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Supplementary text 

 

Anchovy larval abundance data treatment 

Anchovy larval abundance data used in this work was sampled as part of the California 

Cooperative Oceanic Fisheries Investigations (CalCOFI) time series, with variable (monthly to 

biannual) sampling frequency from 1951 through 2011 (23). This timeseries was truncated to 

1956-2011, as hydrographic data was not regularly collected from the SCB until 1956. Data 

collection occurred across large parts of the southern California Current System (CCS), and in 

particular within and adjacent to the Southern California Bight (SCB).  

We binned larval abundance data by 1/3° latitude and longitude, and then selected a 

subset of the core CalCOFI sampling region (an area spanning roughly 270 km alongshore, from 

roughly 32°N to 34.5°N, and 270 km offshore). This area contains a geographically compact 

group of stations that were frequently sampled in time (greater than 100 total ship occupations 

within the 1/3° grid cell) while excluding a number of infrequently sampled stations farther 

offshore where adult or larval anchovy were rarely observed or never abundant (maximum larval 

abundance was generally in the hundreds dm
-2

 at stations close to shore, and <5 dm
-2

 at stations 

outside the area we chose).  

This region is substantially similar to that used in prior analyses linking fish larval 

abundance to thermocline O2 (e.g. 5, 6), and covers the most frequent larval abundance and 

hydrographic observations. Other approaches have been used to assess overall anchovy stock 

(e.g. an area weighted approach; 12), but in general our goal is to assess regional variability 

relative to habitat conditions in a defined area, rather than to assess absolute population size; 

more complex approaches are unnecessary for this goal. If instead we include the offshore 

stations (~25% of core CalCOFI stations), this choice leads to lower spatial median and mean 

larval abundances, and includes offshore water which has more stable seasonal and interannual 

dissolved oxygen (O2) concentrations and temperature—this leads to smaller variability in 

calculated anomalies, but similar patterns in correlations between larval abundance and aerobic 

habitat across physiological traits as with the nearer to shore area used in our analysis. 

For correlational analyses, larval abundance across this region was averaged over all 

January through April observations for each year (anchovy peak spawning season in this region; 

25, 31). Over most of the time series, there were one or two sampling cruises in this period each 

year; these winter samples dominated annual abundances, and anchovy larvae tended to be more 

consistently observed in this season than at other times of year. 

 

Hydrographic observations and model field data treatment 

To map the spatial distribution and temporal variability of  in the CCS, we combined 

hydrographic data from historical observations and Regional Ocean Modeling System 

simulations. A synthesis of observational and model simulated data is used to exploit the distinct 

advantages of each data type. While hydrographic observations have long temporal coverage 

(1956–2011), the frequency of sampling in space and time is not adequate to determine aerobic 

habitat volumes at regional scales. Model simulated data provide more highly resolved estimates 

of temperature and O2 distributions on interannual timescales from 1995–2010, but are not long 

enough to evaluate habitat changes over multi-decadal time-scales.  

 

Hydrographic observations 

Hydrographic data were obtained from the World Ocean Database (WOD; 46), including 

CalCOFI time series data. Hydrographic data were binned by 1/3° latitude and longitude, and 

restricted to the same region as the anchovy larval abundance data for correlational analysis 

only—for mapping all available data were plotted.  



While the region covered by CalCOFI is one of the most extensively sampled in the 

world, these data contain gaps in space and time. Therefore in order to normalize for more or less 

frequent sampling in different seasons throughout the year, hydrographic data were additionally 

seasonally binned into winter (December–February), spring (March–May), summer (June–

August), and fall (September–November). These seasonal means were then averaged annually 

for use in the correlations, in similar manner to prior studies (5, 6). 

 

Model simulations 

We use the CCS ROMS model in conjunction with the Biogeochemical Elemental 

Cycling model (47). Model simulations cover a broad CCS region from Baja California to the 

Alaska Gyre at 12 km resolution, and a nested grid at higher resolution (4 km) that covers the 

CCS over a smaller latitude range approximately spanning the coastline of the contiguous United 

States West Coast. The ROMS physical models use bathymetry following cell grids. Physical 

boundary conditions are taken from the Mercator global ocean reanalysis (GLORYS2V3; 

http://www.myocean.eu/) and biogeochemical boundary conditions are taken from the World 

Ocean Atlas climatology derived from WOD data. Additional ROMS details are found in 

published work using substantially similar model output (15-18). Specifically, the configuration 

of physical processes is similar to that described by Renault et al. 2016 (15), the implementation 

of the biogeochemistry model is similar to that in Durski et al. 2017 (16)—validated oxygen and 

temperature results in the latter are also similar to those used in the present study. 

