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Abstract 
Context The area-isolation paradigm of metapopu-
lation theory predicts that larger and more connected 
patches have a higher probability of occupancy. 
Although it may be too simplistic for generalist ter-
restrial mammals, the area-isolation paradigm may 
be an effective tool for assessing patch-occupancy for 
habitat specialists.

Objectives We tested predictions of the area-isola-
tion paradigm for the endangered salt marsh harvest 
mouse (Reithrodontomys raviventris), a habitat spe-
cialist living in highly fragmented salt marsh habitat 
in the San Francisco Estuary (California, USA).
Methods We surveyed for salt marsh harvest mice 
at 47 marsh patches throughout their range using a 
non-invasive genetic survey technique. We used occu-
pancy modeling to estimate the effects of patch size, 
patch connectivity, matrix urbanization, and several 
habitat characteristics on occupancy probabilities. 
We evaluated occupancy at both coarse (e.g., among 
patches) and fine (e.g., within patches) spatial scales.
Results Patch size, connectivity, and matrix urbani-
zation had significant effects on patch-occupancy. 
Within patches, occupancy was positively related to 
the presence of high-tide escape vegetation. Our data 
also revealed the extirpation of several geographically 
distinct populations, consistent with expectations due 
to reduced patch sizes and connectivity over the past 
century.
Conclusions Patterns of salt marsh harvest mouse 
patch-occupancy were consistent with the area-
isolation paradigm. In addition, our models provide 
important guidelines of patch size and connectiv-
ity that can inform habitat conservation and restora-
tion for this endangered species. Specifically, our 
data suggests that selecting restoration sites that are 
well-connected may be more beneficial than selecting 
larger, isolated sites.
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Introduction

Habitat fragmentation is one of the leading threats 
to wildlife worldwide (Haddad et  al. 2015). Many 
endangered species are listed as such due to past 
and ongoing habitat fragmentation (Kerr and Cihlar 
2004). Although the effects of habitat fragmentation 
‘per se’ (the breaking apart of habitat, independent 
of habitat loss) may be confounded with the effects 
of habitat loss (Fahrig 2003), the two processes are 
highly correlated such that their effects are often 
indistinguishable (Koper et  al. 2007; Hadley and 
Betts 2016; Liu et  al. 2016; Fletcher et  al. 2018). 
When endangered species live in patchy, fragmented 
distributions, identifying patch size and connectivity 
thresholds that facilitate population persistence can 
inform conservation actions. The “area-isolation par-
adigm” draws on insights from island biogeography 
(MacArthur and Wilson 1967; Diamond 1975) and 
metapopulation theory (Hanski 1991, 1998), and pre-
dicts that the probability that a species will occupy a 
given patch is related proportionally to patch size and 
inversely to patch isolation. However, it is less clear 
how species that evolved in more continuous patches 
of habitat will cope with an increased need for disper-
sal through a recently fragmented landscape.

Applying the area-isolation paradigm to nature can 
be challenging because it requires a binary delinea-
tion of the landscape into patches of suitable habitat 
and a matrix of non-habitat, which may be an over-
simplification for most species (Hanski 1998; Prugh 
et  al. 2008). However, when species are highly spe-
cialized, discrete habitat patches and non-habitat 
matrix may be a reasonable representation of the 
landscape (Hanski et  al. 1995; Duggan et  al. 2011). 
Additionally, habitat covariates can be incorporated 
into models to represent habitat patches more realisti-
cally in terms of variable habitat patch quality, which 
can be more important than the spatial configuration 
of habitat patches in some systems (Ye et  al. 2013; 
Poniatowski et  al. 2018). Thus, patch-occupancy 
models that integrate components of habitat and 
matrix quality with the area-isolation paradigm can 
be useful for assessing the value of specific habitat 

patches to some focal species (Wahlberg et al. 1996; 
Schultz and Crone 2005; Bollmann et al. 2011).

The salt marsh harvest mouse (Reithrodonto-
mys raviventris) is an endangered species (USFWS 
1970; CDFW 1971) endemic to the coastal wetlands 
of the San Francisco Bay and connecting tidal bod-
ies, collectively, the San Francisco Estuary (SFE; 
USFWS 2013). Tidal wetlands in the SFE have 
been fragmented over the past century to the point 
where < 10% of historic tidal marsh habitat remains 
intact (Williams and Faber 2001). Given such levels 
of habitat loss, understanding minimum marsh patch 
size and connectivity needed to support salt marsh 
harvest mouse populations can be useful for predict-
ing occupancy in remaining habitat and in guiding 
habitat restoration projects (Shellhammer and Duke 
2010).

Although much attention has focused on vegeta-
tion characteristics of salt marsh harvest mouse habi-
tat (Johnson and Shellhammer 1988; Bias and Mor-
rison 2006; Sustaita et al. 2011; Smith et al. 2018a), 
as well as some abiotic factors (e.g., distance from 
roads—Marcot et  al. 2020), spatial drivers of occu-
pancy have been largely unexplored (Smith et  al. 
2018a). Despite a lack of research into patch dynam-
ics and spatial habitat associations, their importance 
is highlighted by calls for maintenance or restora-
tion of functionally connected habitat patches in the 
Recovery Plan for Tidal Marsh Ecosystems of North-
ern and Central California (USFWS 2013). Given the 
extensive history of habitat loss and threat of future 
habitat fragmentation from development and sea level 
rise (Thorne et  al. 2018), identifying spatial thresh-
olds that facilitate occupancy is an essential founda-
tion for salt marsh harvest mouse conservation and 
management (Smith et al. 2018b).

