐
portant to verify that the regional PDSI and NDVI on the island were 
related. To check this, we compared the PDSI values with the NDVI 
value calculated from Landsat satellite images of the island captured 
during March 1985–2013 (median ordinal date = 78; range: 52–92; 
NASA LP DAAC, 2014). The PDSI and NDVI values were positively 
correlated (n = 26, rho=0.82, p < 0.001) in the subset of years where 
NDVI could be calculated.

2.4.2 | Deer mouse abundance

The National Park Service has also conducted long‐term mark‐recap‐
ture studies of deer mouse abundance on the island, and we used the 

http://research.jisao.washington.edu/pdo/
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abundance index (number of unique individuals captured) on the plot 
nearest to the murrelet monitoring area (~1 km away) from published 
reports (Coonan, 2013, 2016; Schwemm, 2009) for our analyses. This 
abundance index correlates strongly with other more complex mark‐
recapture models of population size of mice on the island (Schwemm, 
Drost, Orrock, Coonan, & Stanley, 2018). Trapping occurred during 
the spring (March–May) from 1993 to 2013, except for 1994 and 
2006 when no data collection occurred in spring. The mouse plot has 
100 permanent trap stations, at which one small Sherman live trap is 
set over three consecutive nights during trapping sessions (Fellers, 
Drost, & Arnold, 1988). Traps are checked the following morning, and 
captured mice are weighed, sexed, and given an individually num‐
bered ear tag before being released unharmed (Coonan, 2016).

2.5 | Data analysis

We used r 3.2.1 (R Core Team, 2014) to conduct all statistical anal‐
yses. First, we examined the relationships between murrelet nest 
success (i.e., the mean number of eggs hatched per nest each year) 
and the marine and terrestrial environments with linear regression 
models, weighted by the total number of eggs monitored each year. 
For this analysis, we limited it to the time period 1993–2013 because 
of the consistent data collection of all time series resulting in few 
missing observations. We used an information‐theoretic approach 
to assess support for alternative mechanisms driving murrelet nest 
success by comparing models with Akaike's information criterion, 
adjusted for small sample sizes (AICc; Burnham & Anderson, 2002). 
The candidate model set included eight combinations of marine and/
or terrestrial variables that represent different a priori hypotheses 
and a null model (Table S2). Mouse abundance was log transformed, 
and all input variables were standardized (µ = 0 and σ2 = 1) prior 
to running models so that the magnitudes of the coefficients were 
comparable (Schielzeth, 2010). We also tested for the presence 
of linear trends in all covariates over time, and repeated the same 
model selection procedures with the detrended variables with re‐
sidual regression to confirm whether changes in hatching success 
were not due to spurious correlations with co‐occurring long‐term 
trends (Grosbois et al., 2008).

We screened all explanatory variables for collinearity and did 
not include variables together in multiple regression if the correla‐
tion was |r|>0.5 (Zuur, Ieno, & Elphick, 2010). As expected, many 
of the marine variables were highly correlated so we used princi‐
pal component analysis (PCA) to reduce the number of variables 
prior to analysis in the candidate model set. The first principal 
component (“marine PC1”) explained a total of 64% of the variabil‐
ity of the six marine environmental variables (NPGO, PDO, MEI, 
upwelling, SST, and log mesozooplankton volume; Table S1 and 
Figure S1). Log mesozooplankton volume, the NPGO index, and 
upwelling were positively loaded on marine PC1 (0.43, 0.37, and 
0.42, respectively), while MEI, local SST, and PDO were all loaded 
negatively (−0.39, −0.42, and −0.4, respectively; Table S1). Marine 
PC1 thus represents a range of conditions that correspond with 
colder waters, increased upwelling and higher ocean productivity 

including higher mesozooplankton amounts. The remaining prin‐
cipal components each explained ≤12% of the variation therefore 
only marine PC1 was retained for the subsequent linear regression 
analysis of nest success.

