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Abstract
Climate change is driving rapid changes in environmental conditions and affecting population and species’ persistence across spatial and temporal scales. Integrating climate
change assessments into biological resource management, such as conserving endangered species, is a substantial challenge, partly due to a mismatch between global climate
forecasts and local or regional conservation planning. Here, we demonstrate how outputs of
global climate change models can be downscaled to the watershed scale, and then coupled
with ecophysiological metrics to assess climate change effects on organisms of conservation concern. We employed models to estimate future water temperatures (2010–2099)
under several climate change scenarios within the large heterogeneous San Francisco
Estuary. We then assessed the warming effects on the endangered, endemic Delta Smelt,
Hypomesus transpacificus, by integrating localized projected water temperatures with thermal sensitivity metrics (tolerance, spawning and maturation windows, and sublethal stress
thresholds) across life stages. Lethal temperatures occurred under several scenarios, but
sublethal effects resulting from chronic stressful temperatures were more common across
the estuary (median >60 days above threshold for >50% locations by the end of the century). Behavioral avoidance of such stressful temperatures would make a large portion of
the potential range of Delta Smelt unavailable during the summer and fall. Since Delta
Smelt are not likely to migrate to other estuaries, these changes are likely to result in
substantial habitat compression. Additionally, the Delta Smelt maturation window was
shortened by 18–85 days, revealing cumulative effects of stressful summer and fall temperatures with early initiation of spring spawning that may negatively impact fitness. Our findings highlight the value of integrating sublethal thresholds, life history, and in situ thermal
heterogeneity into global change impact assessments. As downscaled climate models are
becoming widely available, we conclude that similar assessments at management-relevant
scales will improve the scientific basis for resource management decisions.
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Introduction
Global climate change is driving rapid shifts in environmental conditions, which cause impacts
on organisms across a variety of scales [1–3]. Managers and scientists are tasked with forecasting future environmental conditions, assessing the possible impacts of such conditions on sensitive species and ecosystems, and developing strategies to mitigate those impacts [4]. A critical
component of accomplishing these objectives is assessing future habitat suitability given possible scenarios of climate change and a range of reasonable management actions to mitigate
impacts. Such choices are especially critical when managers must consider trade-offs between
preserving species and ecosystems and other human values (e.g., agriculture, municipal water
supply) and logistical constraints (e.g., limited restoration or conservation resources).
Global climate models (GCMs) have offered key insights into possible global changes in
temperature, precipitation and other conditions [5–7]. GCMs utilize data and forecast future
conditions over broad geographic scales; however, predicted impacts can vary substantially
among regions and ecosystems [5]. Managers and scientists frequently need to evaluate
impacts and make conservation decisions over regional or local scales, for example, in specific
watersheds or ecoregions. Recent advances in methods to obtain local-scale weather and climate from regional-scale atmospheric variables provided by GCMs (“downscaling”) have
begun to address this gap and relatively small-scale evaluations are becoming possible [8–11].
Robust climate change predictions for specific areas or ecosystems may be especially important in highly managed systems. In this context, managers may focus on addressing local stressors in efforts to maintain or enhance ecosystem resiliency in the face of other global stressors
over which they have less immediate control [12]. Climate change stressors can include multiple abiotic factors (e.g., temperature, salinity, oxygen) that may differentially impact species
and ecosystems of interest, such that one may be the most critical focal stressor to understand
and, if possible, alleviate. Therefore, effective prioritization of actions necessitates a robust
understanding of the projected stressor landscape on scales relevant to management goals.
Understanding climate change effects may be particularly difficult for highly dynamic ecosystems such as estuaries that are driven by a multitude of interacting oceanic, freshwater and
terrestrial inputs [13]. These interactions create complex environments with strongly localized
conditions that move and change on multiple time scales, ranging from diurnal tides [14] to
decadal climate cycles [15,16]. Thus, the effects of climate change on estuaries and other highly
dynamic systems can be difficult to assess from large-scale GCMs or even regionally downscaled data. As a result, the possible effects of climate change on estuarine environments have
been addressed in a general sense [17,18], but have not been explored in detail for specific estuaries with a few exceptions [9,19]. However, accurate projections are particularly important for
estuarine managers because estuaries often have high ecological and societal value, while also
being among the most human-impacted habitats globally [20]. Addressing this complexity of
estuarine drivers requires development of downscaled climate models in combination with
understanding of species ecological requirements. Such linked information can then be used to
provide key insights into future conditions under multiple climate change and management
scenarios [8,9,21,22].
Clearly, even with accurate predictions of future abiotic conditions, assessing effects on an
ecosystem requires knowledge of the responses of individual species to changing conditions.
Sensitivity to climate change stressors can vary among and within taxa due to physiology, ecology, life history or other factors [23,24], such that species of conservation concern may exhibit
differential responses. For example, physiological tolerances, acclimatization capacity, sublethal
stress effects and adaptive potential can be important influences on climate change stressor
effects [25–27], but impacts may also be mediated through species-specific phenology or
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behavior, such as seasonal timing of sensitive life stages [28,29] or abilities to seek better habitat
when environmental conditions become sub-optimal [30]. Therefore, detailed knowledge of
species’ biology, in conjunction with their capacity to cope with the environmental shifts they
are projected to experience in situ, can greatly assist scientists and managers in understanding
potential biological impacts such as shifts in habitat suitability. Such information can help
identify opportunities for mitigation.
In this study, we utilized regionally downscaled climate change model outputs to forecast
water temperatures at fixed locations in the upper San Francisco Estuary (SFE), specifically the
Sacramento-San Joaquin Delta and Suisun, Grizzly and Honker Bays (Fig 1; hereafter “Delta”).
We relate estimated water temperatures to multiple thermal physiological thresholds (lethal,
sublethal, reproductive and development) of Delta Smelt (Hypomesus transpacificus) across life
stages to assess future thermal habitat suitability within different regions of the upper SFE. We
chose Delta Smelt as our study organism because it is an endemic estuary-dependent species of
high management concern in California (see below for details). As one of multiple declining
native SFE fish species, the status of the Delta Smelt population is considered an ecosystem
health indicator, with its recovery strongly tied to regional and statewide conservation plans
[31]. In addition to current human stressors, critical aquatic habitat for Delta Smelt and other
sensitive native fishes will be subject to altered environmental conditions due to climate change
[9,32,33]. In particular, increases in water temperatures may threaten fishes [34] because temperature is a key determinant of fish survival and performance [35,36], resulting in fishes being
generally adapted to the water temperatures that they routinely experience [37,38]. Integrating
physiological thresholds, natural history, and spatial variability in thermal habitat suitability
provides mechanistic insight into global change impacts of this endemic species inhabiting a
heterogeneous environment.

Materials and Methods
General approach
Our approach was to use outputs of selected global climate change models to drive empirically
derived water temperature models for specific locations in the upper SFE where empirical data
were available. The modeled water temperature data were then assessed against physiological
and behavioral endpoints determined from laboratory- and field-based studies of Delta Smelt.
These assessments were based on endpoints relevant to the life history of Delta Smelt and the
current distribution of the species in the estuary.
We selected scenarios that bracketed the likely range of future conditions, specifically with
regard to air temperature and precipitation changes. A general tendency of GCM projections
over northern California is towards little precipitation change from models with smaller warming trends and less precipitation from models with greater warming [39,40]. By selecting two
models from near the two extremes of this tendency and two different emission scenarios, we
cover a wide range of possible conditions to reflect the uncertainties in GCMs and emissions of
greenhouse gases [9].