Historically, the SFE was composed of large, 
continuous marsh habitat, contrasting with the mod-
ern landscape composed of a mosaic of small marsh 
patches surrounded most often by water, terres-
trial grassland, or urban land cover (Williams and 
Faber 2001). Salt marsh harvest mice are primarily 
restricted to marsh habitat; upland and urban habitat 
edges are thought to be favorable to potential com-
petitors, such as western harvest mice (R. megalotis), 
house mice (Mus musculus), and California voles 
(Microtus californicus) (Fisler 1965; Bias and Mor-
rison 2006). Therefore, spatial attributes such as large 
patch size may buffer salt marsh harvest mice from 
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negative edge effects. Because their habitat is inher-
ently dynamic due to tidal action, salt marsh harvest 
mice must regularly negotiate tide cycles that can 
force them to take temporary refuge either in emer-
gent vegetation (Johnston 1957; Smith et  al. 2014) 
or by movement to non-inundated habitat (Hadaway 
and Newman 1971). If no refuge habitat is available, 
extreme high tide events have the potential to cause 
local extirpations. In such cases, long-term popula-
tion persistence may rely on extinction-colonization 
dynamics as described in classical metapopulation 
theory (Levins 1969; Harrison 1991). Therefore, a 
landscape of many well-connected patches may be 
more resilient to extreme tidal events than a land-
scape characterized by one or a few large patches.

Microhabitat characteristics may also drive occu-
pancy at finer (within-patch) scales. Pickleweed (Sali-
cornia spp.) cover is assumed to be strongly associ-
ated with salt marsh harvest mouse presence (USFWS 
2013), but diverse vegetation composition may be 
more beneficial than pickleweed monocultures (Smith 
et  al. 2018a). Gumplant (Grindelia spp.) and other 
tall emergent vegetation may represent important 
high tide refuge for salt marsh harvest mice during 
extreme inundation events (Johnston 1957; Smith 
et  al. 2014). Marsh patches with greater biomass of 
upland vegetation may be more likely to support com-
petitors, such as western harvest mice (Fisler 1965).

Given that salt marsh harvest mice are restricted 
to marsh habitat (USFWS 2013; Statham et  al. 
2022), which is readily delineated from upland and 
urban habitats, assumptions of the area-isolation 
paradigm may be strongly applicable to this system. 
Our primary objective was to apply occupancy mod-
eling (MacKenzie et  al. 2002) to test the relation-
ship between salt marsh harvest mouse occupancy 
and patch size, patch connectivity, patch vegetation 
characteristics, and matrix urbanization (i.e., the 
proportional composition of urban land cover within 
matrix habitat). Additionally, we assessed spatial and 
vegetation characteristics that influenced salt marsh 
harvest mouse occupancy at finer scales (i.e., within 
patches), and compared historical and modern habitat 
and occupancy data in a dynamic occupancy model 
(MacKenzie et al. 2003; i.e., multi-season occupancy 
model with historical and modern representing differ-
ent “seasons”) to estimate relationships between local 
extinction probabilities and characteristics of habitat 
change over decades. Finally, occupancy modeling 

allowed us to quantify the detection probability, and 
determine covariates that influence detection prob-
ability, of a recently developed non-invasive genetic 
survey technique (Aylward et al. 2022). These objec-
tives allowed us to assess the utility of the area-isola-
tion paradigm as a tool for conservation and manage-
ment of an endangered species in fragmented habitat.

Methods

Non-invasive genetic surveys

We conducted non-invasive genetic surveys at 
47 patches (i.e., distinct marshes) from Septem-
ber 2020 to December 2021 (Fig.  1; Supplemen-
tary Table  S1; Supplementary Fig.  1). We identi-
fied patches based on the San Francisco Estuary 
Institute Bay Area EcoAtlas Dataset (SFEI 1998). 
Patches were delineated on the basis of discontinu-
ity (i.e., separation of marshes by non-marsh habi-
tat), tidal regime (i.e., whether diked or tidal), and 
elevational strata (i.e., adjacent sections of low-
elevation tidal marsh and high-elevation tidal marsh 
would be considered two distinct patches). In some 
cases, we used satellite imagery to manually add 
patches that were missing from the SFEI data set. 
Most surveys occurred during late fall and early 
winter (Oct–Feb) to limit potential seasonal varia-
tion in occupancy and/or detection. We placed bait 
stations within vegetation ~ 0.5–1  m above ground 
level along two transects in each marsh patch. We 
placed stations 20  m apart along transects with 
a maximum of 10 stations per transect, and cur-
tailed the number of stations for transects in smaller 
marshes (range 4–10). We fitted bait stations with 
cotton batting and ~ 1 tbsp of seed mix (primar-
ily oats, millet, and ground walnut). We checked 
and re-baited stations after 7 days and checked sta-
tions again after 14 days, providing two consecutive 
7-day survey intervals. During each check, fecal 
pellets were collected in 2-ml ethanol (> 95%) vials; 
we pooled as many pellets as possible (without 
over-topping the ethanol) into a single vial for each 
station. At each station, we recorded several vegeta-
tion parameters within a five-meter radius: vegeta-
tion richness, presence/absence of pickleweed, pres-
ence/absence of high tide escape vegetation (HTEV; 
emergent vegetation with structural support and 
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overall height great enough to provide refugial habi-
tat during high tide, judged based on expert opin-
ion), and presence/absence of terrestrial (upland) 
grasses. We conducted genetic species identifica-
tion on fecal pellets following Aylward et al. (2022). 
Non-invasive genetic surveys were approved by UC 
Davis Institutional Animal Care and Use Commit-
tee and authorized by the California Department of 
Fish and Wildlife and United States Fish and Wild-
life Service Cooperative Agreement.

