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EXECUTIVESUMMARY

Thevulnerability of species at risk from climate chamgecognized as an important issire

California as well as globallyAssessing vulnerabilitgquires information on the longerm viability

of populations andinderstandinghe influences on that viabilitydue toenvironmentaldrivers as

well as impact®f management actionWe developed populationlynamic models to assess and
better understand the longerm population viabilityof four key, tidal marstidependent species

under a variety of environmental conditioniacluding climate change impacti the San Francisco
Estuary, each species is represented by one or more subspecies that is entirely or mainly confined
to the tidal marsh habitat ithe region: Californidlack Rai(Laterallus jamaicensiturniculug, a
California Threatened speciesli@ania Clapper Rai(Rallus longirostrisbsoletu$, a Federally
Endangered species, SaltmafSbmmon Yellowthroa{(Geothlypis trichasinuosg, a California

Species of Special Concern, and three tidal marsh subspe@esg@fSparrowall of which are

California Species of Special Concern: Alam#tisldspiza melodigusillulay > { F MdeSt Q& o
samueli$, and SuisunM. m. maxillaris.

Avalilability of habitat is a prerequisite for lotgrm viability of marsh bird populatiorend this has

been modeled ira companiorCaliforniaLandscape Conservation Cooperative project (Veloz et al.
2011). Howevemabitat alone will ensure neither resilience nor recovery of depleted and
threatened populations. Two important population bottlenecks considered hereeproductive
success and ovawvinter survival. An important component of reproductive succegsh respect to
maximizing longerm viability and enhancing population resilience is the survival of clutches and
broodsfrom egglayingto fledging in particula, nest survivamay be affected by flooding of

nesting habitat leading to inundation of nests. The second bottleneck is overwinter survival which
may be compromised when tidal marsh species are exposed to predators (e.g., herons and egrets)
during the hghest tides, if refugia for marsh birds are not available.

The study assessed future population trends and {t@rg viability due to anticipated changes in
important climatic variables: precipitation, temperature, and maximum high tides. Detailed,
medhanistic models were developed for one sg@s; tidal marsh Song Sparrowsor these
populationswe drew on extensive, lonatgrm field studies and our previous demographic analysis.

In this study we found thdbr tidal marsh Song Sparrows

e One componenof reproductive success, nest survival, decreased under cool, wet
conditions. However, a second component, the number of reproductive attempts per
breeding season, increased under cool, wet conditions. Field data indicated that cool, wet
conditions albwed for a longer breeding season.

e Nest survival also decreased with increasing extreme tides, due to flooding of Qests.
extreme tide during the breeding season diminished reproductive success for the entire
season.

e Climate models suggest thdor this region, temperature will increase and precipitation will
decreasan the future In additionsomeevidence suggests that the magnitude and
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frequency of extreme tides will increase, due to increased intensity and frequency of storms
and sealevel rise

e We modeled the impact® longterm viability and trend®f such climateelatedeffects of
temperature, precipitation, and extreme tides, building on a previously developed model of
marsh accretion for the San Francisco Estuary (Stralberg et al.. 2U&Xonsidered three
alternativesfor future sealevel risescenarios low (0.52 m/100 yrs), high (1.65 m/100 yrs),
and an intermediatalternative Our modelincorporated assumptions of sedimentation
and organic matter accumulation (Stralberg et all2pD

e Results indicate the most significant factor threatening lotgym viability were especially
high tides. Under the low sedevel rise scenario, populations are expected to increase by
5.0% or more per year from 2040 to 2060 due to high nest sunvhagr the warm, dry
conditions predicted in the future. However, under the high-E=eel rise scenario, flooding
riskto nestsincreases substantially. As a result, Song Sparrow populations are expected to
decrease by 3 to 4% per year during the same time perlddder the latter scenario,
populations are expected to decline, on average by 75% after 50 years.

e We quantified the risk of severe population decline, defined as an 80% decline over 50
years. Under the low sedevel rise scenario, such risk was vemy (c. 2% probability) but
with high sedevel rise, the risk was high (c. 60% probability).

e In addition, an extremdigh tide, even if it occurred only once every 10 years, on average, is
sufficient to substantially depress population growth rates, insneg the likelihood of
population decline, and thus preventing population recovery and/or increasing the
likelihood of local extinctionFor example, under the medium sé&vel rise scenario, the
occurrence of infrequent extreme tidesore than doubledlte risk of severe population
decling from 12% probability to 28% probability.