Climate change scenarios
Projected scenarios of daily air temperatures were derived from simulations of 21st Century climate by two GCMs under each of two future global greenhouse-gas emissions scenarios from
the IPCC’s Fourth Assessment Report [6]. The GCMs used were the Geophysical Fluid
Dynamics Laboratory (GFDL) CM2.1 coupled ocean-atmosphere GCM [41] and the National
Center for Atmospheric Research Parallel Climate Model (PCM) coupled ocean-atmosphere
GCM [42]. The GFDL model is considered strongly sensitive to greenhouse-gas emissions
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Fig 1. Site map of the Delta showing the locations where water temperature models were developed for the San Joaquin River (red circles),
Sacramento River (green circles), North Delta (yellow circles), and the confluence and Suisun Bay (orange circles).
doi:10.1371/journal.pone.0146724.g001
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among those considered by the IPCC [6] and produces larger changes in climate compared to
other models with the same change in greenhouse-gas emissions. The PCM model is considered to have low sensitivity to greenhouse-gas emissions, producing smaller changes in climate
than other models for the same change in greenhouse-gas emissions.
We considered two scenarios of greenhouse-gas emissions available from the IPCC [43].
Climate data from simulations by these two models, under A2 (continually increasing) and B1
(leveling by mid-century) greenhouse-gas emissions scenarios, were obtained from the Program for Climate Diagnosis and Intercomparison at the Lawrence Livermore National Laboratory [44]. These two scenarios largely bracket the range of recent climate-change projections
for California, with the GFDL A2 scenario being near the warmer and drier end of current projections and the PCM B1 scenario being near the less-warm and less-dry end of projections
[45]. These scenarios are also included in several recent assessments of climate change for California [45,46], which allows for integration of our results with climate change planning for the
state. The A2 scenario assumes a very heterogeneous world economy with high population
growth and resulting greenhouse-gas emissions that accelerate through the remainder of the
century, representing a reasonable estimation of a worst-case scenario. Subsequently, Raupauch et al. [47] showed that during the past decade, emissions have actually exceeded those
represented by A2, so our results may underestimate the most extreme possible effects on
Delta Smelt. The most recent IPCC assessment [7] was issued after our scenario calculations
were completed and indicate that the GFDL A2 scenario can now be considered intermediatehigh; thus, we consider the results of our analysis conservative with respect to the effects of climate change in the upper SFE [45]. The B1 scenario assumes a more resource efficient future
with lower population growth resulting in emissions leveling off by the end of the century.

Downscaling
The GCM outputs were “downscaled” by the method of Constructed Analogues [48,49].
Downscaling refers to the transformation of simulated climate variables from the spatial scale
of GCMs to estimates of climate at smaller spatial scales. The Constructed Analogues approach
yields particularly realistic temperature and precipitation relations across areas with sharp geographic gradients [45] like the near-coastal areas of California. The method was applied to climate simulations spanning the period from 1950–2100, to obtain daily, gridded temperature
and precipitation patterns of 21st Century climate over California. Greater detail on the application of the method to California is available in Dettinger [50]. Plots of air temperature and
precipitation for the GFDL-A2 and PCM-B1 scenarios are available in Cloern et al. [9].

Water temperature models
Downscaled average daily air temperatures from the climate change scenarios were sub-sampled for the Delta region, and then averaged to produce Delta daily average air temperature
2000 through 2100 [33]. The climate projections did not provide insolation, so Wagner et al.
[33] estimated the average daily insolation from historical data, assuming that insolation will
be constant over the century. These data values were then used to generate daily average, minimum, and maximum water temperature for each of the climate change scenarios (Fig 1) as
described by Wagner et al. [33]:
TðnÞ ¼ aTa ðnÞ þ bTðn  1Þ þ cRðnÞ þ d
where T represents modeled water temperature, n is the day for which the temperature is being
calculated, Ta is the current day’s air temperature, a is the coefﬁcient of the current day’s air
temperature, b is the coefﬁcient of the previous day’s water temperature, c is the coefﬁcient on

PLOS ONE | DOI:10.1371/journal.pone.0146724 January 21, 2016

5 / 21

Habitat Compression under Climate Change

Fig 2. Plot of calculated water temperatures for March 2090 through March 2091. The black bars show
the range of days used to calculate the metrics described in the text.
doi:10.1371/journal.pone.0146724.g002

the current day’s insolation, and d is a constant offset. Separate models were developed for
each site [33]. This modeling approach had high predictive skill at low computational cost. An
example plot of a single year of output data from the GFDL-A2 scenario is shown in Fig 2. The
models for the locations used in this study performed well with R2 >0.93 for calibration and
veriﬁcation data sets. Data were only used from stations with 2 or more years of continuous
data [33]. Data were split in half to provide calibration and veriﬁcation data sets with a minimum of one year of continuous data.
The water temperature data used to calibrate and validate the water temperature models
were obtained from the Interagency Ecological Program, which receives the data from the California Department of Water Resources, the United States Geologic Survey, the California Data
Exchange Center, and the United States Bureau of Reclamation [33]. Data for the North Delta
stations was obtained directly from the United States Geologic Survey. The North Delta stations differed from the other stations in that the temperature sensors varied in depth rather
than being 1 m below the surface as for the other stations; however, vertical profiles of water
temperature in the North Delta showed no evidence of thermal stratification (S1 Appendix).
The largest recorded difference between water temperatures at 1 m and the bottom was 2°C (1
of 116 profiles) with most differences less than 1°C (104 of 116 profiles) (S1 Appendix). Thus,
we assume for the purposes of this study that the two sets of stations provide equivalent information and that vertical stratification is likely not an important factor in interpreting our
results, though we do not discount them entirely (see Discussion).
Calculated daily mean temperatures used in our analysis are available in S1–S4 Datasets. All
temperatures were rounded to the nearest degree. Similarly all metrics described below were
rounded to the nearest degree.

Test organism and metrics
The Delta Smelt is primarily found in the Delta (Fig 1), and is one of the six fish species using the
SFE that are currently listed as threatened or endangered under state or federal statutes. Because
of its limited geographic range the Delta Smelt may be the most vulnerable to climate change of
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these fishes. Declining population indices [51,52] have led to concern that the Delta Smelt is in
danger of extinction. Like many estuarine species, thresholds of water temperature, salinity, and
turbidity are important elements of the physical habitat utilized by Delta Smelt [51,53,54]. The
Delta Smelt is primarily an annual species with a small percentage living for 2 years (53). Maturing Delta Smelt move from Suisun, Honker, and Grizzly Bays into the freshwater regions of the
Delta during the winter (Fig 1, generally the region including 3–13, except for 6), where they continue to develop. Water temperatures during spawning have not been measured in the wild but
larval survival in aquaculture and occurrence of larvae in the estuary suggests that the majority of
successful spawning occurs within a spawning window of 15–20°C [53]. After hatching, larval
Delta Smelt gradually move seaward toward Suisun Bay [55] as water temperatures in the Delta
warm and approach 20°C. Juvenile Delta Smelt rear in the low salinity zone (about 1–6 salinity)
or particular freshwater regions. The low salinity zone is generally located from Suisun Bay to the
confluence of the Sacramento and San Joaquin Rivers (Fig 1) depending on Delta outflow. Freshwater rearing is concentrated in the northern Delta including the Sacramento River to Rio Vista
and then northward to the region around the Sacramento Deepwater Ship Channel [56]. Based
on hatchery studies, Delta Smelt growth seems to be optimal at about 20°C with unlimited food
[57]. Catches of Delta Smelt in the estuary decrease at locations where temperatures are above
20°C [53,54,58], with Delta Smelt rarely captured at temperatures exceeding 25°C.
We selected metrics for assessing water temperature effects based on the life cycle phenology
of the fish and available data on physiological tolerances for the species (see below). Metrics
were considered separately for each life stage. Life stages considered included adults (present
December-March), post-spawning adults (present March-May), larvae (present March-June),
and juveniles (present June-December).

Chronic lethal thermal maximum (50% mortality)
Komoroske et al. [29] quantified upper thermal acclimation limits using standard chronic thermal tolerance methodology [59]. Chronic Lethal Thermal Maximum (CLTmax) experiments
were conducted for juvenile, adult, and post-spawning adult life stages. Fish were acclimated to
laboratory conditions (18.7 ± 0.2°C) for three weeks, and then the temperature was increased
by 1°C/d. For each life stage, CLTmax was defined as the temperature at which 50% mortality
was observed [60,61]. These values of CLTmax rounded to the nearest degree were 27°C for
both juveniles and adults, and 25°C for post-spawning adults [29]. We chose CLTmax as a management relevant indicator of lethal temperatures. It reflects significant but not complete mortality of the population engendered by a relatively gradual increase in temperature compared
to other more acute thermal tolerance endpoints, such as critical thermal maxima (CTmax).