Patch occupancy modeling

At the patch-scale, we considered a patch occupied if 
salt marsh harvest mice were detected at ≥ 1 station(s) 
within the patch. Next, we applied occupancy mod-
eling (MacKenzie et  al. 2002) to estimate the prob-
abilities of detection (i.e., the probability of detecting 
salt marsh harvest mice given they are present) and 
occupancy (i.e., the probability of salt marsh harvest 
mouse occurrence) using the R package ‘unmarked’ 

Fig. 1  Map of the study area and number of occupied/sur-
veyed sites for salt marsh harvest mice (Reithrodontomys 
raviventris). Number of occupied and surveyed sites are listed 
for each region of the study area. The lower-right inset shows 

the detection status of specific patches of marsh habitat surveys 
in the Southwest region. Marsh habitat is colored purple in the 
large study area pane; detection status is only colored in the 
Southwest inset pane
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(Fiske and Chandler 2011). Occupancy modeling 
accounts for imperfect detection of survey meth-
ods by estimating the probability of detection based 
on the number of survey sites in which a focal spe-
cies was detected in ≥ 1, but not all, survey intervals 
(MacKenzie et  al. 2002). We tested for effects of 
survey interval (i.e., first 7 days vs. second 7 days), 
survey effort (i.e., number of stations in the patch), 
and maximum high tide height during the survey 
interval on detection probabilities. We then estimated 
occupancy probability at the patch level as a func-
tion of five parameters: patch size, patch connectivity, 
matrix urbanization, patch vegetation characteristics, 
and the capture frequencies of three putative com-
petitors (Supplementary Table S2). We defined patch 
size with and without edge effects of 50 and 200 m 
(i.e., subtracted 50 and 200 m buffers from the patch 
perimeter); patch connectivity as the proportion of 
marsh habitat within 50-m, 200-m, or 1-km buffers 
from the edge of the target patch; and matrix urbani-
zation as the proportion of the matrix (i.e., non-marsh 
habitat within 50-m, 200-m, or 1-km of the patch) 
that was composed of urban land cover. Vegetation 
parameters included vegetation richness, pickleweed 
habitat, HTEV habitat, and terrestrial grass habitat. 
Vegetation richness was calculated at the patch level 
as the average richness at all stations within the patch. 
Pickleweed, HTEV, and terrestrial grass habitats were 
quantified as the proportion of stations where these 
habitat characteristics were recorded. Finally, the role 
of putative competitor species was characterized by 
the detection frequencies of western harvest mice, 
house mice, and California voles. We standardized all 
variables prior to occupancy modeling.

We assessed each of these predictors using univar-
iable models and assessed model performance using 
AICc (Burnham and Anderson 2002). We considered 
predictors to be biologically informative if their fit to 
the data was better (i.e., at least 2 AICc units lower) 
than that of a model with no predictor covariates (i.e., 
the “null model”). These predictors were selected as 
candidates for multivariable modeling. For predictors 
that were calculated at multiple scales (i.e., different 
buffer sizes for patch size, connectivity, and matrix 
urbanization), we included only the scale-variant 
with the lowest AICc. We first constructed a model 
that included all candidate variables and then applied 
a backward-stepwise approach (e.g., Hosmer and 
Lemeshow 2000) to determine the top multivariable 

model. Each step involved removal of each individual 
predictor from the model and accepting the model 
with n-1 predictors with the greatest improvement in 
AICc compared to the model with n predictors. When 
none of the models with n-1 predictors represented an 
improvement in AICc over the model with n predic-
tors, we accepted the latter as the top multivariable 
model. We also constructed a model using patch size 
and connectivity as the only two predictors, which 
provided a tool to help evaluate the suitability of any 
given patch of habitat based on the assumptions of 
the area-isolation paradigm.

To determine predicted threshold values of spatial 
variables with respect to salt marsh harvest mouse 
occupancy, we used our univariable occupancy mod-
els to predict occupancy probabilities across a range 
of predictor values, then identified the predictor val-
ues that corresponded to occupancy probabilities of 
0.50 and 0.95 (i.e., 50% and 95% chance of being 
occupied; Schultz and Crone 2005; Shake et  al. 
2012). We conducted this analysis for patch size, 
patch connectivity, and urbanization predictors. We 
also calculated the conditional probabilities of patch 
size and patch connectivity using the multivariable 
patch size + patch connectivity model; the former 
was assessed holding patch connectivity equal to zero 
(i.e., to estimate the relationship between patch size 
and occupancy of a completely isolated marsh), while 
the latter was assessed holding patch size equal to 
1 ha (i.e., to estimate the relationship between patch 
connectivity and occupancy of a very small marsh).

Fine-scale occupancy modeling

To better understand microhabitat use by salt marsh 
harvest mice we estimated the effects of covariates on 
fine-scale (e.g., within-patch) occupancy and detec-
tion. To estimate fine-scale occupancy patterns, we 
used station-level data from patches where salt marsh 
harvest mice were detected. We tested the effects of 
tide height and survey interval on detection probabil-
ity. We also tested the effects of vegetation richness, 
dominant vegetation species (a categorical dummy 
variable using terrestrial grasses as the reference, due 
to their association with marginal habitat), presence/
absence of pickleweed, presence/absence of HTEV, 
presence/absence of terrestrial grasses, and distance 
from the patch perimeter on occupancy (Supple-
mentary Table S2). We used mixed-effects modeling 



2058 Landsc Ecol (2023) 38:2053–2067

1 3
Vol:. (1234567890)

in the R package ‘ubms’ (Kellner et  al. 2021) with 
site as a random intercept (to account for potential 
non-independence of stations within sites) and fixed 
effects for all detection and occupancy predictors. 
We assessed model performance using leave-one-out 
information criterion (LOOIC), which is analogous to 
AICc but is derived from the expected predicted log 
density (ELPD) rather than the log-likelihood (Kell-
ner et al. 2021).