For all four tidal marsh species:

¢ Relatively, sort-term management actions (e.g., of a 20 year duration) can be effective in
arresting and even reversing anticipated decline&.small reduction in predation on nests
(by reducing predator populations or access to tidal marsh nesting habitat) can be sufficient
to counteract expected population declines due to climate change.

e Improvement in nest survival represents a realistic mageanent action that can modify
current population trends, leading to, or enhancing population recovery.

e Overwinter survival is also an important bottleneck and management actions may be able
to improve this parameter. Our models demonstrate changesabibty and future trends
as a result of modification to this demographic parameter.

The demographic models presented here are especially valuable in that they can:
(i) LINE GARS 3IdZARI YOS G2 YIyYylFI3ISNE NBIFNRAYI GKA
attention on,
(i) demonstrate the benefits to affected species of potential management action,
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(i)  integrate the impacts of environmental influences that may have opposing effects on
target species, demonstrating the loterm consequences to viability, and

(iv)  serve toidentify the most important data gaps with respect to letegm viability and
the efficacy of management actions. In this regard, we found that more information on
the risks and consequences of extreme storm events (leading to especially high tides
andimpacting thehabitat) is needed. In addition, more information on ovénter
survival is a priority, too.

Whereas our results are of special relevance to wildlife resource managers in the San Francisco
Estuary, the methods we have developed and descrdredapplicable to estuarine bird

populations anywhere, and thus the value of our approach extends beyond the specific species we
have modeled.Insights from our modeling can help prioritize future actfona range of species

and wetland habitats

We are making ouinteractive population modelavailableat
http://data.prbo.org/apps/sftbsir/demographyin addition, our report and computer code will be
freelyavailable to others who wish to adapur analytic and modeling approacfihis study

provides a valuable first stage toward our goal of integrating demographic impacts of climate
change with modeling of future habitat change in the San Francisco Estuary to provide an effective
decision suppd tool for managers, at théocal and regional scales
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INTRODUCTION

Climate change is expected to have a multitude of impacts on habitats and wildlife in the next 100
years(Stensethand Mysterud2002). Of all habitat types;oastal and estuarine wetlands face some

of the most severe threats, due &ealevel rise and thexpectationof anincrease irthe frequency
andseverity of storm surges and similar everiiichener et al. 199,/Day et al. 2008yermeer and
Rahmstorf 200R In addition, salinity, precipitation amdn-off are expected to change the

foreseeable future (Knowles et al. ZMay et al. 2008 Tidal marsh habitain particularplays a

critical ecological function in estuarine ecosysteorsa global, national, and regional scale

(Greenberg et al. ZWba, Zedler 201)) and therefore climatechangerelated impacts are of

particularly great concernCause for concern is especially higlthe San Francisco Estuary for two
principal reasonsFirst tidal marshhabitat supports an array of plant and arahspecies, many of

them Threatened, Endangered or of Special Concern, including many endemic species or subspecies
that have evolved adaptations to this saline environment (Greenberg et ala2086condtidal
marshhabitat has been severely alteredcdegraded, with more than 80% of the historic habitat

in the San Francisco Estuary (Suisun, San Pablo and San Francisco Bays; Figure 1) lost since 1800
(Nichols et al. 198650als Project 1999, Takekawa et al. 2008@maining habitat has been subject

to changes in salinity, invasion by noative speciesbpth plants and animals), fragmentatioand
encroachment by urban developme(®oals Project 1999)Thus, climate change impacin

exacerbate challenges already faced by plants and animalswaidmpacts carmean the

difference between the sustainability of populations and ecosystemgshe one handand

extirpation and loss of ecological function by this ecosystemthe other

Tidal marshes occupy the zone between tidal mud flats and uplaras aieove the high tide line.

As such these marshes are highly sensitivehainges in inundation patterns, whether due to
increases imglobalsea levebr due to storm eventgKirwan et al. 2010, Zedler 2010, Bayard and
Elphick 2011) Storms, in many cas associated with Elfidi events can cause water levels to

exceed predictedi.,astronomical) tides by 33 cm, as reported by Flick & Cayan (1984) or even by
70 to 80 cm. (Thorne et ah review).

Climatechange isalsoexpected to bring about chang@ssalinityin the San Francisco Estuary
(Cloern et al. 201,2which will affect plant species distribution and abundance in the marsh habitat
(Donnelly and Bertness 2001Bird and wildlife populations in turn are dependent on plant
species for foraging,nesting, roosting, andas part of the food welsupporting primary

consumers (e.g., herbivorous invertebratdakekawa et al. 20)1 Thus, birds and wildlife may be
impacted by changes in tidalarshassociated plants, reflecting changes in salinity Brundation
(Veloz et al. 2011)ps well as by the direct impact of changesiimdation,salinity and other

physical variableon vertebrate and invertebratéauna.