Next, we conducted a complementary regression tree analysis 
with the R package “rpart” (Therneau & Atkinson, 2015) to further 
explore the relationships among all of the marine and terrestrial 
explanatory variables and to identify the most influential individ‐
ual variables on murrelet nest success for the entire 1983–2013 
time period. All six marine and two terrestrial variables (PDSI and 
NDVI) were included and left untransformed for this analysis, as 
the method is flexible and can handle different types of predictors 
as well as accommodate missing values and correlations between 
variables (De'ath & Fabricius, 2000). Trees were grown with 10‐fold 
cross validation and with a minimum bucket size of four to prevent 
overfitting so that only the most relevant variables were retained in 
the final model (Therneau & Atkinson, 2015).

Finally, we developed a deterministic matrix population model 
parameterized with fecundity rates from the 1983 to 2013 nest suc‐
cess data to examine environmental impacts on population growth 
rates. To do so, we used a stage‐structured model that contains ju‐
venile, subadult, and adult stages (Caswell, 2001; Lefkovitch, 1965). 
Adult annual survival was set at 0.8305 based on a previously pub‐
lished regression equation relating adult body mass with adult sur‐
vival in 12 other alcid species (Beissinger & Peery, 2007). Juvenile 
and subadult survival rates were then set at 70% and 89% of the 
adult value, respectively (Sydeman et al., 1998), while subadult fe‐
cundity rates were set at half of adult rates to account for the delay 
in the age of first breeding to around the third or fourth year (Drost 
& Lewis, 1995; Gaston, 1990) following Beissinger and Peery (2007). 
We then calculated the resulting stochastic population growth rates 
(λs) with the function “stoch.growth.rate” from the R package “pop‐
bio” (Stubben & Milligan, 2007). We could then assess whether the 
murrelet population would be more likely to increase (log λs > 0) or 
decline (log λs < 0) in response to different environmental conditions 
that were identified by the regression tree analysis as important. 
Lastly, we used the same function to simulate how the population 
growth rate would change in response to projected increases in 
drought years by increasing the probability of selection of annual 
matrices that occurred during severe drought years.

3  | RESULTS

A total of 1,368 murrelet nest attempts were monitored during the 
years 1983 to 2013 in the Cat Canyon area (approximately 45 ± 12 
nests per year; range 29–91). Mean nest success over this time pe‐
riod of 30 years was 0.77 ± 0.25 eggs hatched per nest (range: 0.37–
1.18). Egg predation by mice was the main cause of egg loss leading 
to reduced nest success in all years. Nest success varied, but despite 
reaching its lowest levels more often in recent years (1990, 1997, 
2002, 2007, 2009 and 2013; Figures 1a; 3), there was no evidence of 
a linear trend over time (p > 0.88).
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The best‐ranked models explaining variation in murrelet nest 
success included the effects of PDSI and ocean conditions (marine 
PC1 scores; Table S2). Only the marine PC1 scores demonstrated 
a significant upward trend between 1993 and 2013, indicating an 
increase in more favorable ocean conditions for murrelets over time 
(F1,17 = 8.518, p < 0.01, r2 = 0.29; Figure 1c). When this trend was 

removed, the model rankings remained completely unchanged (Table 
S2), suggesting that nest success was influenced by these same vari‐
ables independent of co‐occurring long‐term trends (Grosbois et al., 
2008). The top model with detrended data had a slightly improved 
AICc compared to the non‐detrended model (∆AICc = 0.6), there‐
fore, hereafter we focus on the parameter estimates from the top 
model in the detrended data analysis which had a r2 of 0.48 (Table S2). 
Murrelet nest success was positively related to the PDSI (β = 0.19, 
95% CI [0.09, 0.29]) indicating that the severity of drought condi‐
tions was associated with low nest success due to increased eggs 
lost to predation (Figure 2a). Nest success was also positively related 
to marine PC1 scores (β = 0.06; 95% CI [−0.006, 0.12]; Figure 2b), 
indicating that colder ocean temperatures and higher ocean produc‐
tivity were also associated with increased nest success. There was 
no support for a relationship between increased mouse abundance 
leading to low murrelet nest success (Table S2; Figure 1d). This sug‐
gests that the intensity of egg predation is driven by other factors 
that influence mouse foraging independent of mouse abundance.