Onset of physiological thermal stress
Using molecular approaches, Komoroske et al. [62] conducted a series of experiments with
hatchery-reared fish to determine temperatures at which physiological thermal stress began for
larval and adult Delta Smelt. The sublethal thermal stress thresholds, relative to CTmax, were
found to be consistent across life stages and acclimation temperatures. Thus, for this metric we
use the formula CTmax − 4°C to calculate the sublethal physiological stress thresholds for adults
and juveniles because these two life stages occur during the summer and fall when warm water
temperatures are expected. Since juveniles and adult delta smelt do not differ in their CTmax
(29), this estimate of the sublethal physiological stress threshold is the same for both stages
(24°C for fish acclimated to 16°C). The specific determination of this metric is described below.
Delta Smelt were exposed to varying thermal challenge levels below their critical thermal
maximum (CTmax − 6°C, CTmax − 4°C, CTmax − 2°C, control; adult CTmax values from
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Komoroske et al. [29] were 27, 28, and 28°C at acclimation temperatures of 12, 16, and 19°C,
respectively) to determine induction thresholds of genes associated with sublethal stress. Sublethal stress can negatively impact organismal performance and fitness below whole organismal
tolerance levels [63]. RNA was extracted from gill tissues and analyzed for transcriptomic
responses indicative of thermal stress via microarrays and quantitative polymerase chain reaction. Induction of gene transcription indicative of the cellular stress response (CSR; [64]) was
most consistently and strongly observed at CTmax − 4°C and CTmax − 2°C across all acclimation
temperatures and life stages. However evidence of some level of CSR responses were observed
at CTmax − 6°C after 60 minutes of recovery for some groups. These results show that the onset
of physiological stress occurs at least 4°C below acute tolerance levels in Delta Smelt (this is a
conservative estimate, as stated above, some stress may occur at even lower relative temperatures). For juvenile (CTmax of 27, 28, and 29°C at acclimation temperatures of 12, 16, and 19°C,
respectively) and adult (CTmax presented above) Delta Smelt at medium to high acclimation
temperatures, this corresponds with approximately 24°C. Therefore, we used 24°C as a physiological stress onset threshold to quantify the habitat suitability at each downscaled study site.
Note that previous climate change assessments have utilized 25°C thresholds, based on the
available data at the time [19]. In this paper, we primarily focus on the juvenile stage in the
analysis of the onset of physiological stress because this is the life stage of highest concern with
respect to experiencing increasing summer temperatures closest to their thermal tolerance limits [29].

Spawning window
Increasing water temperatures are likely to affect many aspects of Delta Smelt life history. Both
the timing and duration of the spawning window might influence Delta Smelt spawning success. As explained earlier, Delta Smelt spawn in the spring within a temperature window of
approximately 15–20°C [53] and we use this temperature range as our definition of the spawning window. We determined two metrics for spawning, the Julian date of the beginning of the
spawning window and the duration in days of the spawning window (Fig 2).

Maturation window
If warm summer temperatures reach stressful levels in the summer and early warming initiates
earlier spawning it seems reasonable that there might be less time for juvenile fish to grow
before the initiation of maturation and for maturing adults to develop numerous high quality
eggs. To evaluate this hypothesis, we define the maturation window as the time period defined
by the initiation of daily average water temperatures less than 24°C and the initiation of the
spawning window (Fig 2). This represents the period when juvenile fish are able to grow to
adulthood and develop mature eggs (or sperm) without interruption by stressful (24°C) temperatures. We determined two metrics, the Julian date of the beginning of the maturation window and the duration in days of the maturation window. If the daily average water temperature
does not exceed 24°C in a year, then the maturation window is undefined since stressful temperatures never occur. We chose this approach because the length of an uninterrupted maturation window can depend on both the birth date and spawning date of individual fish and both
dates can vary from year to year, so assigning a fixed period is difficult to support. We consider
our approach conservative because it excludes such pre-defined long windows from analysis.

Statistical analyses
We evaluated trends in the metrics using the Mann-Kendall test [65]. CLTmax and onset of
physical stress were analyzed as the number of days exceeding the appropriate threshold for
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each life stage considered and the spawning window and maturation window were analyzed as
the number of days within each window. We applied the test to decadal medians of the number
of days per year rather than annual values to minimize the effects of large sample size on the
determination of significance. Tests were only conducted when 3 or more decadal medians
exceeded 0 to ensure we were documenting trends rather than random exceedances of 0. For
significant relationships (Mann-Kendall test, P<0.05), we calculated a simple linear regression
and used the slope as an approximate indicator of the rate of change. Maximum, minimum
and median decadal values for metrics for each life stage and results of the Mann-Kendall test
and regression slopes are in supplementary tables (S1–S6 Tables). For graphic presentations,
we only show results for the least and most extreme climate change scenarios (PCM-B1 and
GFDL-A2, respectively) at selected stations (e.g., Fig 3) for simplicity.

Results
Water temperatures
We examined the decadal medians of mean daily water temperatures each year for the juvenile
life stage because this life stage includes the summer and fall, which are expected to be the
warmest periods. Decadal medians of mean daily water temperatures each year for juveniles
increased at all sites in all scenarios; however, the increases in decadal medians were not particularly substantial. For the PCM-B1 scenario, changes were on the order of a single degree
(Table 1). Even for the GFDL-A2 scenario, decadal changes in the median of mean daily water
temperature each year during the juvenile period were between 2 and 3°C (Table 1). The largest
changes for the GFDL-A2 scenario were for the upper two San Joaquin River stations, Mossdale and Burns Cut, with changes of just over 3°C by the end of the century.

Chronic lethal thermal maximum (50% mortality)
Decadal median number of days each year  CLTmax never exceeded zero for adults for any
scenario. Medians for post-spawning adults exceeded zero but these temperatures occurred
after the spawning window had ended.
Juveniles were the life stage that experienced exceedances of CLTmax most often. For the
PCM-B1 scenario, decadal median number of days each year CLTmax rarely exceeded zero,
except at the two most upstream sites on the San Joaquin (S1 Table). At Burns Cut values ranged from 41.5 days in the 2010s to 90.5 days in the 2080s and at Mossdale values ranged from
21.5 in the 2010s to 63 days in the 2080s; however, these locations are already rarely inhabited
by Delta Smelt under current conditions. Results were similar for the intermediate scenarios
with the decadal median number of days each year CLTmax increasing to greater than zero at
stations other than Mossdale and Burns Cut but never exceeding 20 days at any station by the
end of the century, except for Antioch. Under the GFDL-A2 scenario, decadal median number
of days each year CLTmax exceeded zero by midcentury and exceeded 50 days by the end of
the century at most stations in the San Joaquin and Sacramento Rivers and the North Delta (S1
Table).