The model output of the nested 4 km resolution models used here has been extensively 

validated against available observational data for ocean physical and biogeochemical fields (17, 

18). It demonstrates a high fidelity in reproducing the mean state, variability, and trends of key 

tracers including temperature and O2. The 12 km resolution ROMS output and nested ROMS 4 

km model output are similar for O2 and temperature (Fig. S1); the wider latitudinal range of the 

12 km model is used for mapping that encompass the full anchovy range, while the 4 km nested 

solution is used for the statistical analysis of the larval variability in the SCB. ROMS model 

output was not validated for the Gulf of California, and this region is not evaluated in our 

analyses. 

 

Model/data synthesis 

For correlational analysis of anchovy larval abundance with aerobic habitat volume, we 

first calculated  from WOD observations, and compared these fields to  from the ROMS 4 

km resolution output (in both cases across all ecophysiotypes). In the SCB analysis region, the 

volume-weighted annual mean  from either approach was very similar (for the ROMS hindcast 

years 1995–2010), and had similar interannual variability (seasonally variability could not be 

consistently evaluated from the observational time series). While the spatial means of  were 

very similar for any given year, in general observational data availability was too patchy 

(particularly with depth) to accurately estimate the total volume of aerobic habitat and its 

seasonal evolution. 

In order to substitute model outputs for observational data, we corrected the ROMS 

output for the small annual mean bias between the two resulting  fields (-0.1 ). We then 

calculated the cumulative SCB aerobic habitat volume change (in the model) that resulted from 

applying the mean WOD  anomaly for each time series year (from the entire SCB) to each 

model cell in the ROMS hindcast, because the available data supports the first-order assumption 

that increases and decreases in the Metabolic Index were regionally coherent and approximately 

constant with respect to depth over the upper 100 m. In other words, the spatially averaged  

anomalies based on the observed hydrographic time series was translated to an equivalent time 

series of regionally integrated habitat volume based on the explicitly calculated  (or, 



simultaneously, /crit) throughout the entire model domain, regardless of observational 

sampling gaps. 

The resulting distribution of aerobic habitat with changing /crit for any given 

ecophysiotype over the time series (Fig. S9) spans a different range of regional mean  relative 

to the critical value, and encompasses a relative habitat volume between 0 (no available habitat 

in a given year) and 1 (the entire 0–100 m depth is above the critical threshold and is aerobically 

available habitat). Over an arbitrarily large range in /crit (greater than that seen in the time 

series), the habitat volume for any particular ecophysiotype would have an S-shaped response, 

with small or zero changes in aerobic habitat volume at very low and very high  (when almost 

all habitat is either unavailable or accessible, respectively), and large, approximately linear 

changes at intermediate vales where  is near crit (/crit is near 1).  

 

Dynamic downscaling of climate projections for 2100 

Temperature and O2 fields for 2100 were calculated using output from the following 

Coupled Model Intercomparison Project Phase 5 (CMIP5) Representative Concentration 

Pathway 8.5 models (48): 

1. NOAA Geophysical Fluid Dynamics Laboratory, GFDL-ESM2M 

2. Met Office Hadley Centre and Instituto Nacional de Pesquisas Espaciais, HadGEM2-ES 

3. Institut Pierre-Simon Laplace, IPSL-CM5A-LR 

4. Max-Planck-Institut für Meteorologie, MPI-ESM-LR 

5. National Science Foundation - Department of Energy - National Center for Atmospheric 

Research, CESM1(BGC) 

2071–2100 - 1971–2000 trends were obtained from each model and from the ensemble 

mean of the earth system models, and applied as boundary conditions to the ROMS model. 

Pairing climate model and ROMS hydrographic output along isopycnals is expected to improve 

hindcast accuracy of biogeochemical variables by limiting errors associated with shifting 

isopycnal depths; however, the earth system model anomalies were calculated at specified 

depths, and the depth of isopycnal surfaces changes in the future simulations under climate 

forcing, making such depth to density conversions of output impractical. Thus for this portion of 

the analysis depth based boundary conditions were also used for the ROMS hindcast output. 