The regression tree analysis for the longer time series 1983–2013 
produced similar results, where the most important variable determin‐
ing poor murrelet nest success was the occurrence of a severe to ex‐
treme drought (<−2.9 on the PDSI scale; Figure 3). Mean nest success 
for those drought years (0.48 eggs hatched per nest attempt; n = 8) 
produced a sharply declining population growth rate (λs = −0.08) when 
this value was input as the fecundity rate in the matrix population 
model (Figure 3). During closer to normal rainfall conditions or during 
wet spells (PDSI>−2.9), murrelet nest success was much higher, but 
how much higher depended on whether ocean temperatures were 
colder (SST <15.7°C) and the NPGO index was positive (>1.1; Figure 3). 
A positive NPGO index signifies higher salinity, nutrients and chloro‐
phyll‐a in the ocean (Di Lorenzo et al., 2008). When this index was <1.1 
but SST was colder (<15.7°C), murrelet nest success was still moder‐
ate (0.93 eggs hatched per nest attempt), and the resulting population 
growth rate was closer to stability but still declining (λs =−0.01; n = 6). 
Murrelets had the highest nest success over the 30 years of this study 
(1.05 eggs hatched per nest attempt) when the SST was <15.7°C, the 
NPGO index was >1.1, and without drought conditions, which would 
be sufficient to produce a stable population growth rate (λs = 0.002; 
n = 6; Figure 3). However, the mean population growth rate for the 
entire study period suggested there would be an overall decline (λs = 
−0.03). Moreover, as the frequency of severe drought years was in‐
creased, the murrelet population on the island would be expected to 
experience even more drastic declines (Figure 4).

4  | DISCUSSION

Seabirds are often heralded as sentinels of ocean climate variabil‐
ity and change, as is demonstrated by many long‐term monitoring 
studies of seabird reproductive success (e.g., Ainley, 1990; Divoky, 
Lukacs, & Druckenmiller, 2015; Wanless, Frederiksen, Daunt, 
Scott, & Harris, 2007). In this study, however, we found that mur‐
relet nest success since the 1980s was mainly associated with a 

F I G U R E  1   Observations from 1993 to 2013 of (a) Murrelet 
nest success, displayed as both the mean # eggs hatched per nest 
and the proportion of total eggs laid that hatched each year (b) 
Terrestrial productivity as measured by Palmer Drought Severity 
Index (PDSI) where negative numbers denote the increasing 
severity of drought, and the Normalized Difference Vegetation 
Index (NDVI) where higher numbers indicate higher terrestrial 
productivity (c) Marine PC1 scores increased over time, with higher 
scores indicating more favorable conditions for murrelets (see 
also supplemental Figure S1) and (d) Mouse abundance (number of 
unique individuals captured; as reported in Coonan, 2013, 2016; 
Schwemm, 2009) during the murrelet breeding season
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different hallmark of climate variability, the severity of drought 
(Figures 2,3). Specifically, our results support the hypothesis that 
climate‐driven changes in terrestrial productivity drives murrelet 
nest success via a cross‐ecosystem cascade of indirect interac‐
tions with terrestrial productivity. Furthermore, our study demon‐
strates that the effect of drought on reproductive success, a key 
vital rate, could be substantial enough to trigger population de‐
clines in this seabird (Figures 3,4). In 2009 and 2013, only 22.1%–
28.6% of eggs successfully hatched (Figure 1a) as a result of very 
high egg predation rates by mice (Harvey, Hand, & Auer, 2012; 
Howard et al., 2014). Likewise, other breeding land birds in this re‐
gion lose more nests to predators during drought years, but unlike 
murrelets, they can be primarily directly affected by limited ter‐
restrial food availability themselves (Chase, Nur, & Geupel, 2005; 
Cruz‐McDonnell & Wolf, 2016; Morrison & Bolger, 2002; Preston 
& Rotenberry, 2006). Therefore, the observed increases in mouse 

predation of murrelet eggs are consistent with the effects of dras‐
tic declines in terrestrial resources for mice as a result of drought.