Onset of physiological thermal stress
Stressful temperatures occurred most often during the juvenile life stage. There were substantial differences among the scenarios in the number of days juvenile Delta Smelt experienced
stressful temperatures. By the end of the century the decadal median number of days each year
24°C exceeded 60 at most stations under the intermediate scenarios PCM-A2 and GFDL-B1
and exceeded 100 days at most stations under the GFDL-A2 scenario (S2 Table). All trends
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Fig 3. Plots of median, maximum, and minimum for number of days each year with calculated average daily water temperature greater than or
equal to 24°C for juvenile Delta Smelt at selected sites during the indicated decades during the 2000s. Results from the warmest scenario (GFDL-A2)
and coolest scenario (PCM-B1) considered are shown.
doi:10.1371/journal.pone.0146724.g003

were statistically significant and slopes varied from about 2 to 6 days per decade for the
PCM-B1 scenario and from about 4 to 12 days per decade for the GFDL-A2 scenario
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Table 1. Minimum (Min) and maximum (Max) median decadal value for mean annual daily temperatures during the juvenile life stage of delta smelt
(June-December) for the least-warming (PCM-B1) and most-warming (GFDL-A2) climate change scenarios. The difference between the minimum
and maximum is also shown.
PCM-B1

GFDL-A2

Min

Max

Difference

Min

Max

Difference

Mossdale

20.2

21.4

1.2

20.3

23.4

3.1

Burns Cut

21.1

22.3

1.2

21.2

24.4

3.2

Prisoners Point

19.7

20.7

1.0

19.8

22.4

2.6

Jersey Point

20.1

21.3

1.1

20.2

23.2

2.9

Antioch

19.7

20.8

1.1

19.8

22.6

2.8

Hood

18.7

19.8

1.1

18.9

21.7

2.8

Rio Vista

19.1

20.2

1.1

19.2

22.1

2.9

Decker Island

19.7

20.8

1.1

19.8

22.7

2.9

San Joaquin River

Sacramento River

North Delta
Upper Cache Slough

18.5

19.5

1.0

18.6

21.2

2.6

Miners Slough

18.6

19.6

1.0

18.7

21.3

2.5

Liberty Island

19.3

20.4

1.1

19.4

22.3

2.9

Deepwater Ship Channel

18.9

19.9

1.0

19.0

21.6

2.6

Lower Cache Slough

18.8

19.8

1.0

18.9

21.6

2.6

18.9

19.9

1.1

19.0

21.7

2.7

18.4

19.4

1.0

18.5

21.0

2.5

Conﬂuence
Mallard Island
Suisun Bay
Martinez
doi:10.1371/journal.pone.0146724.t001

(S2 Table). When the data are viewed geographically, it is clear that a large part of the Delta will
become physiologically stressful for Delta Smelt for extended periods of time as climate change
proceeds (Fig 3). It is noteworthy that the wide range in metric values during each decade (Fig 3)
suggests that stressful temperatures are possible for extended periods well before the decadal
median value becomes large. Conversely, low values are also possible later in the century (Fig 3).

Spawning window
Significant trends in duration of the spawning window were only observed for the GFDL-A2
scenario (S3 Table). The significant trends indicate that the duration of the spawning window
may be longer at some sites by the end of the century, but the rates of change are modest, from
1 to 3 days per decade. There were significant trends in the beginning date of the spawning
window for some sites for the PCM-A2 and GFDL-B1 scenarios and at all sites for the
PCM-B1 and GFDL-A2 scenarios (Table 2; S4 Table). Trends were all negative indicating earlier initiation of spawning. For scenarios other than GFDL-A2, rates of change varied between
about 1 and 2 days per decade. For GFDL-A2, rates were higher, ranging from 3 to 5 days per
decade (Table 2). The maximum difference in beginning date (latest date—earliest date) ranged
from 20–41 days for the four scenarios. The highest rates of change occurred in the North
Delta for the GFDL-A2 scenario, with results for the other scenarios less clear (Table 2).

Maturation window
Because the maturation window metric is defined as beginning in the summer or fall when
modeled water temperatures decline below 24°C, the maturation window is undefined if water
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Table 2. Minimum (Min) and maximum (Max) of median decadal value for julian date of the beginning of the spawning window (15–20°C) each year,
during the century (2010–2099) for the least-warming (PCM-B1), most-warming (GFDL-A2) and two intermediate (PCM-A2 and GFDL-B1) climate
change scenarios. The significance value for Trend is from the Mann-Kendal test (NS, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001; NA, no non-zero values) and the number is the slope of a regression of decadal medians.
PCM-B1
Min

Max

PCM-A2
Trend

Min

Max

GFDL-B1
Trend

Min

Max

GFDL-A2
Trend

Min

Max

Trend

San Joaquin River
Mossdale

74.5

88.0

-1.28*

68.0

86.5

-2.22*

69.5

91.5

-2.09*

49.0

81.0

-3.56**

Burns Cut

79.5

90.0

-1.29**

73.0

92.0

-1.96**

76.5

93.0

NS

65.0

88.0

-2.57**
-2.82**

Prisoners Point

78.5

90.0

-1.27**

73.0

88.5

-1.95**

76.0

93.5

NS

64.0

86.5

Jersey Point

86.5

100.0

-1.44***

82.5

102.5

NS

82.5

103.0

-1.87*

70.5

98.5

-3.58**

Antioch

82.5

94.5

-1.63**

76.5

96.5

-2.17**

77.0

96.0

NS

64.0

91.0

-3.56**

Hood

89.5

101.5

-1.19**

84.0

110.0

-1.65*

93.0

103.5

-1.19**

79.5

103.0

-2.98**

Rio Vista

89.0

101.5

-1.23**

83.5

110.0

NS

92.5

103.5

-1.23*

78.5

103.0

-3.06**

Decker Island

91.5

105.0

-1.23**

85.0

111.5

-1.88*

94.0

105.5

-1.18*

79.0

104.5

-3.44**

Sacramento River

North Delta
Upper Cache Slough

84.5

100.5

-1.38**

48.0

101.0

NS

77.0

101.5

-2.23**

56.5

96.5

-4.78**

Miners Slough

85.5

100.5

-1.38***

82.0

102.0

NS

78.5

102.5

-2.01*

69.0

98.0

-4.09***

Liberty Island

85.5

100.5

-1.43***

82.0

102.0

NS

83.0

103.0

-1.84*

59.5

100.5

-4.92**

Deepwater Ship Channel

83.5

97.0

-1.68***

80.0

101.0

NS

76.5

98.5

-1.93*

54.5

95.5

-4.73**

Lower Cache Slough

84.0

100.0

-1.83***

80.0

101.0

NS

77.0

100.5

-2.31*

56.0

96.5

-4.74**

87.5

101.0

-1.42***

83.0

110.0

NS

86.0

103.0

NS

72.5

99.5

-3.53**

88.5

101.5

-1.28**

83.5

110.5

NS

90.0

104.5

-1.41*

75.5

103.5

-3.6**

Conﬂuence
Mallard Island
Suisun Bay
Martinez

doi:10.1371/journal.pone.0146724.t002

temperatures did not reach 24°C that year. This situation occurred most often at Martinez, for
the PCM-B1 and PCM-A2 scenarios (S5 Table). Except for Martinez, all sites had a maturation
window defined in at least 8 of 10 years by mid-century. For all scenarios except PCM-B1,
there were maturation windows defined in at least 7 years in every decade of the study period
and most sites had a maturation window every year (S5 Table).
There were significant trends in the beginning of the maturation window for the majority of
the stations (S5 Table). Exceptions were Martinez, Burns Cut and Mossdale for PCM-B1, Martinez for PCM-A2, and Martinez for GFDL-A2. Minimum decadal median beginning dates
ranged from mid-July to mid-September across all sites and scenarios, and maximum decadal
median beginning dates ranged from September to mid-October across all sites and scenarios.
Rates of change for significant trends were all positive indicating later initiation of the maturation window and ranged from about 1–4 days later per decade for PCM-B1, 2–6 days later for
PCM-A2, 1–5 days later for GFDL-B1, and 6–12 days later per decade for GFDL-A2.
There were substantial changes in the duration of the spawning window (S6 Table). There
was not a clear declining trend for the all the scenarios until mid-century (Fig 4). PCM-B1
exhibited the smallest changes with differences between the longest decadal median duration
and the shortest subsequent duration ranging from 18 to 48 days, depending on station (S6
Table). The San Joaquin River stations appeared to show the smallest changes for all scenarios
(Fig 4, S6 Table). GFDL-A2 exhibited the largest changes with differences between the longest
decadal median duration and the shortest subsequent duration ranging from 40 to 85 days (Fig
4, S6 Table). Rates of change for significant trends were all negative indicating shorter duration
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Fig 4. Plots of median, maximum, and minimum for number of days each year with calculated average daily water temperature within the
maturation window for juvenile Delta Smelt at selected sites during the indicated decades during the 2000s. Results from the warmest scenario
(GFDL-A2) and coolest scenario (PCM-B1) considered are shown.
doi:10.1371/journal.pone.0146724.g004
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of the maturation window and ranged from about 2–6 days shorter per decade for PCM-B1,
4–7 days shorter for PCM-A2, 3–6 days shorter for GFDL-B1, and 5–12 days shorter per
decade for GFDL-A2 (S6 Table).