 These 100-year anomalies were added to the 1995–2010 ROMS 12 km resolution 

hindcast boundary conditions in order to generate dynamically downscaled fields of future 

temperature, O2, , and alongshore aerobic habitat volumes in ROMS (other downscaled 

physical and biogeochemical variables will be evaluated in future work). Changes in temperature 

and O2 (and thus ) in the upper ocean were consistent and similar across the evaluated earth 

system model forcings. At 100 m depth and averaged from 0-200 km offshore, the 2100 – 2000 

change in O2 was -25 to -11 mmol O2 m
-3

 (a 9-13% decrease, 95% confidence interval), which 

was a significant decrease (p=0.03
 
for a paired t-test across models). Temperature over the same 

range changed by 2.0-2.3 °C (a 21-25% increase, 95% confidence interval), which was also 

significant across models (p=0.0008). Given the consistency across models, we chose to present 

ROMS forecasts from the ensemble mean temperature and O2 of downscaled climate forcings. 

Compared to interpolated CMIP5 output, this ensemble downscaling leads to slightly larger 

decreases in O2 in the upper 100 m of the coastal CCS, particularly to the north (Fig. S8, and 

thus slightly larger decreases in  and habitat volume for a given physiological hypoxia 

tolerance (Ao). 

 

Physiological trait constraints from anchovy distribution 

We used the time-mean distribution of anchovy to estimate their plausible combinations 

of Metabolic Index traits. To do this, we first had to subset the anchovy observations that could 

be accurately paired with hydrographic data. Anchovy observations were obtained from both the 



Ocean Biogeographic Information System (OBIS; 21) and from the National Oceanic and 

Atmospheric Administration (NOAA) West Coast groundfish bottom trawl survey (22). The 

OBIS samples were primarily from NOAA mid-water trawl surveys and from Department of 

Fisheries and Oceans Canada bottom trawls targeting shrimp. While we explicitly removed egg 

observations because passive drifting means that non-viable eggs can be found outside of 

anchovy habitat, larvae could not be clearly distinguished from juvenile and adult samples 

because more than half of the OBIS observations did not have life stage noted: we assumed that 

these were primarily juveniles and adults, given that the observations were predominantly 

collected via net trawls. As larvae are found near the surface (and thus in oxygen conditions set 

by the atmosphere) and larvae are generally found in the same regions as adults, leaving larvae in 

the observations is not expected to bias the results relative to an adult only distribution. 

We were forced to exclude nearly half the total observations because they could not be 

accurately paired with either hydrographic observations or model output, leaving 1075 

observations for this analysis. The excluded data generally fell into four categories: Observations 

from estuarine environments such as San Francisco Bay and Puget Sound, those without the 

month of sampling recorded (everything from the Baja Peninsula), samples with poorly 

constrained depths (>30 m bin or uncertainty in reported depth; missing depths were instead 

assumed to represent near-surface samples), and observations from depths with strong seasonal 

and interannual isopycnal variation, which prevented accurate pairing with hydrographic data. 

The latter category included all bottom trawl data, which was generally conducted over the outer 

continental shelf where bottom O2 is highly variable and can span nearly the entire range 

between atmospheric equilibrium and anoxia.  

In addition to large uncertainties related to the difference between in situ and 

climatological conditions at these depths, many of the bottom trawl data were additionally 

suspect because they included depths hundreds of meters below the observed range of anchovy 

based on mid-water trawls or acoustic data. It is possible that bottom depth variability over the 

trawls, altered anchovy behavior near a shelf-bottom trawl (e.g. avoidance and attraction), and 

inadvertent capture during net retrieval could have contributed to biases in reported observation 

depths relative to typical anchovy depth range. However, some of these observations may be 

accurate and could represent a temporary (e.g. daytime) deep refuge for anchovy in a resting, low 

activity metabolic state.  

As described in the main text, the subset of 1075 observations used in the analysis were 

paired by month, latitude, and longitude with the nearest ROMS 4km resolution model cell. The 

density coordinate of each observation was determined from WOD climatological fields 

interpolated to the ROMS model grid, and the climatological temperature and O2 outputs from 

the model for the same density was assigned to each observation for the three months 

surrounding sampling in order to incorporate the variable range of conditions likely to 

encompass the true in situ conditions associated with a particular anchovy observation. 