There are compelling reasons why drought would be the major 
driver of increased egg predation and not mouse abundance. None 
of the top models included mouse abundance (∆AICc <2; Table S2). 
This is likely because the conditions during severe drought would 
also lead to declines in the abundance of mice compared to wet‐
ter years with more abundant resources (Morton, Morrison, Hall, & 
Pereyra, 1995; Spevak, 1983). For example, during a drought, com‐
mon island plants such as Avena spp. have reduced biomass and 
produce fewer seeds (Ewing & Menke, 1983). Notably, the NDVI in 
some drought years indicated there was almost no green vegeta‐
tion in March (Figure 1b; Pettorelli et al., 2005). Additionally, eggs 
themselves might be an important source of both nutrients and 
water to mice during droughts, which could also increase egg pre‐
dation as rodents seek needed moisture to survive (Morton et al., 

F I G U R E  3   Dendrogram of regression 
tree analysis of murrelet nest success over 
30 years (1983–2013). Horizontal dashed 
line on inset figure indicates the overall 
mean. Very poor nest success occurred 
during severe to extreme droughts (PDSI 
<−2.9) when egg predation by mice was 
highest, resulting in a declining population 
growth rate (log λs). Higher than average 
nest success occurred when drought was 
minimal, the ocean temperature (SST) was 
cooler and the NPGO index was positive 
(>1.1), resulting in a stable population 
growth rate (log λs)
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1995; Norman, 1975). Finally, the availability of food resources can 
influence the risks that mice might be willing to take while forag‐
ing in the presence of predators (Brown & Kotler, 2004; Laundre 
et al. 2014; Riginos, 2015). Mice on the island drastically increased 
their foraging activity when owls were least abundant (Thomsen & 
Green, 2016), which coincided with a severe drought year (Thomsen, 
Mazurkiewicz, Stanley, & Green, 2018). Therefore, drought‐stressed 
mice likely consume more eggs when there are fewer risks from 
predators, but also greater need, to do so.

Despite the relatively large influence of the terrestrial envi‐
ronment on murrelet nest success, our results suggest that ocean 
climate conditions were still critically important in determining 
murrelet nest success. Higher marine PC1 scores and specifi‐
cally colder ocean temperatures (SST) and a positive NPGO index 
(>1.1) were associated with higher than average breeding success 
(Figures 2b, 3). These favorable conditions likely mean better 
foraging conditions and increased prey availability for murrelets 
similar to how it benefits other seabirds in the California Current 
ecosystem (Ainley, 1990; Jones et al., 2018). Only when the NPGO 
was positive, in the absence of drought conditions, was murrelet 
nest success high enough to produce a stable or increasing pop‐
ulation growth rate (Figure 3). This finding is also consistent with 
the rising influence of the NPGO for both seabirds and salmon 
elsewhere in the California Current (Kilduff, Lorenzo, Botsford, 
& Teo, 2015; Schmidt et al., 2014; Sydeman, Santora, Thompson, 
Marinovic, & Lorenzo, 2013). Our study therefore corroborates 
other research that suggests the ocean is changing in ways that 
are potentially increasingly negative for seabirds and other marine 
predators (Croxall et al., 2012). However, additional comparative 
studies of murrelet breeding success on other islands, particularly 

those islands where egg predation by mice is less of an issue 
(Whitworth, Carter, & Gress, 2013), are needed to further clarify 
how ocean climate change will impact murrelets.

Ultimately, overall murrelet nest success on Santa Barbara Island 
appears to be influenced by a combination of factors from both the 
marine and terrestrial environments. However, in southern California, 
both of these ecosystems are coupled via the influence of the ocean 
on regional precipitation patterns (Black et al., 2014), and could 
mitigate impacts to maintain murrelet nest success despite a highly 
variable environment. For example, oftentimes, warmer ocean tem‐
peratures (SST) and the resulting poor foraging conditions for mur‐
relets are the same conditions that usually lead to increased rainfall in 
this region (Black et al., 2014). Under such poor ocean conditions, the 
resulting slight increase in one‐egg clutches (Roth et al., 2005), as well 
as an increase in egg neglect after incubation begins (Blight, Bertram, 
Williams, & Cowen, 2010; Murray et al., 1980), would leave mur‐
relet eggs much more vulnerable to predation by rodents (Ronconi & 
Hipfner, 2009). However, because this increased vulnerability gener‐
ally occurs when terrestrial productivity is higher and egg predation 
rates are lower, this suggests the possibility that the negative effects 
of poor ocean conditions on breeding success can be partially offset 
in some years. However, it remains to be seen whether these connec‐
tions between SST and winter precipitation in southern California will 
remain stable or become more variable under global climate change 
(Kam & Sheffield, 2016).