Discussion
Our strategy of coupling spatially explicit climate change models with knowledge of life history
and physiology offers critical insight into understanding habitat suitability for Delta Smelt
under multiple climate change scenarios. Our results suggest that even the intermediate-high
degree of climate change represented by our GFDL-A2 scenario will likely have important
effects on the Delta Smelt population. Although lethal temperatures do occur under the scenarios of climate change examined (S1 Table), the occurrence of sublethal stressful temperatures
(S2 Table) is likely more important ecologically. Freely-moving organisms like pelagic fishes
will frequently respond to stressful environmental cues behaviorally, and leave before conditions become lethal [30]. Although Delta Smelt are not very strong swimmers [66], juvenile
Delta Smelt are capable of rapid movement in the estuary by controlling their position in the
water column to take advantage of tidal water movements [67,68]. Presumably, juveniles will
move out of regions that become stressful. Movements out of the southern Delta (south of the
San Joaquin River) in the spring have already been noted and associated with water temperature and increasing water clarity [58]. Much of the habitat in the Delta becomes progressively
less hospitable as climate change proceeds and presumably Delta Smelt will spend more time
in Suisun Bay, which will remain relatively cooler (S2 Table). Since Delta Smelt are unlikely to
undergo a range shift (i.e., migrate into open coastal Pacific waters to seek estuarine habitat at
northern latitudes), the loss of suitable thermal habitat in the Delta represents significant habitat compression for this species. Our results suggest that there will likely be significant thermal
habitat constriction for Delta Smelt over the next 50 years.
The shortening of the maturation window is of particular concern because of its possible
effects on reproductive potential of the Delta Smelt population. Fecundity of Delta Smelt is a
function of fish length [69], similar to many other fishes, so the growth and nutrition, which
affects egg quality, of juvenile fish is important. If we assume the juvenile life stage lasts from
June through December (113 days), our results suggest loss of 16 to 43% of the maturation window over the century for the PCM-B1 scenario and of 35 to 75% over the century for the
GFDL-A2 scenario, depending on station. Overall, the Delta will become less and less hospitable to Delta Smelt for increasing lengths of time as climate change proceeds. This is particularly
sobering because the lower Sacramento River and North Delta represent a large portion of the
Delta Smelt’s range, and substantial habitat restoration is planned in the North Delta intended,
in part, to benefit Delta Smelt.
Occurrence of stressful days during the juvenile life stage combined with earlier initiation of
the spawning window decreased the number of days available for maturation under favorable
physiological conditions. Although we do not have direct evidence, it is likely that these conditions could induce negative maternal effects [70], such as reduction in total egg production or
quality in the population, or other impacts on performance, and consequently, fitness. Individual fecundity of Delta Smelt and many other fishes is directly related to length [53,71], which
may be reduced either due to lower growth rates related to physiological stress costs or via
truncated maturation windows. Both the number and quality of eggs can be influenced by
interactions of temperature and feeding rates and the costs of stress can reduce the quality of
gametes produced [72]. Additionally, while the majority of Delta Smelt die after their first
spawning season, the small percentage that are able to survive to spawn in a second year have
substantially higher reproductive output [53]. However, the decreased thermal tolerance of
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post-spawning adults [29] coupled with increasing summer temperatures may effectively eliminate these individuals, further decreasing overall fecundity in the population.
It is also important to note that phenology of life stages plays a large role in the estimated
exposure of specific Delta Smelt life stages to stressful thermal habitat conditions. The current
relationships may change with the shifting of maturation windows, earlier spawning windows,
or other impacts. We did not explicitly assess the occurrence of stressful temperatures for adult
Delta Smelt because daily mean water temperatures were not predicted to exceed the 24°C
threshold during the months coinciding with adult presence according to the current Delta
Smelt life cycle, but this may change in the future. Additionally, our spawning window calculations were based solely on temperature projections. However, it is widely thought that Delta
Smelt spawning cues include migration in response to ‘first flush’ rain storm events in the late fall
or early winter months, and timing and severity of rainstorms are also likely to be affected by climate change. Therefore, timing shifts could result in the mismatching of cues, a phenomenon
that has been documented in many other species [73], and could further negatively affect reproductive success. In addition to phenological changes, genetic adaptation may temper negative
impacts of warming via the evolution of increased thermal tolerance in some species [74]. Since
Delta Smelt have a relatively short lifespan, such rapid evolution may be possible, potentially lessening the thermal habitat reduction predicted by our study. However, Delta Smelt exhibit limited
acclimation capacity [62] and little variation among individuals in the population in thermal phenotypes (i.e., critical thermal limits) [29]. Such low thermal plasticity and functional genetic variation may restrict species’ ability to rapidly respond to changes in environmental selection
pressures [74,75], suggesting that Delta Smelt may have little potential for rapid thermal adaptation. However, this has yet to be investigated and currently remains unresolved for this species.
Both phenological and rapid adaptation issues underscore the importance of considering both
direct and indirect effects of climate change on species of interest, and incorporating new information into evaluations if either environmental conditions or relevant species biology changes.
Habitat that remains thermally adequate may be sub-optimal for other important ecological
reasons and the interactions of multiple environmental stressors may affect population distribution and abundance. For example, it is plausible that Delta Smelt would seek refuge in typically cooler, lower SFE habitats. However, as water temperatures increase with climate change,
increased salinity intrusion is also expected as a result of sea-level rise [9]. Therefore, although
Suisun Bay may have the most favorable water temperatures, salinity is likely to increase. Delta
Smelt are capable of acclimating to salinities as high as seawater for at least a month [29] but
there is some evidence that this imposes physiological costs that currently make high salinities
sub-optimal [76]. The ability to adjust physiological strategies to deal with large changes in
salinity resulting from seasonal cycles, life history related movements or direct environmental
changes [77], is reasonably common among osmerids [78,79]. If future suitable thermal habitat
coincided with higher salinities, it is possible that selection pressures could result in Delta
Smelt acclimatizing or adapting to meet the challenges of these conditions. However, covariation of salinity and other factors in the SFE (e.g., turbidity and possibly food resources; [67,69])
constrain a comprehensive understanding of Delta Smelt’s current ecological association with
low salinity waters. Interactions of multiple stressors may play important roles in Delta Smelt’s
ability to exploit cooler, saltier habitat in the future [24,25]. Clearly, the complexity of estuarine
systems makes it difficult to assess the future effects of climate change based on a single factor;
however, water temperature is a key habitat characteristic for fishes [35,36]. Given that other
environmental conditions affecting Delta Smelt abundance and distribution, such as turbidity
and food availability, are also becoming less favorable [67,69], our assessment is likely conservative. We also note that the temperature models developed by Wagner et al. [33] are statistical
models and large changes in Delta configuration, such as flooding of large areas of current
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agricultural land or re-routing of flows through canals or pipes, could affect the accuracy of calculated future temperatures. A process-based temperature model linked to a hydrodynamic
model is needed to avoid such problems.
Our modeling results have important management implications because water management
operations in California are often closely tied to populations of organisms of conservation
interest. In the Delta, management of Delta Smelt is a major driver in the operations of the
Central Valley Project and California State Water Project. Habitat restoration to enhance Delta
Smelt habitat directly or indirectly through food web augmentation has been proposed (e.g., Bay
Delta Conservation Plan; [31]). One area targeted for extensive restoration efforts is the North
Delta, with both Liberty Island and the Deepwater Ship Channel identified because Delta Smelt
can currently inhabit this area over the entire year. Our results suggest that such restoration may
not be fully sustainable because restored areas are unlikely to be accessible to Delta Smelt over
the entire year as climate change proceeds. The possible indirect benefits of food web augmentation for downstream populations is unclear given unknown consumption rates by other organisms between the North Delta and the confluence. We do not fully discount the possibility of
temperature refugia because our models do not incorporate vertical or lateral variability in temperature; however, the data we have available suggest that such refugia would be limited (S1
Appendix). We also acknowledge that our statistical models need to be recalibrated if major
changes in infrastructure or water operations take place. Because Delta Smelt move within the
SFE, their presence within the estuary differs spatially through their life cycle. The distribution
and timing of life stages has already changed, as juvenile habitat in the southern Delta has contracted from historical conditions [58,80]. Providing managers with the locally projected thermal
habitat suitability for each location, offers insight into the likelihood (or lack thereof) of future
habitat shifts as Delta Smelt respond to climate change in coming decades.
Balancing the protection of species with human water needs is difficult at the best of times.
As climate change alters precipitation, temperature, and sea-level, society will be forced to prioritize which species or ecosystems should be conserved. Delta Smelt and Winter-run Chinook
Salmon are endemic organisms only found in the SFE and its watershed. These species have
been given protection under the federal and state endangered species act, even though the societal and economic issues are difficult to address [81,82]. New approaches to understanding species responses to climate change and linking those responses to management at relevant scales
will continue to improve our ability to bring science to these issues. Conducting climate change
assessments over smaller spatial scales not only addresses knowledge gaps of forecasted climate
change impacts, but also provides managers and scientists with critical information to incorporate into conservation plans. As downscaled GCMs continue to improve, this approach can
serve as a useful tool to identify and mitigate climate change effects in ecosystems with baseline
data on abiotic conditions and species’ biology.
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GFDL-B1) climate change scenarios.
(PDF)