Alternatively using hydrographic data from only the months of sampling (1 month per 

observation) led to a more fragmented temperature-O2 habitat space with lower F1-scores (unless 

larger variable bins were chosen), but nonetheless resulted in the same best fit ecophysiological 

traits. 

The resulting distribution of observations in O2-temperature space was not well described 

by single-variable thresholds for temperature or O2. Instead, the boundary in O2-temperature 

space between waters with and without reported anchovy occurrences is generally well-described 

by a curve of critical pO2 that varies with temperature. This hypoxic threshold can be predicted 

from Metabolic Index ecophysiotypes; the pO2 intercept at some reference temperature is equal 

to the inverse of the ecological hypoxia tolerance (Ao/Φcrit) and the temperature sensitivity (Eo) 



describes the changing slope of this curve with temperature. In other words, Φ/Φcrit=1 at the 

threshold pO2 at any given temperature, with aerobically suitable habitat at higher pO2.  

In order to distinguish between more and less likely ecophysiotypes using the occupancy 

boundaries from the binned hydrographic data, we evaluated the F1-score based on the presence 

and absence of anchovy in O2-temperature bins above and below the critical pO2. The F1-score 

is calculated as the harmonic mean of precision and recall, with equal weighting given to both 

measures. In this case, precision can be thought of as the probability that the presence of anchovy 

in O2-temperature space is a true positive (TP; anchovy found in the space where they are 

predicted to occur) rather than a false positive (FP; anchovy found in a space predicted to be 

below the hypoxic threshold), while recall can be thought of as the probability that anchovy are 

actually found where they are expected to be present in that O2-temperature space (i.e. how likely 

is a TP relative to a false negative, FN, missing observations above the hypoxic threshold) (49). 

In terms of these variables, the F1-score can be expressed as: 

𝐹1 = (
recall−1+precision−1

2
)

−1

=  
2TP

2TP+FN+FP
     (S1) 

Thus, this metric does not give weight to absence data (true negatives) which are 

infrequently and inconsistently reported in fisheries data, but allows us to optimize between 

ecophysiotypes that constrain too small an O2-temperature space but maximize presence within 

that space (high recall but low precision) and ecophysiotypes that hardly constrain habitat but 

contain all observations (high precision but low recall). A model with perfect precision and recall 

would have F1=1. However, environmental observations are by nature patchy in space and time, 

meaning false negatives are unavoidable (anchovy are not observed where there was no 

sampling), and climatological hydrographic data does not perfectly match in situ conditions, 

meaning false positives are likely (anchovy are present at a location when conditions were more 

favorable than the climatological hydrographic conditions in the observation space). Further, the 

F1-score depends on the range of state-space evaluated; an evaluation over a temperature range 

of 0-30°C would include mostly space with no presence or absence information, leading to low 

values. Thus F1 rarely exceeded 0.7 for the evaluated ecophysiotypes, but regardless of the 

particular range of conditions evaluated the relative scores between trait combinations are 

conserved. 

 

Correlational analysis of larval abundance and hydrographic data 

For all combinations of potential Metabolic Index traits, we computed annual mean Φ 

from WOD observations, translated this to an expected aerobic habitat volume (volume in a 

specified southern CCS region and 0-100 m depth range with /crit>1) from the ROMS 

simulations, and correlated  and habitat volume with spawning season anchovy larval 

abundance. Specifically, we used a Model II regression (“gmregress” function for Matlab; 50), in 

which both aerobic habitat volume (or ) and larval abundance are assumed to have random 

errors and neither variable is assumed to be significantly more precise a priori. In this approach, 

the offsets between observed and predicted values are calculated normal to the regression line in 

order to minimize the misfit of variables along both axes. The residuals of the regression models 

for anchovy larval abundance as a function of aerobic habitat volume were normally 

distributed—Anderson-Darling tests reject a non-normal error distribution at the 5% significance 

level for all ecophysiotypes resulting in significant correlations (p<0.05)—and thus the squared 

correlation coefficient (r
2
) is equivalent to the fraction of total variance shared between larval 

abundance and habitat volume resulting from each physiological parameter combination. 