For long‐lived seabirds with a low reproductive rate, including 
murrelets, adult survival is the most sensitive demographic param‐
eter determining population trajectories and as such conservation 
efforts tend to prioritize protection of adults over other vital rates 
(Saether & Bakke, 2000). However, despite this, if the mean repro‐
ductive rate is low enough, the population will still decline. Results 
from our matrix model suggest this key vital rate for murrelets has 
been mostly below replacement and would lead to an expected 
average ~3% annual decline over the study period, which is similar 
in magnitude to the estimated population trend on Santa Barbara 
Island (Burkett et al., 2003; Nur et al., 2013). Thus, if we assume that 
the estimate of adult survival is representative of murrelets on the 
island, poor reproductive success could alone be largely responsi‐
ble for an observed decline, as has been noted previously (Sydeman 
et al., 1998). Furthermore, predicted increases in the occurrence of 
severe droughts could mean murrelets are more likely to have years 
of drastically low nest productivity (Figure 4). However, the matrix 
model assumes a known and constant adult survival rate, which in 
reality can vary substantially between years from predators, such 
as Barn Owls (Tyto alba) and Peregrine Falcons (Falco peregrinus) 
that consume adults (Drost & Lewis, 1995; Thomsen et al., 2018). 
Therefore, the optimal strategy for conservation of murrelets on 
Santa Barbara Island will likely need to address both life stages. We 
strongly suggest that further studies use individually marked birds in 
a mark‐recapture design study to estimate adult survival and breed‐
ing probability to better assess which conservation actions may be 
the most effective.

F I G U R E  4   Decline in the stochastic population growth rate (log 
λs) for murrelets in response to increasing the probability of severe 
drought (PDSI <−2.9), similar to what is projected for this region. 
Horizontal dashed line indicates overall log λs under the frequency 
of severe drought occurrence between 1983 and 2013 (i.e., 8 
of 30 years), which suggests the population on the island could 
already be declining
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It is well established that climate can influence community dy‐
namics in both terrestrial (Hansen et al., 2013; Post & Forchhammer, 
2002) and marine ecosystems (Poloczanska et al., 2013). In this study, 
we found that the severity of drought on a semi‐arid oceanic island 
was associated with negative impacts on the breeding success of a 
seabird via a cross‐ecosystem cascade. Drought conditions in this 
area are also linked to regional oceanographic indices (McCabe‐
Glynn et al., 2013), so this long ecological cascade ultimately begins 
with ocean‐atmosphere interactions and ends up looping back onto 
the marine food web via murrelets. Similar synchronous effects be‐
tween marine and terrestrial ecosystems have been increasingly rec‐
ognized through the effects of rainfall (Black et al., 2018; Ong et al., 
2016; Thomsen et al., 2018), but our study is unique for the California 
Current system in that long‐term data revealed a stronger connection 
between terrestrial productivity and the reproductive dynamics of a 
marine predator. In 2013, much of California was in an exceptional 
drought of a magnitude that had not been experienced for perhaps 
over ~1,200 years (Griffin & Anchukaitis, 2014; Diffenbaugh, Swain, 
& Touma, 2015). As the PDSI is projected to become more frequently 
negative for much of the 21st century (Gutzler & Robbins, 2011), 
this has potentially worrisome implications for murrelets breeding 
on Santa Barbara Island. Our study therefore has wider implications 
about the profound impacts of drought and highlights the need for 
understanding how species interactions will change through the ef‐
fects of altered rainfall regimes under global change.
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