Local extinction modeling

To evaluate factors associated with local extirpation 
of salt marsh harvest mice, we surveyed museum col-
lections to document marshes where this species was 
known to occur historically, and we treated these ear-
lier documentations as representing a first “season” 
of data in a dynamic occupancy model (MacKen-
zie et  al. 2003). We documented 14 geographically 
distinct capture locations between 1938 and 1959 
(Supplementary Table  S3), for which species iden-
tity was verified genetically (by sequencing a small 
fragment of cytochrome b; sequencing methods in 
Statham et al. 2016). We used the SFEI EcoAtlas His-
torical Baylands dataset to determine the boundaries 
and calculate patch size of historical marsh patches 
(SFEI 1998). We used our non-invasive survey data 
from modern patches that fell within the boundary of 
a historical marsh patch to represent a second “sea-
son”. If salt marsh harvest mice were detected at ≥ 1 
modern patch(es) within the boundary of a historical 
marsh patch, it was considered occupied in the mod-
ern season.

To facilitate compatibility with our modern data 
set using two survey intervals, we assumed perfect 
detection and full occupancy of two survey inter-
vals for historical marshes (i.e., first-season detec-
tion history of “11”, implying two survey attempts 
both resulting in detection). We applied dynamic 
occupancy modeling (MacKenzie et  al. 2003) to 
estimate the effects of four predictors on extinction 
probability: (1) percentage of remaining marsh habi-
tat within the extent of a historical marsh patch, (2) 
area of the largest remaining marsh patch within the 
extent of a historical marsh patch, (3) proportion of 
a historical marsh patch converted to modern urban 
land cover, and (4) area of a historical marsh patch 
(Supplementary Table  S2). Next, we constructed 
multivariable models based on hypotheses that salt 

marsh harvest mouse extinction was associated with 
combined effects of (1) historical patch size and the 
size of the largest modern patch, (2) historical patch 
size and the percentage of remaining marsh, (3) his-
torical patch size and percentage of modern urban 
land cover, (4) percentage of remaining marsh and 
percentage of modern urban land cover, and (5) per-
centage of remaining marsh and the size of the largest 
modern patch. All dynamic occupancy models were 
constructed using R package ‘unmarked’.

Results

Patch occupancy modeling

Non-invasive sampling detected salt marsh harvest 
mice at 24 of 47 patches (Fig.  1; Supplementary 
Table S1). The single session detection probability at 
the patch level (p) was 0.949. Neither tide height, sur-
vey effort, nor survey interval substantially improved 
detection probabilities over the null detection model 
(ΔAICc < 2; Supplementary Table  S4), so all patch-
occupancy models used the null detection probability. 
Patch size was best modeled with no buffer, although 
incorporation of a 50-m edge effect was similarly 
supported (ΔAICc < 2; Supplementary Table  S5). 
Patch connectivity and matrix urbanization were most 
predictive at the 1-km buffer size.

The best-ranked univariable occupancy model was 
connectivity (i.e., p[.]Ψ[Connectivity]), followed by 
patch size (Table  1A). Additionally, four other uni-
variable models outperformed the null occupancy 
model (ΔAICc > 2). Among univariable models, con-
nectivity accounted for ~ 97.0% of AICc weight, fol-
lowed by patch size, accounting for 2.4% of AICc 
weight. Occupancy probability was positively related 
to patch connectivity and patch size, and negatively 
to matrix urbanization, terrestrial grass habitat, detec-
tion frequency of western harvest mice, and vegeta-
tion richness. When these variables were incorpo-
rated into backward-stepwise multivariable models 
the top-scoring model related the probability of occu-
pancy positively to patch size and connectivity, and 
negatively to terrestrial grass habitat (i.e., p[.]Ψ[Patch 
Size + Connectivity + Terrestrial Grasses]); β coef-
ficients of all three predictors did not overlap zero 
(Table 2A).
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Based on univariable occupancy models, predicted 
patch occupancy exceeded 0.50 under the following 
conditions: (a) patch size exceeded 25  ha (Fig.  2A; 
Supplementary Table  S6), (b) patches were sur-
rounded by > 16% marsh (i.e., within a 1 km buffer; 
Fig. 2B), and (c) the matrix was composed of < 48% 
urban land cover (Fig.  2C). Predicted occupancy 
exceeded 0.95 (a) when patch size was > 72 ha, or (b) 
when patches were surrounded by > 37% marsh, but 
even as little as 1% matrix urbanization precluded an 
occupancy estimate ≥ 0.95 (Fig. 2).

When we assessed the conditional prob-
ability of patch size on occupancy of a com-
pletely isolated marsh (e.g., using the p[.]Ψ[Patch 

Size + Connectivity] model with connectivity held 
at zero), patches of 72 and 128  ha corresponded to 
0.50 and 0.95 occupancy probability, respectively 
(Fig.  2D; Supplementary Table  S6). However, con-
fidence intervals were wide, with the lower 95% 
limit < 0.06 probability of occupancy even for the 
largest patches (Fig.  2D). Assessing conditional 
probability of patch connectivity on occupancy of a 
very small marsh patch (e.g., using the p[.]Ψ[Patch 
Size + Connectivity] model with patch size held 
at 1  ha), connectivity values of 26% and 46% cor-
responded to 0.50 and 0.95 occupancy probability, 
respectively (Fig. 2E). In this case, confidence inter-
vals were narrower, suggesting that connectivity 

Table 1  Covariate effects (and 95% confidence intervals) in univariable (A) patch-occupancy models and (B) fine-scale occupancy 
models for salt marsh harvest mice (Reithrodontomys raviventris)