Across ecophysiotypes, resulting correlations explained between 0 and 40% of 

interannual variance (unsmoothed data), or up to 75% of decadal variance (where anchovy larval 

abundance and aerobic habitat were smoothed by a 10 year moving average to remove short 

period fluctuations). Ecophysiotypes with higher correlation coefficients were judged to be more 



likely to represent anchovy. Regressions of the unsmoothed (interannual) data explained less 

variance than the decadally smoothed data because, in part, anchovy larvae reached near zero 

abundance during parts of the 1950s and much of the 2000s, but this threshold occurred at 

greater than zero Φ (and resulting habitat volume). In other words, the natural zero thresholds of 

the two variables are offset by the value Φcrit, at some greater than zero volume of available 

habitat that is nonetheless associated with low larval abundance and other indicators of stock 

collapse (12). Thus habitat volume variance below this threshold must be completely 

decorrelated from larval abundance. Other sources of mismatch at interannual scales may include 

larval advection in and out of the region, particularly successful or unsuccessful larval cohorts, 

spatial or temporal biases in hydrographic sampling or data accuracy (e.g. the variability between 

analysts in O2 accuracy via Winkler titration), and El Niño impacts on hydrography or 

ecosystems. Despite these many possible confounding factors, the interannual regressions are 

consistent with up to 40% of the changes in anchovy larval abundance resulting from changes in 

aerobic habitat volume.  

Multi-year or decadal moving averages reduces random biases and highlights the even 

stronger longer period correlation between aerobic habitat and anchovy larval abundance, and the 

expense of smoothing over shorter term variability that may in fact be related to shorter term 

perturbations in habitat. For the purposes of selecting likely ecophysiotypes, we used a 5 year 

moving average as a reasonable compromise between retaining too much noise and over-

smoothing the time series. While the choice of moving average period changed the absolute 

fraction of variance explained, the relative results across ecophysiotypes (higher versus lower r
2
) 

were consistent across averaging periods (one year to one decade). 

 

Weighted-likelihood estimates of anchovy ecophysiological traits 

We inferred the most likely physiological trait range for anchovy based on both the larval 

time series analysis and the adult range distribution by comparing a cost function for each 

combination of ecological hypoxia tolerance (Ao/crit) and temperature sensitivity (Eo). 

Specifically, we determined a relative weighting for each ecophysiotype (We) based on the 

larval-habitat volume squared correlation coefficients and the F1-scores from the bounded O2-

temperature space. In order to assign both measures equal importance in determining likely 

ecophysiotypes, we added standardized anomalies of both metrics (Δσ=[value-mean]/[standard 

deviation], where the mean and standard deviation are calculated across results from all 

ecophysiotypes) Then We is calculated as: 

𝑊𝑒 = (∆𝜎,𝑟2 + 𝑓∆𝜎,𝐹1
)        (S2) 

By adding standardized anomalies, higher than average r
2
 and F1-scores are weighted 

more strongly, while lower than average anomalies are given negative weights which reduce We. 

f is a weighting factor that allows greater or lesser weight to be assigned to the distribution 

derived traits than to the larval abundance time series; in our analysis we set it to 2 as we believe 

the distribution could be more directly linked to adult anchovy ecophysiological constraints than 

the larval time series. In practice this weighting makes a very small difference in the relative 

weighting of most ecophysiotypes (for f between 0.25 and 4), shifting the single best fit 

temperature sensitivity (Eo) by 0.15 eV or less, and ecological temperature sensitivity (Ao/crit) 

by 0.4 atm
-1

 or less because of the strong concordance between the two independent approaches. 

In order to bound likely traits visually (Fig. S4), we rescale We between 0 and 1 and sort 

from highest to lowest weights (i.e. determine the cumulative relative likelihoods for each 

ecophysiotypes). No single ecophysiotype is dramatically more likely (higher weight) than all 

others, though we use the single likeliest parameter combination (Eo=0.4 eV, Ao/crit=5.4 atm
-1

) 

for the purposes of mapping habitat in the analysis presented in the main text. A compact range 

of Metabolic Index traits can nonetheless be identified to account for any specified proportion of 

the total likelihood; in Fig. S4, we plot contiguous bounds around the ecophysiotypes with the 



strongest weights which cumulatively account for the upper 20% of the total likelihood, and thus 

are expected to contain the true anchovy traits. Regardless of whether a likelihood threshold is 

set at 20%, 50%, or any other arbitrary value, only certain combinations of Eo and Ao/crit are 

likely (following a convex arc from bottom right to top left of Fig. S4)—these likely 

combinations lead to compensating effects between hypoxia tolerance and temperature 

sensitivity thus all result in a similar net response to aerobic habitat variability. Likely 

ecophysiotypes are bounded in a relatively small region of trait space; the entire evaluated trait 

space is not shown within Fig. S4 (this contains ~1/6 of the total evaluated range from Ao/Φcrit=0 

to 15 atm
-1

). Values of the ecological hypoxia sensitivity (Ao/Φcrit) below about 3.8 atm
-1

 require 

pO2 higher than typically found in the CCS (>0.26 atm, ~25% supersaturated with respect to 

atmospheric O2). The highest likelihood traits (with r
2
≥0.5 and F1≥0.7) span Eo=0.2 to 0.6 eV 

and Ao/Φcrit=4.5 to 5.8 atm
-1

, similar to the mean of other species found within the CCS. 