Acknowledgments
We thank Janet Thompson (USGS) and two anonymous reviewers for comments that greatly
improved the manuscript. This work represents contribution 69 of the ‘‘CASCaDE: Computational Assessments of Scenarios of Change for the Delta Ecosystem” project.

Author Contributions
Conceived and designed the experiments: LRB LMK NAF. Performed the experiments: LRB
RWW TM-K LMK JTM. Analyzed the data: LRB RWW TM-K LMK JTM. Contributed

PLOS ONE | DOI:10.1371/journal.pone.0146724 January 21, 2016

17 / 21

Habitat Compression under Climate Change

reagents/materials/analysis tools: LRB LMK RWW TM-K REC NAF. Wrote the paper: LRB
LMK RWW TM-K REC NAF.

References
1.

Crain CM, Kroeker K, Halpern BS. Interactive and cumulative effects of multiple human stressors in
marine systems. Ecology Letters. 2008; 11: 1304–1315. doi: 10.1111/j.1461-0248.2008.01253.x
PMID: 19046359

2.

Harley CDG, Hughes AR, Hultgren KM, Miner BG, Sorte CJB, Thomber CS, et al. The impacts of climate change in coastal marine systems. Ecology Letters. 2006; 9: 228–241. doi: 10.1111/j.1461-0248.
2005.00871.x PMID: 16958887

3.

Parmesan C, Yohe G. A globally coherent fingerprint of climate change impacts across natural systems. Nature. 2003; 421: 37–42. doi: 10.1038/nature01286 PMID: 12511946

4.

Snover AK, Mantua NJ, Littell JS, Alexander MA, McClure MM, Nye J. Choosing and using climatechange scenarios for ecological-impact assessments and conservation decisions. Conservation Biology. 2013; 27: 1147–1157. doi: 10.1111/cobi.12163 PMID: 24299081

5.

IPCC. Climate change 2001: The scientific basis. Contribution of working group I to the third assessment report of the intergovernmental panel on climate change. Cambridge: Cambridge University
Press; 2001.

6.

IPCC. Climate change 2007: Impacts, adaptation and vulnerability. Contribution of working group II to
the fourth assessment report of the intergovernmental panel on climate change. Cambridge: Cambridge University Press; 2007.

7.

IPCC. Climate change 2014, impacts, adaptation and vulnerability, Part A: Global and sectoral aspects.
Working group II contribution to the fifth assessment report of the intergovernmental panel on climate
change. Cambridge: Cambridge University Press; 2014.

8.

Cavanaugh KC, Parker JD, Cook-Patton SC, Feller IC, Williams AP, Kellner JR. Integrating physiological threshold experiments with climate modeling to project mangrove species’ range expansion. Global
Change Biology. 2015; 21: 1928–1938. doi: 10.1111/gcb.12843 PMID: 25558057

9.

Cloern JE, Knowles N, Brown LR, Cayan D, Dettinger MD, Morgan TL, et al. Projected evolution of California’s San Francisco Bay-Delta-River system in a century of climate change. PLoS ONE. 2011; 6:
e24465. doi: 10.1371/journal.pone.0024465 PMID: 21957451

10.

Lawrence DJ, Stewart-Koster B, Olden JD, Ruesch AS, Torgersen CE, Lawler JJ, et al. The interactive
effects of climate change, riparian management, and a nonnative predator on stream-rearing salmon.
Ecological Applications. 2014; 24: 895–912. doi: 10.1890/13-0753.1 PMID: 24988784

11.

Yates D, Galbraith H, Purkey D, Huber-Lee A, Sieber J, West J, et al. Climate warming, water storage,
and Chinook salmon in California’s Sacramento Valley. Climatic Change. 2008; 91: 335–350. doi: 10.
1007/s10584-008-9427-8

12.

Brown CJ, Saunders MI, Possingham HP, Richardson AJ. Managing for interactions between local and
global stressors of ecosystems. PLoS ONE. 2013; 8: e65765. doi: 10.1371/journal.pone.0065765
PMID: 23776542

13.

Cloern JE, Jassby AD. Drivers of change decades of study in San Francisco Bay. Reviews of Geophysics. 2012; 50.4. doi: 10.1029/2012RG000397

14.

Kimmerer W. Open-water processes of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed Science. 2004; 2: 1. Available: http://escholarship.
org/uc/item/9bp499mv.

15.

Cloern JE, Jassby AD, Thompson JK, Hieb KA. A cold phase of the East Pacific triggers new phytoplankton blooms in San Francisco Bay. Proceedings of the National Academy of Sciences of the United
States of America. 2007; 104: 18561–18565. doi: 10.1073/pnas.0706151104 PMID: 18000053

16.

Cloern JE, Hieb KA, Jacobson T, Sanso B, Di Lorenzo E, Stacey MT, et al. Biological communities in
San Francisco Bay track large-scale climate forcing over the North Pacific. Geophysical Research Letters. 2010; 37. doi: 10.1029/2010GL044774

17.

Day JW, Christian RR, Boesch DM, Yáñez-Arancibia A, Morris J, Twilley RR, et al. Consequences of
climate change on the ecogeomorphology of coastal wetlands. Estuaries and Coasts. 2008; 31: 477–
491. doi: 10.1007/s12237-008-9047-6

18.

Scavia D, Field JC, Boesch DF, Buddemeier RW, Burkett V, Cayan DR, et al. Climate change impacts
on U.S. coastal and marine ecosystems. Estuaries. 2002; 25: 149–164. doi: 10.1007/BF02691304

19.

Brown LR, Bennett WA, Wagner RW, Morgan-King T, Knowles N, Feyrer F, et al. Implications for future
survival of Delta Smelt from four climate change scenarios for the Sacramento-San Joaquin Delta, California. Estuaries and Coasts. 2013; 36: 754–774. doi: 10.1007/s12237-013-9585-4

PLOS ONE | DOI:10.1371/journal.pone.0146724 January 21, 2016

18 / 21

Habitat Compression under Climate Change

20.

Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH, Cooke RG, Kay MC, et al. Depletion, degradation,
and recovery potential of estuaries and coastal seas. Science. 2006; 312:1806–1809. doi: 10.1126/
science.1128035 PMID: 16794081

21.