Of all the myriad changes expected with climate change, the most dramatic may wellrmation
of tidal marsh habitat, especially due to intense storms rasgih extreme storm surgedP@y et al
2008, whose frequency is expected to increase, at leaghenmegionalscale Hamlet and
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Lettenmaier 200yYand beyond (Mousavi et al. 2011ylarsh inundation is of concern, first, because
major storms and extreme tides can bring about Riegliure, and, second, becausaindation may

causehabitat that would normally provide refegrom predators to become unavailable to-ask
marsh specieshus enhancing predation (Evens and Page 198&ekawa et al. in pressThese
potential impacts are considered in this study.
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The seven nest monitorirgudy areagfor monitoring reproduction of tidal marsh species) are
shownin clockwise ordemwith reference to numbers1) China Cam®) Petaluma River Mouth
3)/ | NI Q a4) BdatkNd&iK Slough) Pond 2A6) Benicia State Recreation Area, afjdRush
Ranch. Also shown is habitat classification of marsh baseelative elevationwith respect to

G/ Sy iNJ ¢

{ly CNIyOAralz

mean higher high watgfMHHW;Stralberg et al. 2011)in addtion, the San Francisco Bay
Bridge divides the combinelan Francisco Bayd San Pablo Bawpto two sectims: oNorth
Bay¢ (north of Bay Bridge) an@Bouth Bag (south of Bay Bridge).

w

e ¢



PRBO Climate Change and Tidal Marsh Bird Demography

Project Objective and Justification

To assess the vulnerability of éidnarshdependent bird species to anticipated climatieangeand

to provide guidance in management to reduce such vulnerability, this project considers impacts of
environmental change on two key demographic processes that are critical to the sustayabilit
populations:survivalandreproductive successHere we have developed populatidgnamic

models to help assess the lotgym population viability of focal species of concern. The models

can be used to project population trends over time, under aeia of environmental conditions, for

each of four key tidal marstiependent species: Black Ra#terallus jamaicensisClapper Ralil

(Rallus longirostrjs Common YellowthrogiGeothlypis trichgs and Song Sparroiivelospiza

melodig. Inthe San Frecisco Estuary, each species is represented by one or more subspecies that

are entirely or mainly confined to the tidal marsh habitat in this one region: California Bla¢k. Rail

j. coturniculug which is a California Threatened species, Califdbhégoer RailR. |. obsoletus

which is a Federally Endangered species, Saltmarsh Common Yellowgroaifuosp a

California Species of Special Concern, and three tidal marsh subspecies of Song Sparrow, all of
which are California Species of Speciald@n: AlamedaN. m. pusilluld = { | YdzSt Qa o6 f a2
G2 | & &{M . samueld aBkSTisunM. m. maxillari}. These species of concern are

described in Nur et al. (1997), Goals Project (2000), Shuford and Gardali (2008), USFWS (2009), Tsao
et al. (2009), and Takekawa et al. (2011). Whereas our results are of special relevance to wildlife
resource managers in the San Francisco Estuary, the methods we have developed and described are
applicable to estuarine bird populations anywhere, and tthesvalue of our approach extends

beyond the specific species we have modeled.

To maximize the lontgerm persistence of threatened populations in the face of climetteange

impacts, information on demographic processes is required. This project fagiisegon on two

key stages of the life cyctd tidal marsh wildlifepreedingand over-winter survival Populations

are imperiled or expected to decline if either life stage is compromised. In a similar fashion,
depleted or threatened populations maylunable to recover or attain target population levels if
survival or reproductive success is impacted. A single, severe storm/flooding event during the
ONBSRAY3 aSIazy OFy ONARLILIE S GKIFG &SI NRa NBLNERJz
2011) Similarly, during the winter, an especially high tide will lead to flooding of key roosting or
foraging habitat of tidal marsh species, making them vulnerable to predators (e.g., herons and
egrets) unless higtide refugia are available (Evens and P4§86). Two such extreme events,
resulting in extensive flooding of marsh habitathe San Francisco Estuapgcurred in January

2010 and March 2011 and were documented by Thorne eirateyiew). In addition, weather
variables, including precipitath and temperature, can have direct effects on reproductive success
and survival, as well as indirect effects acting through vegetational change (Zedler 2010). Indeed,
climate scientists anticipate substantial changes in patterns of precipitation andetexipe