Patch-occupancy models used null detection probability and fine-scale occupancy models used tide height as a predictor of detection 
probability. Covariate definitions are provided in Table S2. Covariate names are bolded for those whose 95% CIs do not overlap zero. 
Effect sizes and 95% CIs for all 17 categories of Dominant Vegetation (all of which overlapped zero) are provided in Supplementary 
Table S7
Knumber of parameters, logLik log-likelihood, AICc corrected Akaike’s Information Criterion, ELPD expected predicted log density, 
LOOIC leave-one-out information criterion
a See Supplementary Table S7 for effects of individual dominant vegetation types

A

Covariate Predicted effect Effect (β) and 95% CI K logLik AICc ∆AICc AICc weight (%)

Connectivity (+) 2.373 (1.039, 3.707) 3 − 28.02 62.04 0 97.0
Patch size (+) 4.940 (1.266, 8.614) 3 − 31.71 69.42 7.38 2.4
Matrix urbanization (−) − 1.315 (− 2.159, − 0.471) 3 − 33.60 73.21 11.17 0.3
Western harvest mouse (−) − 1.553 (− 2.159, − 0.471) 3 − 34.30 74.60 12.56 0.2
Terrestrial grasses (−) − 0.936 (− 1.724, − 0.148) 3 − 36.79 79.57 17.54  < 0.1
Vegetation richness (+) − 0.697 (− 1.361, 0.033) 3 − 38.06 82.12 20.08  < 0.1
High tide escape vegetation (+) 0.613 (− 0.043, 1.269) 3 − 38.58 83.16 21.13  < 0.1
None (null occupancy) – 2 − 40.51 85.02 22.98  < 0.1
House mouse (−) − 0.393 (− 1.015, 0.229) 3 − 39.68 85.36 23.32  < 0.1
Pickleweed (+) − 0.059 (− 0.655, 0.537) 3 − 40.49 86.98 24.94  < 0.1
California vole (−) 0.051 (− 0.543, 0.645) 3 − 40.49 86.99 24.95  < 0.1

B

Covariate Predicted effect Effect (β) and 95% CI K ELPD LOOIC ∆LOOIC Weight (%)

High tide escape vegeta‑
tion

(+) 1.979 (1.140, 2.917) 19.07 − 310.20 620.39 0  > 99.9

Dominant vegetation –a –a 26.34 − 322.92 645.83 25.44  < 0.1
Terrestrial grasses (−) − 0.365 (− 1.425, 0.749) 19.13 − 324.25 648.50 28.11  < 0.1
Vegetation richness (+) 0.048 (− 0.237, 0.343) 19.69 − 324.51 649.01 28.62  < 0.1
Pickleweed (+) 0.445 (− 0.453, 1.325) 19.02 − 324.62 649.24 28.85  < 0.1
None (null model) – 17.93 − 335.88 671.75 51.36  < 0.1
Distance from Edge (+) 0.003 (− 0.004, 0.009) 19.54 − 338.67 677.34 56.95  < 0.1
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conditioned on small patch size was a more consistent 
predictor of occupancy than patch size conditioned on 
patch isolation.

Fine-scale occupancy modeling

We detected salt marsh harvest mice at 150 of 314 
stations occurring within marshes occupied by salt 
marsh harvest mice. Station-level detection prob-
ability with the null detection model was 0.684. The 
best detection model according to AICc included tide 
height as a covariate, which had a slightly positive 
effect on detection (Supplementary Table S4). There-
fore, we used tide height as a detection predictor in all 
fine-scale occupancy models.

The best-ranked univariable fine-scale occupancy 
model associated occupancy positively with high tide 
escape vegetation (HTEV; i.e., the p[Tide Height]
Ψ[HTEV] model) and accounted for > 99.9% of the 
LOOIC weight among univariable fine-scale models 
(Table 1B). HTEV was the only covariate that had a 
significant β coefficient in fine-scale occupancy mod-
els, although four other univariable models showed 
improvement over the null model (ΔAICc > 2). 
Within these models, all predictors had 95% CIs that 
overlapped zero; the presence of pickleweed had a 

moderately positive effect, the presence of terrestrial 
grasses had a moderately negative effect, vegetation 
richness had a small positive effect, and dominant 
vegetation categories had variable but statistically 
non-significant effects (Supplementary Table  S7). 
Among dominant vegetation categories, the larg-
est positive effect sizes tended to be taller, emergent 
plants such as gumplant and alkali bulrush (Bol-
boschoenus maritima), whereas the largest negative 
effect sizes tended to be lower-lying plants, such as 
alkali heath (Frankenia salina) and marsh jaumea 
(Jaumea carnosa). When these variables were incor-
porated into backward-stepwise multivariable models 
the top-scoring model related fine-scale occupancy 
probability positively to the presence of HTEV and 
pickleweed, and variably among dominant veg-
etation types (i.e., p[Tide Height]Ψ[HTEV + Pickle-
weed + Dominant Vegetation]; Table 2B; Supplemen-
tary Table S8). HTEV was the only predictor in this 
model with a 95% CI that did not overlap zero.