Gustafson EJ, de Bruijn AM, Pangle RE, Limousin JM, McDowell NG, Pockman WT, et al. Integrating
ecophysiology and forest landscape models to improve projections of drought effects under climate
change. Global Change Biology. 2015; 21: 843–856. doi: 10.1111/gcb.12713 PMID: 25155807

22.

Lawrence DJ, Beauchamp DA, Olden JD. Life-stage-specific physiology defines invasion extent of a
riverine fish. Journal of Animal Ecology. 2015; 84: 879–888. doi: 10.1111/1365-2656.12332 PMID:
25582953

23.

Kroeker KJ, Kordas RL, Crim RN, Singh GG. Meta-analysis reveals negative yet variable effects of
ocean acidification on marine organisms. Ecology Letters. 2010; 13: 1419–1434. doi: 10.1111/j.14610248.2010.01518.x PMID: 20958904

24.

Somero GN. The physiology of climate change: how potentials for acclimatization and genetic adaptation will determine ‘winners’ and ‘losers’. Journal of Experimental Biology. 2010; 213: 912–920. doi: 10.
1242/jeb.037473 PMID: 20190116

25.

Hofmann GE, Todgham AE. Living in the now: physiological mechanisms to tolerate a rapidly changing
environment. Annual Review of Physiology. 2009; 404: 16–24. doi: 10.1146/annurev-physiol-021909135900

26.

Stillman JH. Acclimation capacity underlies susceptibility to climate change. Science. 2003; 301: 65.
doi: 10.1126/science.1083073 PMID: 12843385

27.

Tomanek L. Variation in the heat shock response and its implication for predicting the effect of global climate change on species’ biogeographical distribution ranges and metabolic costs. Journal of Experimental Biology. 2010; 213: 971–979. doi: 10.1242/jeb.038034 PMID: 20190122

28.

Bradshaw WE, Holzapfel CM. Genetic response to rapid climate change: it's seasonal timing that matters. Molecular Ecology. 2008; 17: 157–166. doi: 10.1111/j.1365-294X.2007.03509.x PMID: 17850269

29.

Komoroske LM, Connon RE, Lindberg J, Cheng BS, Castillo G, Hasenbein M, et al. Ontogeny influences sensitivity to climate change in an endangered fish. Conservation Physiology. 2014; 2: cou008.
doi: 10.1093/conphys/cou008

30.

Menge BA, Olson AM. Role of scale and environmental factors in regulation of community structure.
Trends in Ecology and Evolution. 1990; 5: 52–57. doi: 10.1016/0169-5347(90)90048-I PMID:
21232321

31.

BDCP (Bay Delta Conservation Plan) Bay delta conservation plan. 2013. Available: http://
baydeltaconservationplan.com/Home.aspx.

32.

Knowles N, Cayan DR. Potential effects of global warming on the Sacramento/San Joaquin watershed
and the San Francisco estuary. Geophysical Research Letters. 2002; 29. doi: 10.1029/2001GL014339

33.

Wagner RW, Stacey M, Brown LR, Dettinger M. Statistical models of temperature in the SacramentoSan Joaquin Delta under climate-change scenarios and ecological iImplications. Estuaries and Coasts.
2011; 34: 544–556. doi: 10.1007/s12237-010-9369-z

34.

Roessig JM, Woodley CM, Cech JJ, Hansen LJ. Effects of global climate change on marine and estuarine fishes and fisheries. Reviews in Fish Biology and Fisheries. 2004; 14: 251–275. doi: 10.1007/
s11160-004-6749-0

35.

Fry FE. The effect of environmental factors on the physiology of fish. In: Hoar W, Randall D, editors.
Fish Physiology. New York: Academic Press; 1971. pp. 1–98.

36.

Hochachka PW, Somero GN. Biochemical adaptation: mechanism and process in physiological evolution. New York: Oxford University Press; 2002.

37.

Eliason EJ, Clark TD, Hague MJ, Hanson LM, Gallagher ZS, Jeffries KM, et al. Differences in thermal
tolerance among Sockeye Salmon populations. Science. 2011; 332: 109–112. doi: 10.1126/science.
1199158 PMID: 21454790

38.

Fangue NA, Hofmeister M, Schulte PM. Intraspecific variation in thermal tolerance and heat shock protein gene expression in common killifish, Fundulus heteroclitus. The Journal of Experimental Biology.
2006; 209: 2859–2872. doi: 10.1242/jeb.02260 PMID: 16857869

39.

Brekke LD, Miller NL, Bashford KE, Quinn NW, Dracup JA. Climate change impacts uncertainty for
water resources in the San Joaquin River Basin, California. Journal of the American Water Resources
Association. 2004; 40: 149–164. doi: 10.1111/j.1752-1688.2004.tb01016.x

40.

Dettinger MD. From climate-change spaghetti to climate-change distributions for 21st Century California. San Francisco Estuary and Watershed Science. 2005; 3:1. Available: http://escholarship.org/uc/
item/2pg6c039.

PLOS ONE | DOI:10.1371/journal.pone.0146724 January 21, 2016

19 / 21

Habitat Compression under Climate Change

41.

Delworth TL, Broccoli AJ, Rosati A, Stouffer RJ, Balaji V, Beesley JA, et al. GFDL’s CM2 global coupled
climate models, Part I: Formulation and simulation characteristics. Journal of Climate. 2006; 19: 643–
674. doi: 10.1175/JCLI3629.1

42.

Washington WM, Weatherly JW, Meehl GA, Semtner AJ Jr, Bettge TW, Craig AP, et al. Parallel climate
model (PCM) control and transient simulations. Climate Dynamics. 2000; 16: 755–774. doi: 10.1007/
s003820000079

43.

Nakicenovic N, Alcamo J, Davis G, de Vries B, Fenham J, Gaffin S, et al. Special report on emissions
scenarios. Cambridge: Cambridge University Press; 2000.

44.

Meehl GA, Covey C, Taylor KE, Delworth T, Stouffer RJ, Latif M, et al. The WCRP CMIP3 multimodel
dataset: A new era in climate change research. Bulletin of the American Meteorological Society. 2007;
88: 1383–1394. doi: 10.1175/BAMS-88-9-1383

45.

Cayan D, Tyree M, Dettinger M, Hidalgo H, Das T, Maurer E, et al. Climate change scenarios and sea
level rise estimates for California, 2008 climate change scenarios assessment. Sacramento: California
Climate Change Center; 2009

46.

Cayan DR, Maurer EP, Dettinger MD, Tyree M, Hayhoe K. Climate change scenarios for the California
region. Climatic Change. 2008; 87: S21–S42. doi: 10.1007/s10584-007-9377-6

47.

Raupach MR, Marland G, Ciais P, Le Quéré C, Canadell JG, Klepper G, et al. Global and regional drivers of accelerating CO2 emissions. Proceedings of the National Academy of Sciences of the United
States of America. 2007; 104: 10288–10293. doi: 10.1073/pnas.0700609104 PMID: 17519334

48.

Hidalgo HG, Dettinger MD, Cayan DR. Downscaling with constructed analogues—Daily precipitation
and temperature fields over the United States. Sacramento: California Climate Change Center; 2008.

49.

Maurer EP, Hidalgo HG, Das T, Dettinger MD, Cayan DR. The utility of daily large-scale climate data in
the assessment of climate change impacts on daily streamflow in California. Hydrology and Earth System Sciences. 2010; 14: 1125–1138. doi: 10.5194/hess-14-1125-2010

50.

Dettinger MD. Projections and downscaling of 21st Century temperatures, precipitation, radiative fluxes
and winds for the southwestern US, with focus on Lake Tahoe. Climatic Change. 2013; 116: 17–33.
doi: 10.1007/s10584-012-0501-x

51.

Sommer T, Armor C, Baxter R, Breuer R, Brown L, Chotkowski M, et al. The collapse of pelagic fishes
in the upper san francisco estuary. Fisheries. 2007; 32: 270–277. doi: 10.1577/1548-8446(2007)32
[270:TCOPFI]2.0.CO;2

52.