(Knowles et al. 2006, Hamlet and Lettenmaier 2007, Day et al. 2008, Ramirez and Jarvis 2010).
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A recently completed California Landscape Conservation Cooperative (CALCC) project, conducted by
PRBO and collaboratorbidal Marsh Bird Population athbitat Assessment for San Francisco Bay
under Future Climate Change ConditiGseewww.prbo.org/stbaysly developed scenarios of future
marsh distribution and extent in relation to anticipated de&el rise andnarsh accretion (Stralberg

et al. 2011), and then projected future marsh vegetation composition and bird populations in
relation to a set of physical variables (Veloz et al. 2011). That project focused on the anticipated
availability and suitability ofdbitat for marsh bird populations. Habitat imacessary requisitéor

the continued persistence of tidal marstependent wildlife, and information on the future

distribution and extent of habitat and the suitability of habitat to support target popatetiis very
valuable. However, habitat by itselbes not ensure londerm viability of robust wildlife

populations (Beissinger 2002, Keith et al. 2008). For this reason, we developed and applied a
modeling approach that can aid managers, agencies, #mat groups, in developing and

implementing climate adaptation strategies and other responses that will maximize thedong
persistence of threatened populations. For three of the tidal marsh species (Black Rail, Clapper Rail,
and Common Yellowthroatye developed relatively simple models that provide insights that inform
managing for the longerm persistence of these threatened populations and provide a foundation

for subsequent, more detailed modeling efforts in the future. For the fourth tidal mspgcies,

the Song Sparrow, we provide an example of a more complex, mechanistic model that incorporates
specific anticipated climate change impacts on the Hargn viability of these populations. Our
modeling provides insights into the vulnerabilitytbése species of concern to climate change by
explicitly considering their population viability at present and how viability will be affected in the
future, whether due to climate change of through management action.

Overview of Analysis and Modeling Appro ach

In this project, we have taken a tat@red approach to developing models to inform managers
regarding the future viability of populations in the light of climate change. First, we present four
deterministic population models, one for each of the fospecies, compiling and synthesizing the
best estimates of demographic parameters for each species and calibrating model results with
respect to San Francisco Estuary data. We illustrate the uses and insights provided by these
models. These models ar@eractive, so that users can make full use of their capabilities. We refer
to these simple models as firstder models, or Model 1, for short. Then, for one of the four
species, represented by the three tidal maidpendent subspecies of Song Sparrowes present

a more complex population model, one that incorporates specific ecological drivers and how they
impact longterm viability.

The more complex model for tidal marsh Song Sparrows includgexpliciteffects of

environmental changen specifiademographic parameters identified through statistical analysis of
a longterm data set, and (Ztochasticity-that is,unpredictable variabilityin demographic
parameters(Burgman et al 1993, Nur and Sydeman )9%uch stochasticity diie in part to
unpredictable variability in environmental parametdr®., uncertainty regarding future
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environmental conditions) and in part is due to variability in rates of suraivéteproductive

success, even whasmvironmentalconditions are knownWe referto this more complex

populationdynamic modet & | ENRGSANW R 2RSSt ¢ 2NJ az2RSt HX F2NJ af
developed fottidal marsh Song Sparrows to project, over the next 50 years: (i) future behavior of

the populations if current conditions were tontinue into the future, and (ii) future behavior of

the populations under several climathange scenarios. The future climafeange scenarios

include anticipated changes in precipitation and temperature, changes #eseh and changes in

the frequency of extreme high tides=inally, we use the model to (iii) demonstrate the ldéagn

impact of management actioren viability, actionshat can mitigate the deleterious effects of

anticipated climate change.

Our objective in preseing the detail@ statisticalanalysisand stochastic Model 2 fotidal-marsh
Song Sparrosisthree-fold:

(1) provide guidance to managers in assessingerabilitiestidal marshdependent species
that are expected tdace environmatal challenges in the next 50 yeanmsmore,

(2) provide guidance to managers in assessing and comparing the efficacteatial
management actions thahayincrease population viabilitgnd thus decrease vulnerability
of target species

(3)identify important gaps in knowledge througihe use and refinement of models
presented here, as well as applying our approtchther tidal marshdwelling species,
plant and animal.

Demographic parameters for population modeling of the tidal marsh species

Information on six key demographic paramegtés needed to model the dynamics of a single

population (Nur and Sydeman 1999, Caswell 2001). The parameters are:

Adult survival,

{ dZNDA DI 2F AYRAGARdAzZ fa FTNRY FfSR3IAAYy3I (2 | Rd
Probability that an adult attepts to breed per year,

Number of nesting attempts per year for breeders,

o~ 0D P

Probability that an individual attempt is successful, and
6. Number of fledged young per successful nesting attempt.