Local extinction modeling

We detected salt marsh harvest mice within the 
boundaries of 10 of 14 historically occupied marshes 
(Supplementary Table  S3) and used multi-season 

Table 2  Covariate effects in the top scoring multivariable (A) patch-occupancy model and (B) fine-scale occupancy model for salt 
marsh harvest mice (Reithrodontomys raviventris)

Each model was constructed using a backward stepwise approach with a starting model that included all predictors in univariable 
models that improved AICc by > 2 compared to the null model. Patch-occupancy models were estimated in ‘unmarked’ (Fiske and 
Chandler 2011) which provides z- and p values for individual covariates. Fine-scale occupancy models were estimated in ‘ubms’ 
(Kellner et al. 2021) using a mixed modeling approach, which does not provide z-and P values, thus, 95% CIs were used to infer sta-
tistical significance. Covariate names are bolded for those whose 95% CIs do not overlap zero. Covariate definitions are provided in 
Table S2
a See Supplementary Table S8 for effects of individual dominant vegetation types

(A)

Covariate Effect (β)

Connectivity 2.47 (0.61, 4.33)
Patch size 9.72 (0.80, 18.64)
Terrestrial grasses − 2.25 (− 4.21, − 0.29)

(B)

Covariate Effect (β)

HTEV (presence) 2.32 (1.33, 3.39)
Pickleweed (presence) 0.72 (− 0.52, 1.96)
Dominant Vegetation –a
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occupancy modeling to identify predictors associated 
with marshes that had experienced extinction between 
the historical and modern “seasons”. All extinction 
models that included a predictor covariate improved 
AICc relative to the null model, although small sam-
ple size limited the precision of our models (Table 3). 
All 95% confidence intervals surrounding β estimates 
were wide and overlapped zero. The top model, 
ranked according to AICc, associated extinction prob-
ability negatively with the size of the largest remain-
ing patch of marsh within the extent of a historical 
marsh patch (i.e., modern landscapes comprised of 
smaller patches were more likely to go extinct). The 

percentage of the historical marsh converted to urban 
land cover was positively associated with extinction 
probability, and the percentage of remaining marsh 
and the historical patch size were negatively associ-
ated with extinction probability. The top univariable 
model (p[.]Ψ[.]ε[Largest Remaining Marsh]) outper-
formed all multivariable models, although two multi-
variable models resulted in ∆AICc < 2 (Table 3). All 
three top models included the largest remaining patch 
size as a predictor; one model included the size of the 
historical marsh patch and another included the per-
centage of remaining marsh habitat within the extent 
of the historical marsh patch.

Fig. 2  Effects of A patch 
size, B connectivity, and 
C matrix urbanization on 
salt marsh harvest mouse 
(Reithrodontomys raviven-
tris) occupancy probability 
based on univariable mod-
els derived from non-inva-
sive genetic survey data. 
Conditional effects of D 
patch size of a completely 
isolated marsh patch (0% 
marsh within 1 km) and 
E connectivity of a small 
(1 ha) marsh patch on occu-
pancy probability estimated 
from a bivariable model. 
Dashed lines represent 95% 
CIs and vertical dotted lines 
represent thresholds of 0.50 
and 0.95 occupancy prob-
ability
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Discussion

Salt marsh harvest mice and the area-isolation 
paradigm

Patterns of occupancy by salt marsh harvest mice 
in the San Francisco Estuary conformed well to the 
area-isolation paradigm. Our findings that patch size 
and connectivity were the two most important predic-
tors of salt marsh harvest mouse occupancy contrasts 
with findings from other studies that found within-
patch habitat quality to be more important to habitat 
specialists than spatial characteristics of patches (Ye 
et al. 2013; Poniatowski et al. 2018). Rather, our work 
adds to recent studies suggesting connectivity drives 
patch occupancy for other mammalian habitat spe-
cialists (Gardiner et  al. 2018; Zimbres et  al. 2018). 
Connectivity was the strongest univariable predictor 
and the only predictor in the best-performing multi-
variable model with confidence intervals not overlap-
ping zero. Salt marsh harvest mouse gene flow and 
movement is constrained by non-wetland habitat, 
such as open water and upland habitat (> 2 m eleva-
tion; Statham et  al. 2022). Therefore, an intercon-
nected network of marsh habitat may be particularly 
important for coping with extreme inundation events 
on fine temporal scales (e.g., to provide temporary 
refuge) and broad temporal scales (e.g., to facilitate 
recolonization and metapopulation dynamics). Patch 
size also influenced occupancy, which agrees with 
previous work suggesting that salt marsh harvest mice 

respond negatively to edge habitat (Bias and Mor-
rison 2006; Marcot et al. 2020). The effect of urban 
land cover in the matrix had a sufficiently negative 
impact on salt marsh harvest mouse occupancy that 
any such habitat precluded our models from predict-
ing ≥ 0.95 probability of occupancy. A meta-analysis 
of patch-occupancy studies found that characteristics 
of the matrix, rather than patch size and connectivity 
per se, were often stronger predictors of occupancy 
across numerous taxa with different life history traits 
(Prugh et al. 2008), including some habitat specialist 
rodents (Pita et al. 2007). Taken together, our results 
suggest a landscape of well-connected, large patches 
of marsh, with natural intervening matrix (e.g., grass-
lands, rather than urban land cover) represents opti-
mal conditions for salt marsh harvest mouse persis-
tence. Given the potential for sea level rise to change 
the marsh landscape in the San Francisco Estuary, our 
model predictions could be useful for exploring patch 
connectivity and occupancy under future climate 
scenarios.