For the purposes of determining a weighted mean response of anchovy larval abundance 

to changing aerobic habitat volume, we exclude the lowest weight ecophysiotypes from further 

analysis, those that collectively account for less than 50% of the cumulative likelihood. In other 

words, the ecophysiotypes with lower than the average values of both r
2
 and F1-scores show little 

skill at predicting anchovy response and presence and are unlikely to include the true anchovy 

ecophysiotype; these were evaluated solely because they fall within the global inter-specific 

range, not because they are plausible for a forage fish living in generally normoxic conditions. 

We use We for the remaining ecophysiotypes to regress anchovy larval abundance on the 

weighted-mean relative habitat volume change (Matlab “fit” function, with linear-bisquare 

regression for robust fitting of weighted variables). This choice makes the weighted-mean 

response of anchovy to habitat loss more closely aligned with the relatively few, clustered 

ecophysiotypes with high weights. Other weighting choices are possible, but in general this 

threshold approach is a simple way to focus our analysis around the ecophysiotypes most 

congruent with the available data, without resorting to more complicated weighting schemes to 

ameliorate biases to the mean response from the large range of traits with very low predictive 

power. 

 



Supplementary Figures 

 

 
Fig. S1. Schematic diagram of analyses 

Biological and hydrographic data with different limitations and complimentary coverage in 

spatial and temporal extent are combined in order to evaluate how the distribution of northern 

anchovy responds to variability in the Metabolic Index of temperature-dependent hypoxia and 

aerobic habitat availability. In particular, anchovy observations from the NOAA West Coast 

bottom trawl surveys and OBIS data have irregular temporal and spatial resolution, but wide 

spatial coverage, while the CalCOFI ithyoplankton dataset has high temporal resolution over 

several decades, but only over a small region. Hydrographic data from WOD has variable spatial 

and temporal coverage, with relatively high resolution in the CalCOFI but coarser temporal and 

spatial resolution over the broader CCS region. ROMS hydrographic simulations are available at 

both high spatial and temporal resolution compared to the hydrographic observations. ROMS 4 

km output has higher spatial resolution that increases the precision of aerobic habitat assessment 

in the Southern California Bight, but has a smaller spatial extent over the CCS than the 12 km 

output. CMIP5 climate projections have coarse spatial and temporal resolution, but resulting 

forcings can be dynamically downscaled through the higher resolution ROMS model. Northern 

anchovy Metabolic Index traits derived from spatial distributions can be used to predict temporal 

responses to environmental change, which can be tested or independently evaluated using 

temporal biological and hydrographic data. 

  



 

Fig. S2. Comparison of hydrographic data and ROMS models 

Climatological annual mean temperature and O2 fields at 200 m depth from the climatological 

World Ocean Atlas (derived from the World Ocean Database; 1955-2013), ROMS 12 km 

resolution hindcast model (1995-2010), and ROMS 4 km resolution hindcast model (1995-2010). 

Physical and biogeochemical output from the 4 km resolution hindcast has been extensively 

validated (17, 18).   



      

Fig. S3. Variability of the Metabolic Index () and aerobic habitat in the CCS 

(A) Standard deviation of  (with hypoxia tolerance Ao=25 atm
-1

, temperature sensitivity Eo=0.4 

eV) for 12 km resolution ROMS output at 200 m depth. Red line marks offshore depth section 

(B) from 4 km resolution model (red line on section indicates depth of map plot). Mean  

roughly 2.5–5.5 at 200 m depth, increasing offshore (Fig. 1 in main text); i.e. relative standard 

deviation decreases from ~25% at shore to <5% at subtropical gyre end of section. Across 

physiological traits (hypoxia tolerance, Ao, temperature sensitivity, Eo), (C) the spatial average of 

mean aerobically suitable habitat volume in time, assuming ratio of active to resting metabolic 



rates crit=3.5, expressed as a fraction of total volume in the northern, southern, and central 

California Current System from 4 km resolution ROMS output (0–200 km offshore, and 0–200 

m depth). Approximate latitudinal range at shore noted above each row (some overlap because 

model grid is not aligned with latitude). (D) Spatial average of total variability (as standard 

deviation) of this habitat volume in time. (E) Spatial average of seasonal variability with time. 