Here we consider a population that either (a) has no immigratioenoigration, or (b) immigration
and emigration balance each other. If there is net movement of individuals into or out of the
population, then this would add a seventh parameter.

Of the enumerated parametersapameters 2 and 6 are modified for the twalrapecies
considered since there is no postatching period of parental care (i.e., no nestling stagéjus, or

11
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rails, juvenile survival (parameter 2) refers to survival ftaatchingto adulthood, and parameter 6

refers to number ohatchedyoung persuccessful nesting attemptiowever, for simplicity we will

dzaS (KS aAy3atsS GSN¥Y a7Ff SR3 atether gateotnf chre indudds thit Jt & § 2
post-hatchingperiod (the two songbird species) or nahé two rail species)

Parameters 45, and 6taken togetherO2 y a G A 1dz0 S G NBLINR RdzOGA @S & dz00S & ¢
measuredNur & Sydeman 1999Fpecifically,lte product of parameters 4, 5, and &li® number

of fledged young produced per year per breeding individuaFor the ptposesof demographic

modeling, however, we must also include the probabilityadnlt attempts to breed per year

(equivalently, the proportion of adults that attempt to breed per yegparameter 3. The product

of parameters 3, 4, 5, and 6 is anntedundity of adults(Nur & Sydeman 1999, Caswell 2001)

In applying the population modelge alsorefer to productivity, which we define as annual
fecundity multiplied by juvenile survival. Thus, productivitthesnumber of offspring produced
per yearthat survive to adulthood, calculategher adult. A simplification of our models, justified
by field studies, is thave assumel I R dzf (1 Kt®igeR atagd Hyear, i.e., ongear olds of all
species are capable of breeding (see below for further discusstonspecies with delayed
maturation, one would need to consider survival of subadults as well (Nur & Sydeman 1999).

For the purposes of our population models, fuether divide Parameter 1annual adult survival

Ayid2 GaoNBSRAY3I aS-bBHBFRAFIZND Hdd ofvgnicscie Hsl @fel to

& &@2MWSING NE & dzNIBAGFf X2 (K2dAK K Amond ti& Xalragecies,y Of dzR
non-breeding season survival has only been estimated for Clapper Rail (C. Overton et al.

submitted), but we think the division of annual survival into two components is potentially useful

for managementespecially in considering specific threats or specific actiwwhikh may impact

onlyone season or the other

Overviewof approach

For both Modds 1 and 2, w evaluaterelative ratesof population performance under different

climate change scenarios and/or management optjamsistent with recommendations of

Beissinger and Westphal (1997As much as possible, we draw on published or unpuldishe

parameter values for thepeciesspecificmodek (including estimates obtained from PRBISGS,

and otherfield studies) Where information is lackingve use parameter values that, in

combination with other, better known, parameter valygsoduce thepopulation behavior

observed in recent field studies the San Francisco Bay regidrhus, we first develop population

dynamic models that reproduceurrent population trend€ & / dzNNIB gsiparboftisS f o ¢

process we also determine a combination afgmeter values that will producestdable population

ADPSdE GKS Fyydz £ L2 Lz G A Zy.0)BAfbkihen bykstudids of Ster £ | Yo R |
populations of the same species.S NBFSNJ (i2 GKSasS Fa da.1FasS a2RSft a:
avaluablebaseline.We thenconsider the population consegnces of changes in thedividual

demographic rategi.e., relative change in the six parameteaigd/or changes in the environment

that will then result in changes in speciggecific demographiparameters

12
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Population projections are shown assumingtarting population size df0,000individuals of both
sexeq(i.e., 5000 females, 5000 males) year 0 of the projectiorwhich is 2010. Ounain

objectiveis not to make projections regarding specific population size specific year in the

future, but ratherto estimatesizeof the populationrelative to the starting yearthat is, population
growth or decline Oftentimes absolute population sizevsry difficult to determine but existing
monitoring programs are wedluited to providing informaon on relative change (i.e., percent
change Nur 200§. In general, results are scalable so thatBlack Rail, instead assumingL0,000

in year O,one could start with e.g12,400individuals in year 0, corresponding to numbeBddck
Rails estimatd by Veloz et al. (2012) for the entire San Franciscd&B@ayary For Common
Ydlowthroat, instead of 10,00(@ne could start with, e.g., 11,800 individuals in year O,
corresponding to the number of Common Yellowthroats estimated for Suisun Bay (Valoz e
2012). With regard to Song Sparrows (the subject of the stochastic Model 2), 10,000 individuals
corresponds to the approximate number of this species in a simgtershed inthe San Francisco
Estuary (e.g., Petaluma RiveYye consider aingle waershed to be a especially relevargpatial
scale for a manager agency, and so the starting population size of 10,000 Song Sparrows provides
a desirable metric.