Thomson JR, Kimmerer WJ, Brown LR, Newman KB, Mac Nally RM, Bennett WA, et al. Bayesian
change-point analysis of abundance trends for pelagic fishes in the upper San Francisco Estuary. Ecological Applications. 2010; 20: 181–198. doi: 10.1890/09-0998.1

53.

Bennett WA. Critical assessment of delta smelt in the San Francisco Estuary, California. San Francisco
Estuary and Watershed Science. 2005; 3:2. Available: http://escholarship.org/uc/item/0725n5vk.

54.

Feyrer F, Nobriga ML, Sommer TR. Multidecal trends for three declining fish species: habitat patterns
and mechanisms in the San Francisco Estuary, California, USA. Journal of Fisheries and Aquatic Sciences. 2007; 64: 723–734. doi: 10.1139/f07-048

55.

Dege M, Brown LR. Effect of outflow on spring and summertime distribution and abundance of larval
and juvenile fishes in the upper San Francisco Estuary. American Fisheries Society Symposium 2004;
39: 49–66.

56.

Sommer T, Mejia FH, Nobriga ML, Feyrer F, Grimaldo L. The spawning migration of delta smelt in the
upper San Francisco Estuary. San Francisco Estuary and Watershed Science. 2011; 9:2. Available:
http://escholarship.org/uc/item/86m0g5sz.

57.

Bennett WA, Hobbs JA, Teh SJ. Interplay of environmental forcing and growth-selective mortality in the
poor year-class success of delta smelt in 2005. Sacramento: Interagency Ecological Program for the
San Francisco Estuary; 2008.

58.

Nobriga ML, Sommer TR, Feyrer F, Fleming K. Long-term trends in summertime habitat suitability for
Delta Smelt (Hypomesus transpacificus). San Francisco Estuary and Watershed Science. 2008; 6:1.
Available: http://escholarship.org/uc/item/5xd3q8tx.

59.

Bennett WA, Currie RJ, Wagner PF, Beitinger TL. Cold tolerance and potential overwintering of the redbellied piranha Pygocentrus nattereri in the United States. Transactions of the American Fisheries Society. 1997; 126: 841–849. doi: 10.1577/1548-8659(1997)126<0841:CTAPOO>2.3.CO;2

60.

Bennett WA, Beitinger TL. Temperature tolerance of the sheepshead minnow, Cyprinodon variegatus.
Copeia. 1997; 1997: 77–87. doi: 10.2307/1447842

61.

Fields R, Lowe SS, Kaminski C, Whitt GS, Philipp DP. Critical and chronic thermal maxima of northern
and Florida largemouth bass and their reciprocal F1 and F2 hybrids. Transactions of the American Fisheries Society. 1987; 116: 856–863. doi: 10.1577/1548-8659(1987)116<856:CACTMO>2.0.CO;2

PLOS ONE | DOI:10.1371/journal.pone.0146724 January 21, 2016

20 / 21

Habitat Compression under Climate Change

62.

Komoroske LM, Connon RE, Jeffries KM, Fangue NA. Linking transcriptional responses to organismal
tolerance reveals mechanisms of thermal sensitivity in a mesothermal endangered fish. Molecular Ecology 2015; 24: 4960–4981. doi: 10.1111/mec.13373 PMID: 26339983

63.

Schulte PM. What is environmental stress? Insights from fish living in a variable environment. Journal
of Experimental Biology. 2014; 217: 23–34. doi: 10.1242/jeb.089722 PMID: 24353201

64.

Kültz D. Molecular and evolutionary basis of the cellular stress response. Annual Review of Physiology.
2005; 67: 225–257. doi: 10.1146/annurev.physiol.67.040403.103635 PMID: 15709958

65.

Helsel DR, Hirsch RM. Statistical Methods in Water Resources Techniques of Water Resources Investigations, Book 4, chapter A3; U.S. Geological Survey; 2002.

66.

Swanson C, Young PS, Cech JJ. Swimming performance of delta smelt: maximum performance, and
behavioral and kinematic limitations on swimming at submaximal velocities. Journal of Experimental
Biology. 1998; 201: 333–345. PMID: 9427668

67.

Bennett WA, Burau JR. Riders on the storm: selective tidal movements facilitate the spawning migration of threatened Delta Smelt in the San Francisco Estuary. Estuaries and Coasts. 2015; 38: 826–835.
doi: 10.1007/s12237-014-9877-3

68.

Feyrer F, Portz D, Odum D, Newman KB, Sommer T, Contreras D, et al. SmeltCam: Underwater video
codend for trawled nets with an application to the distribution of the imperiled Delta Smelt. PLoS ONE.
2013; 8: e67829. doi: 10.1371/journal.pone.0067829 PMID: 23861814

69.

Baxter R, Brown LR, Castillo G, Conrad L, Culberson S, Dekar M, et al. An updated conceptual model
of Delta Smelt biology: our evolving understanding of an estuarine fish. Sacramento: Interagency Ecological Program; 2015. Available: http://www.water.ca.gov/iep/docs/Delta_Smelt_MAST_Synthesis_
Report_January%202015.pdf.

70.

Marteinsdottir G, Steinarsson A. Maternal influence on the size and viability of Iceland cod Gadus morhua eggs and larvae. Journal of Fish Biology. 1998; 52: 1241–1258. doi: 10.1111/j.1095-8649.1998.
tb00969.x

71.

Bagenal TB. Aspects of fish fecundity. In: Gerking S, editor. Ecology of freshwater fish production. New
York: Blackwell Scientific Publications; 1978. pp. 75–101.

72.

Campbell PM, Pottinger TG, Sumpter JP. Stress reduces the quality of gametes produced by rainbow
trout. Biology of Reproduction. 1992; 47: 1140–1150. doi: 10.1095/biolreprod47.6.1140 PMID:
1493180

73.

Stenseth NC, Mysterud A. Climate, changing phenology, and other life history and traits: Nonlinearity
and match-mismatch to the environment. Proceedings of the National Academy of Sciences of the
United States of America. 2002; 99: 13379–13381. doi: 10.1073/pnas.212519399 PMID: 12370424

74.

Hoffmann AA, Sgro CM. Climate change and evolutionary adaptation. Nature. 2011; 470: 479–485.
doi: 10.1038/nature09670 PMID: 21350480

75.

Stillman JH. Acclimation capacity underlies susceptibility to climate change. Science. 2003; 301: 65.
doi: 10.1126/science.1083073 PMID: 12843385

76.

Hasenbein M, Komoroske LM, Connon RE, Geist J, Fangue NA. Turbidity and salinity affect feeding
performance and physiological stress in the endangered Delta Smelt. Integrative and Comparative Biology. 2013; 53: 620–634. doi: 10.1093/icb/ict082 PMID: 23922273

77.

McCormick SD, Farrell A, Brauner C. Euryhaline fishes. Waltham: Elsevier; 2013.

78.

Fiol DF, Kültz D. Osmotic stress sensing and signaling in fishes. FEBS Journal. 2001; 274: 5790–5798.
doi: 10.1111/j.1742-4658.2007.06099.x

79.

Groot C, Margolis L. Pacific Salmon Life Histories. Seattle: University of Washington Press; 1995.

80.

Sommer T, Mejia F. A place to call home: A synthesis of Delta Smelt habitat in the upper San Francisco
Estuary. San Francisco Estuary and Watershed Science 11:2. Available: http://escholarship.org/uc/
item/32c8t244.

81.

Bybee J. United States Court of Appeals for the Ninth Circuit. Case number 11–15871; 2014. Available:
http://cdn.ca9.uscourts.gov/datastore/opinions/2014/03/13/11-15871.pdf.

82.

Luoma SN, Dahm CN, Healey M, Moore JN. Challenges facing the Sacramento-San Joaquin Delta:
complex, chaotic, or simply cantankerous? Estuary. San Francisco Estuary and Watershed Science.
2015; 13:3. Available: http://escholarship.org/uc/item/3nd0r71d.

PLOS ONE | DOI:10.1371/journal.pone.0146724 January 21, 2016

21 / 21