Within-patch habitat variables

The influence of habitat on occupancy was scale-
dependent. At the broader (patch-level) scale, ter-
restrial grass was the only habitat variable that had 
a statistically significant effect on salt marsh harvest 
mouse occupancy; in contrast, the only such variable 
at the finer (station-level) scale was high tide escape 
vegetation (HTEV). The failure of HTEV to emerge 

Table 3  Performance of univariable and multivariable models of salt marsh harvest mouse (Reithrodontomys raviventris) extinction 
probability (ε) in historically occupied marsh patches

Extinction covariates were estimated from a dynamic occupancy model with an assumed detection history of “11” (i.e., two survey 
attempts both resulting in detection) in the first season and empirical detection histories from non-invasive genetic surveys in the sec-
ond season. Covariate effects on extinction probability are given for univariable models

Covariate Effect (β) and 95% CI AICc ∆AICc AICc weight (%)

Largest patch size − 44.2 (− 221.4, 133.0) 19.849 0 49.7
Largest patch size + % remaining marsh – 21.803 1.954 18.7
Largest patch size + historical patch size – 21.834 1.985 18.4
% Urban 4.72 (− 1.84, 11.28) 25.043 5.194 3.7
Historical patch size − 5.55 (− 12.25, 1.15) 26.007 6.158 2.3
Historical patch size + % remaining marsh – 26.144 6.295 2.1
Historical patch size + % urban – 26.272 6.423 2.0
% Remaining marsh − 6.13 (− 13.41, 1.15) 26.700 6.851 1.6
% Remaining marsh + % urban – 26.999 7.150 1.4
None (null model) – 34.487 14.638  < 0.1
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in broad-scale models likely reflected the presence of 
HTEV at many sites both with and without salt marsh 
harvest mice, suggesting that HTEV alone does not 
guarantee occupancy but that it is an important fea-
ture when other criteria for occupancy are met. John-
ston (1957) observed salt marsh harvest mice hiding 
in tall gumplant bushes during extreme high tide 
events, and we observed multiple occasions of mice 
hiding in bait stations placed in gumplant and other 
tall emergent vegetation during surveys that aligned 
with high tides. Together, the importance of emergent 
high tide escape habitat at fine scales and patch con-
nectivity at broad scales implies that refuge (HTEV) 
and rescue from dynamic tidal conditions (connectiv-
ity) are important drivers of long-term persistence, 
which may become increasingly important in light of 
rising sea levels (Thorne et  al. 2018). Fisler (1965) 
hypothesized that intrusion of terrestrial grasses into 
marsh habitat favored the occupancy of sympatric 
generalist rodents, such as the western harvest mouse, 
over that of salt marsh harvest mice. Our findings 
support this hypothesis at the patch level but did not 
support fine-scale avoidance of terrestrial grasses.

Management implications

We evaluated thresholds of spatial parameters that 
corresponded to 0.50 and 0.95 occupancy probabili-
ties in univariable models to provide some guidance 
for management (Fig.  2; Supplementary Table  S6). 
However, these thresholds should be interpreted criti-
cally and applied to restoration projects on a case-
by-case basis. For example, although the univariable 
patch size model estimated that 72  ha corresponded 
with 0.95 occupancy probability, if we assumed no 
connectivity among patches (i.e., using our condi-
tional multivariable patch size + connectivity model), 
then 72  ha corresponded to just 0.50 occupancy 
probability, with a lower 95% CI of just 0.06. Broad 
uncertainty in our conditional model suggests that 
large patches do not guarantee salt marsh harvest 
mouse occupancy; rather, our conditional models 
suggest that small patch size effectively guarantees 
the absence of salt marsh harvest mice if not com-
pensated by sufficient connectivity to nearby suitable 
habitat. Supporting this, a significant finding from 
our patch size + connectivity model was that even 
very small patches of marsh (e.g., 1 ha) can have high 

occupancy probability with relatively high confidence 
if they are well connected to nearby marsh habitat. 
Thus, our findings suggest that small scale restoration 
projects have a high probability of success if they are 
surrounded by a sufficient proportion of (occupied) 
marsh habitat, and that even large-scale restoration 
projects may have uncertain outcomes if they are iso-
lated from other occupied marsh habitat.

Local extinction

Although the small number of sites with genetically 
verified historical presence of salt marsh harvest mice 
limited statistical power for our extinction models, 
we believe it is important that all predictors improved 
model performance relative to the null model. Moreo-
ver, the trends we observed were broadly consistent 
with those based on our contemporary occupancy 
models. Extinction models suggested that loss of 
large patches of habitat were associated with higher 
likelihood of extirpation. The top performing pre-
dictor was the size of the largest remaining patch of 
marsh habitat, which may imply that the four marshes 
we found to be likely extirpated had crossed below a 
minimum patch size threshold. Extinction modeling 
also suggested that larger historical marshes and 
marshes that retained a greater proportion of histori-
cal marsh habitat were less likely to become extir-
pated. With regard to modern efforts to conserve salt 
marsh harvest mouse populations, our results empha-
size that smaller extant patches are more vulnerable 
to extinction.

Non-invasive monitoring of salt marsh harvest mice

Ongoing monitoring of salt marsh harvest mice 
should integrate regular surveys in small and isolated 
patches of habitat, which are likely the most vulner-
able, but have not been regularly surveyed in the past 
(USFWS 2013). The non-invasive genetic survey 
approach we used in this study has the potential to 
significantly improve survey efficiency, but its effi-
cacy had not been quantified prior to our study. Based 
on data presented in this study, bait station surveys 
were extremely effective at detecting salt marsh har-
vest mice at the patch level. Of note, we conducted 
the majority of our surveys in winter, and we do not 
yet know whether high summer temperatures would 
affect detection. Future work is needed to determine 
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seasonal effects on detection probability using this 
approach, but our results from the cold season are 
promising.