We first present Methods and Results for Model 1 for each species before presenting Methad
Results for the more complex, stochastic Model 2, developed here for tidal marsh Song Sparrows.
We conclude with a combined section on Discussion and Management Implications.

13



PRBO Climate Change and Tidal Marsh Bird Demography

PoPULATIONDYNAMICOMODEL 16FOR THEFOURTIDAL MARSHSPECIES
Methods z Model 1

Demographic Assumptions Applying to All Four Species

Two SimplificationsWe have adopted the commonly used convention of restricting the

demographic modeling to one sex, in this case, females (Caswell 2001). Females are the usual sex
chosen formodeling purposes on the assumption that, as-&ggrs, they are the limiting sex. We
assume the sex ratim the populationis 1:1. Where males may, instead, be limiting, e.g., in Snowy
Plovers (Nur et al. 2007), a population dynamic model of the dgweloped here, would be

restricted to malesHowever, for purposes of depicting model output we show the change in the
number of individuals of both sexes, assuming a 1:1 sex ratio (e.g., starting population size is
10,000; 5,000 of each sex).

As noted abve, for all four species, ongear old individuals are capable of successful breeding
(Arcese et al. 1992, Eddleman et al. 1994, Foin et al. 1997y and Ritchison 1999Furthermore,
we know of no evidence, for any of these four species, that fendiétsado not attempt to breed.
However for Song Sparrow males, there is evidence that someywae olds are not able to secure
F YOS FYRKk2NJ GSNNAG2NE FYyR INB aFt2FGSNARE o0! NDO
further justification for deeloping a femaleonly model for this species. Therefore, for the
population models presented here we assume that Parameter 3 is equal to 1, i.e., all individuals
aged lyear or more attempt to breed. This assumption is not likely to be strictly trueyafahe
four species, but we maintain that errors and/or uncertainty associated with estimating the
proportion of adults that do not attempt to breed is small compared to the errors and/or
uncertainty associated with estimation of other parameters.

Densty DependenceWe assume no density dependence with regard to demographic parameters
for Model 1 This is a simplifying assumption. While there is no evidence of detegiigndent

survival or reproductive rates for any of the four species, we cannot @xche possibilitylt may

well be that one or more of the species may exhibit density dependence due to territorial behavior
on a local scale (C. Overton, pers. comm.). Nevertheless, we have too little information at present
to incorporate density deperghce. Model results that project substantial population increases
should be viewed with caution.

Sexratio: We assume 1:1 sex ratio among offspring. Therefaeproductive success

calculated as the total number of offspring produced per breediig jper year multiplied by 0.5
and this is equivalent to the total number of offspring produced per breeding individual per year
assuming the number of male breeders equals that of female breeders

Age of first breedingWe assume all individuals (i.éemales) attempt to breed at age olfgee
above for justification)

Immigration and emigrationWe assume that any emigration is balandgdmmigration.

14



PRBO Climate Change and Tidal Marsh Bird Demography

Maximum longevity:We assume there is no maximum lifespan for these species. This assumption
is surely violated, but we argue that results are little affected by such a violation. For example, Song
Sparrows have been reported to live 12 years or n{dega from Bird Banding Lab, USF\WI$)

annual adult survival is 50% per year and is constart age, then we expect thainly 0.1% of

one-year olds will live to agél. Hence future population dynamics are little influenced bg th
assumption of no maximum age.

Species-specific values of demographic parameters

Demographic parameters were estimatedder two conditions: 1) A set of values corresponding

to current conditions, i.e., values that will produce a population trend corresponding to recently

observed trends, which we referto s/ dzNNB y G ¢ t 2 lalddf2)aiset & values 2hik S f

produce a population with a lambda of 1.0, which we refeesd . | & S¢ t 2 LJdzTdblélA 2y a2 R
lists, for each species, the parameter values used for Current Modleldes 2, 3, 4, and 5 list

parameter values used for Base ModéMhile there is uncertaintyegarding individual parameter

values for each of the species, one of the strengths of our approach is that robust population trend
estimates are available for each of the four species, based on extensive field studies of FIER)

and collaboratorsandthese trend estimates inform the Current Models

We presentspecifics for each species starting with the species with the most extensive field data,
Song Sparrows, then Clapper Rails, and finally the two species with modest field data, Black Rail and
Comnon Yellowthroat.