Physiological traits from global species compilation marked with filled black symbols for 

specific (sub)phyla (♦ Chordata, ▲ Cnidaria, ■ Crustacea, ● Mollusca, and▼ Tunicata). 

 

 

 

 
 

Fig. S4. Likely anchovy traits based on distribution and time-series approaches 

Squared correlation coefficients (r
2
) of correlations between standardized anomalies of larval 

abundance and habitat volume, across ecophysiological traits. F1-score (grey contours), inferred 

from fit to climatological O2-temperature space bounding anchovy observations. Likely traits 

(black contour; top 20% of cumulative weight across ecophysiotypes) for anchovy based on 

weighted-mean combination of both approaches.  

 

 

   

Fig. S5. Decadal changes in anchovy larval abundance and aerobic habitat 

Mean abundance of anchovy larvae (black circles) and aerobic habitat thickness, the depth of 

water column with ≥crit (for Ao/Φcrit=5.4 atm
-1

, Eo=0.4 eV) from available CalCOFI and 

WOD hydrographic data (larval and hydrographic data in 1/3° bins). Larval abundance is 

calculated over January through April (peak anchovy spawning season in Southern California 

bight), and habitat thickness is based on decadal averages of seasonally binned aerobic habitat 

(all seasons) derived from hydrographic observations. Anchovy larval abundance in the Southern 

California Bight is (A) low in the 1950s, (B) greatest in the 1980s, and (C) lowest in the 2000s, 

similar to regional scale decreases in regional aerobic habitat thickness. Regions of 



climatologically low or high habitat thickness vary seasonally, and narrow aerobic habitat in 

these plots reflects the influence of seasonal upwelling. 

  



 
Fig. S6. Seasonal offshore distributions of anchovy, aerobic habitat, and productivity  

Cross-shore distributions of anchovy observations, and aerobic habitat thickness (Ao/Φcrit=5.4 

atm
-1

, Eo=0.4 eV) and net primary productivity from ROMS 12 km output in the SCB” (A) 

Spring, peak upwelling season, (B) summer, with weakening upwelling, and (C) fall, with little 

upwelling. The same variables in the northern CCS (44°N to 50°N plotted here), in (D) spring, 

with little upwelling, (E) summer, peak upwelling season, and (F) fall, with weakening 

upwelling. Note larger scale for habitat thickness and net primary productivity for northern CCS. 

The mean location of observations dashed black lines) shifts offshore during upwelling.  



    

Fig. S7. 2100 - 2000 change in hydrographic conditions  

2100 - 2000, 0 – 100 m annual difference (Δ) of (A) temperature, (B) oxygen (O2), and (C) 

fraction of upper 100 m that is aerobically suitable (Φ/Φcrit>1) for ecophysiological traits 

Ao/crit=5.4 and Eo=0.4 eV. Differences generated from ROMS 12 km resolution hindcast with 

and without 100 year hydrographic anomalies (2071–2100 - 1971–2000) from downscaled 

CMIP5 models. Ensemble mean of results of individual CMIP5 model downscalings presented. 

(D) In contrast to temperature and O2, the 2100 - 2000 relative change of annual mean euphotic 

zone integrated net primary production does not agree in direction or magnitude across global 

scale earth system models interpolated to the ROMS grid, or ROMS forecasts with dynamically 

downscaled forcings (here integrated from 0-200 km offshore in the CCS and normalized to the 

ROMS 12 km hindcast mean). This plot excludes NCAR model output which did not include 

wind fields needed to simulate changes in vertical transport in the same manner as the other 

models. The ensemble mean changes are small in either the interpolated or downscaled cases 

(<3%). 

 



 

Fig. S8. Aerobic habitat compression for anchovy 

Aerobic habitat compression, 2100 - 2000 (12 km resolution ROMS with RCP 8.5 climate 

forcings), overlaid with anchovy observations (circles) and aerobic habitat threshold value 

associated with historically low larval abundance (2100, thick black line). This threshold value is 

only meaningful when integrated over a similarly sized region to the SCB, from which it was 

derived. Thus both this threshold and the extent of non-zero aerobic habitat are translated into 

range limits via moving average habitat integration (along thin black lines) in order to determine 

annual average range limits.   