Conclusions

Salt marsh harvest mouse occupancy conformed 
to the area-isolation paradigm of metapopulation 
theory. Specifically, larger patch size and greater 
patch connectivity were associated with higher 
occupancy probability. Our models predicted that 
small, well-connected marshes were more likely 
to be occupied than larger, isolated marshes. The 
abundance of upland vegetation in marsh patches 
negatively affected occupancy at broad scales, and 
the presence of high tide escape vegetation posi-
tively affected occupancy at fine scales. Further-
more, local extirpation at four historically occupied 
sites was associated with measures of habitat loss, 
particularly the loss of large patches of habitat. Our 
findings highlight important spatial and habitat con-
siderations for future marsh preservation and resto-
ration projects targeting salt marsh harvest mouse 
habitat.
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Appendix 1
The following museum specimens were used to 
verify the historical presence of salt marsh harvest 
mice. Museum of Vertebrate Zoology (University of 
California, Berkeley): MVZ:MAMM:101731, MVZ: 
MAMM:101732, MVZ:MAMM:101733, MVZ:MA 
MM:102484, MVZ:MAMM:102485, MVZ:MAMM: 
104412, MVZ:MAMM:109726, MVZ:MAMM:10 
9731, MVZ:MAMM:109732, MVZ:MAMM:113406, 
MVZ:MAMM:121096, MVZ:MAMM:121097, MVZ: 
MAMM:124117, MVZ:MAMM:124121, MVZ:MA 
MM:124123, MVZ:MAMM:124137, MVZ:MAMM: 
124296, MVZ:MAMM:124423, MVZ:MAMM:12 
6083, MVZ:MAMM:126088, MVZ:MAMM:128656, 
MVZ:MAMM:130008, MVZ:MAMM:130010, MVZ: 
MAMM:130013, MVZ:MAMM:130014, MVZ:MA 
MM:130020, MVZ:MAMM:130023, MVZ:MAMM: 
130030, MVZ:MAMM:130042, MVZ:MAMM:13 
0044, MVZ:MAMM:130048, MVZ:MAMM:130063, 
MVZ:MAMM:130064, MVZ:MAMM:130065, MVZ: 
MAMM:130067, MVZ:MAMM:130069, MVZ:MAMM: 
130071, MVZ:MAMM:130074, MVZ:MAMM:13 
0077, MVZ:MAMM:130078, MVZ:MAMM:130079, 
MVZ:MAMM:130082, MVZ:MAMM:130083, MVZ: 

http://creativecommons.org/licenses/by/4.0/
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MAMM:130084, MVZ:MAMM:130087, MVZ:MA 
MM:130088, MVZ:MAMM:130092, MVZ:MAMM: 
130096, MVZ:MAMM:135350, MVZ:MAMM:13 
5351, MVZ:MAMM:80671, MVZ:MAMM:80673, 
MVZ:MAMM:80674, MVZ:MAMM:80833, MVZ: 
MAMM:80836, MVZ:MAMM:80837, MVZ:MAM 
M:80838, MVZ:MAMM:80839, MVZ:MAMM: 
81295, MVZ:MAMM:81298, MVZ:MAMM:81300, 
MVZ:MAMM:81301, MVZ:MAMM:81302, MVZ: 
MAMM:81303, MVZ:MAMM:87901, MVZ:MAMM: 
87902, MVZ:MAMM:87903, MVZ:MAMM:87904, 
MVZ:MAMM:94752, MVZ:MAMM:94753, MVZ: 
MAMM:94754, MVZ:MAMM:94834, MVZ:MAM 
M:96241, MVZ:MAMM:96242, MVZ:MAMM: 
96243.

Natural History Museum of Los Angeles County: 
LACM:Mamm:5219, LACM:Mamm:5220, LACM: 
Mamm:5221, LACM:Mamm:5222, LACM:Mamm: 
5223, LACM:Mamm:5224, LACM:Mamm:5225, 
LACM:Mamm:5226, LACM:Mamm:5227, LACM: 
Mamm:5228, LACM:Mamm:5229, LACM:Mam 
m:5230, LACM:Mamm:5231, LACM:Mamm:5232, 
LACM:Mamm:5233, LACM:Mamm:5234, LACM: 
Mamm:5235, LACM:Mamm:5252, LACM:Mam 
m:5253, LACM:Mamm:5254, LACM:Mamm:5255, 
LACM:Mamm:5256, LACM:Mamm:5257, LACM: 
Mamm:5258, LACM:Mamm:5259, LACM:Mamm: 
5260, LACM:Mamm:5261, LACM:Mamm:5264, 
LACM:Mamm:5265, LACM:Mamm:5266, LACM: 
Mamm:5271, LACM:Mamm:5272, LACM:Mamm: 
5273, LACM:Mamm:5274, LACM:Mamm:5275, 
LACM:Mamm:5276, LACM:Mamm:5277, LACM: 
Mamm:5278, LACM:Mamm:5279, LACM:Mamm: 
5280, LACM:Mamm:5293, LACM:Mamm:5294, 
LACM:Mamm:5295, LACM:Mamm:5296, LACM: 
Mamm:5297, LACM:Mamm:5298, LACM:Mamm: 
5299, LACM:Mamm:5301, LACM:Mamm:5302, 
LACM:Mamm:5303, LACM:Mamm:27653, LAC 
M:Mamm:27656, LACM:Mamm:27658, LACM:M 
amm:27659, LACM:Mamm:27660, LACM:Mamm: 
27662, LACM:Mamm:27663, LACM:Mamm:27 
666, LACM:Mamm:27667, LACM:Mamm:27668, 
LACM:Mamm:27806, LACM:Mamm:27807, LAC 
M:Mamm:27808, LACM:Mamm:27809, LACM: 
Mamm:27810, LACM:Mamm:27811, LACM:Ma 
mm:27813, LACM:Mamm:27814, LACM:Mamm: 
27815, LACM:Mamm:27816.

UC Davis Museum of Wildlife and Fish Biol-
ogy: MWFB-1614Z, MWFB-1616Z, MWFB-5607Z, 

MWFB-4512Z, MWFB-2781, MWFB-2782, MWFB-
3465, MWFB-3466, MWFB-4542, MWFB-4693.
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