Song Sparrow

| SNBE 6S RSAONROGS LI N YSGSNI @I fdzSa F2Nl 2RSSt wm ¥
a 2 R S for enpiication regarding Model 2. &\fely as much as possible on intensive field studies
conducted by PRBO at seven tidalrshes in the northern part of the San Francisco Estuary, San

Pablo Bay and Suisun Bay (Figure 1).

Current Model: The three components of reproductive success were estimated based on extensive
field studies (Liu et al. 2007): over 3100 nests were mogit@ver a 12 year periodNest survival

was estimated using methods described in Shaffer (2004); the meancallidatedamong years

was 0.233. The meamumber of fledged youngper successful nest was determined from these

field data: 2.408. The astate of thenumber ofnesting attemptsis the most elusive of the three
reproductive success components. Based on intensive field studissgfelycolor-banded

females, the mean number of nesting attempts was 2.@&&d a S (i K #Mévéal 2: Field

MethoR & ¢ T 2)NWeRaBeicertairi tat this estimate underestimates the true number of nest
attempts per female, since unsuccessful attempts are difficult to identify in the field, even under
the best circumstances. Increasing this estimate by 16.7%61 Zttempts per female produced a
population growth rate that matched the recent population trend observed in San Pablo and Suisun
Bays, given all the other parameter valuesed
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Adult survivalof tidal marsh Song Sparrows is not known. We used an astibased on results

from a longterm study of colobanded Song Sparrows at the Palomarin Field Station, located 30 to
90 km from theseventidal marsh study sites. Adult survival value of 0.600 was used based on
capturerecapture analyses démales (Nuet al. 2000) We further broke down annual adult

survival into breeding season and nbreeding season on the assumption that breeding season
survival is high, i.e., 0.90. This assumption is consistent with field observations of low (but non
zero) levés of mortality of breeding Song Sparrows (PRBO unpublisiesgnile survivafor tidal
marsh subspeciegs unknown, so we used an estimate that concurs with values in the literature for
this species (i.e., Arcese et al. 1992, Chase et al. 2005)uvEml¢ survival value used (0.391),
given all the other parameter values used, produced a population growth rate that matched
observed recent trends, as determined for San Pablo and Suisun Bays (PRBO, unpublishdd).
differ slightly between San PabBay and Suisun Bdgy Current Modelwe used a mean lambda
value of 0.979.

Base model: To produce a lambda of 1.0, we increased nest survival from 0.233 to 0.246. We did
this based on comparison of our estimates with estimates of nest survivaldtben Song Sparrow
populations (Arcese et al. 1992, Chase et al. 2005). All other parameter values were the same as for
Current Model. Thus, we attributeabserved, recenpopulation decline among these tidal marsh

Song Sparrow populations to levels okhsurvival below that needed to sustain the population, a
conclusion consistent with our observations of high levels of nest failure of tidal marsh Song
Sparrows due to high rates of nest predation and extensive flooding of nests (Greenberg et al.
200@, Liu et al. 2007)Note that nest survival of tidal marsh Song Sparrows (whether 0.233 or

0.246) is much lower than that empirically observed for the other three tidal marsh species (see
below).Historically, Johng8 y Q& & G dzRé 2 F { | (1958)repore®a ngsesyirdval{ LI NNER &
rate of 0493, also suggesting that an increase from 0.233 to 0.246 under favorable conditions is not
unreasonableand could be much greater

Clapper Rail

Population trends in the North Bay and the South Bay have been ifé&agedt in the most recent

period analyzedor this study(2005H n M 1 0 @ ¢ KSNBT2NBI wekdiviobedl S &/ dzN.
for these two regions.

Current Models Reproductive success (number of female offspring produced per female per year)
in the SouthBay was assumed to be 1.855 yoiognsistent with mean value used by Foin et al.
1997) broken down as follows: Nest survival (i.e., nest success) was set at 0.371 based on
composite of South Bay Clapper Riaita (Harvey 1988, Foerster et al. 1990, aokvi&arzbach et al.
2006). Note that thesefield studies all datérom 1999 and earlier and so may not reflect nest
survival during the period of recent decline in the South Baythe North Bay, nest survival was
assumed to be 0.3®qual to overall meanalue reported previously for North Bay marshes
(Schwarzbach et al. 2006)lumber of hatched young per successful attempt was five (similar to
value of 5.3eported bySchwarzbach et al. 2006). The mean number of nesting attempts was
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assumedtobe 2. fCI LILISNJ wl Af & I NB (1y2¢6y (2 aaz2ySiAayvySa
al. 2006:46 Eddleman and Conway 1998 Sy Sa i Ay 3 Kl a 0SSy 20aSNIWSR
(Eddleman and Conway 1998While there is some uncertainty regarding values used forithdal/
components of reproductive success used for Clapper Rails, given estimates of adult survival
(below) and our assumption regarding juMersurvival, a reproductive success value of 1.855