Fig. S9. Relationships between habitat volume and Metabolic Index (Φ) 

Example solutions of relative habitat volume (0 to 1, where 1 indicates entire upper 100 m is 

aerobically suitable habitat) over the hydrographic time series, as a function of ROMS volume 

averaged Φ/Φcrit for a given ecophysiotype and anomaly in mean Φ/Φcrit from the hydrographic 

observations. Time series are plotted for ecophysiotypes including three values of temperature 

sensitivity (Eo) and three values of the ecological hypoxia tolerance (Ao/Φcrit), spanning low to 

moderate hypoxia tolerances and low to moderate temperature sensitivities (at high values of 

both all habitat volume is aerobically suitable). Volume averaged Φ/Φcrit entirely higher or lower 

than 1 over the time series does not preclude a subset of the overall environment from being 

below or above the threshold. Habitat volume changes are normalized to the mean for each 

ecophysiotype when evaluating the weighted average response across ecophysiotypes.



 

Table S1. Ecophysiological traits for California Current system species 

Metabolic Index ecophysiological traits for species found in the California Current System (CCS; 9), including hypoxia 

tolerance (Ao), the temperature dependence of that hypoxia tolerance (Eo), and the active to resting metabolic ratio (Φcrit) 

inferred from biogeographic species distributions. Increasing Ao or decreasing Φcrit have equivalent effects on the threshold 

value of Φ/Φcrit≥1 for aerobically suitable habitat, thus Ao/Φcrit normalizes the net effects of both physiological and 

ecological hypoxia tolerance on aerobic habitat for inter-species comparisons. 

Species Common name Vertical range* Ao (atm-1) Eo (eV) Φcrit Ao/Φcrit (atm-1) 

Native to CCS 

Acanthephyra curtirostris peaked shrimp meso-, bathypelagic 25.6 0.04 

  Bythograea thermydron hydrothermal vent crab benthic (>2000 m) 52.8 0.23 

  Desmophyllum pertusa deep water coral benthic (>100 m) 9.9 0.44 1.4 7.1 

Dosidicus gigas Humboldt squid mesopelagic 40.8 0.62 

  
Engraulis mordaxb northern anchovy epipelagic 0.4 (0.1–0.7) † 5.4 (4.4–6.6) † 

Penaeus vannamei whiteleg shrimp benthic (<100 m) 59.4 0.09 

  Melanostigma pammelas midwater eelpout mesopelagic 19.1 1.06 

  Pandalus platyceros California spot prawn benthic (<3000 m) 18.9 0.15 1.8 10.5 

Panulirus interruptus California spiny lobster benthic (<200 m) 28.9 0.57 

  Stenobrachius leucopsarus Northern lampfish epi-, mesopelagic 23.4 0.69 2.2 10.6 

Tarletonbeania crenularis blue lanternfish epi-, mesopelagic 20.6 0.21 2.6 7.9 

       Invasive or introduced to CCS 

Carcinus maenas European green crab benthic (<100 m) 22.3 0.48 

  Salmo salar Atlantic salmon epipelagic 10.4 0.34 

  Styela plicata pleated sea squirt benthic (<100 m) 6.3 -0.09 1.4 4.5 

Morone saxatilis striped bass epipelagic 24.0 0.33 5 4.8 
* Vertical range for pelagic organisms qualitatively binned by epipelagic (0–200 m), mesopelagic (200–1000 m), or bathypelagic (1000–4000 m) 

based on preponderance (>80%) of observations in data with depth information in OBIS. Upper or lower range limits for benthic organisms 

estimated to nearest 100 m (1000 m or less) or 1000 m (greater than 1000 m) based on preponderance (>80%) of OBIS data with depth information. 

† Traits inferred in this work, presented as single most likely weighted trait pair from analysis using both larval abundance time series and adult time-

mean distribution, and (in parentheses) the range of values encompassing >10% cumulative likelihood of trait values over the entire evaluated range 

of traits (i.e. a compact subset of most likely ecophysiotypes); alternatively traits with >20% of cumulative likelihood across evaluated 

ecophysiotypes are shown in Fig. S4. 
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