young per adulper yearreplicatesrecentpopulation trends oberved for the South Bay population

and that of 1.95 young per adult per year replicates the corresponding trend seen for the North Bay
population Again, our objective in Model 1 was not to project future population growth rates but

to evaluateand compae effects of change in the different components (e.g., change in survival vs.

a change in reproductive success).

Annual survival was estimatieat 0.280 in the South Bdoy Overton et al(submitted) we used this
value For Current Modein the North Baysurvivalwas assumed to be 0.377, consistent with the
smaller rate of declinén this region compared to the South Bay, and a value thah@e similar to
other studiesof this speciegFoin et al. 1997Eddleman and Conway 199&nnual survival was
broken down further on the assumption that breeding season survivalappsoximately85%
proportionatelyhigher than survival during the nereeding season (fall and wintealso referred

w K

ac

(2 | &6 KPS & dZNDA B ¢ 05 | { & @d);this BréaRiowh yasaldS NI 2y S

applied to North Bay populatiorHigher overall mortality, as estimated by Overton et al.
(submitted), during the noibreeding season was due to two factors: a) the longer period of the
non-breeding season compared to thededing season (35 weeks vs. 17 weeks) and b) the higher
weekly mortality rates during the winter period compared to breeding sea3dw latter finding is
consistent with other studies thdbund little mortality during the breeding seas¢@onwayet al.
1994) Juvenile survival was assumed to be 0.3 irhbregionsof the Estuarysimilar to the value of
0.32usedby Foin et al. (1997) but reducstightly in line with lower adult survival values used
here. Note that juvenile survival rate (= 0.3) is floe period from the end of the breeding season to
the end of the winter and thus shoufpecificalljbe compared with the adult ovewinter survival

rate (= 0.473, 0.389 in the North Bay and South Bay, respectively).

The combination of demographic parateevalues usedor the two Current Modelproduced
population growth rates of 0.837 in the South Bay, and 0.962 in the Northnigeghingobserved
trends for 20052010 (PRBO unpublished).

Base Model To constructmodels with lambda = 1.0, annual adultréwal was increased to 0.4, and
juvenile survival to 0.308The same Base Model applied to North Bay and South Bay populations.
Higher adult survivebr a stable populatioms consistent with findings father Clapper Ralil
subspeciegEddleman and Cavay 1998. Nest survival was kept at 0.39, the same value as used in
the Current Model for North Bay Clapper Rails. Number of young per successful nest and number
of nesting attempts were unchanged at 5 and 2, respectively, compared to Current Mbdgl for
Clapper Rail, we assumed that negative population trestitsrfdy negative for South Bay or

wealdy negative for North Bay) wemgimarilydue to low survival rather than low reproductive
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success, based on the findings of Overton et al. (submigedBSchwarzbach et al. (2006), when
these werecompared withother studies of Clapper Rail populations.

Black Rail

Current Model:Annual adult survival was assumed to be 0.50, based on estimate of 0.53 for the
Virginia RailGonway et al. 1994 Loweradult survival for Black Rail conrpd to VirginiaRail is
O2yaAraidsSyid sAGK GKS TFT2NX¥SNRa avlItfSNIo2Re ailSo
breeding season survival and nbreeding season survival on the assumption that the former is
relatively high, i.e., 0.90. Juvenile survival was assumed to be 0.3. Such a vahsstent with
reportedvalue for hatching year Virginia Rails (0.32; Conway et al. 19825t survival was set at

0.42 based on field studies at marsh study sites (PRB@bplisiped); number of young per

successful nest was 5 (PRBO, unpublished; Eddleman et al. 1994). The number of nesting attempts
per female was assumed to be between 1.5 andba€ed on Eddleman et al. (1994) and PRBO
(unpublished) Thespecificvalue 0f1.81 nesting attempts per female was used in the Current

Model because doing so yielded a population growth rate, given the other parameter assumptions
(above), of 1.07Qthat matched observations of mean population trends for San Pablo and Suisun
Bays corhined, for 20062009 (PRBO, unpublished).

Base Model We kept all values the same as for Current Model, except decreased number of
nesting attempts to 1.59. Thus, we assumed the difference betwleenurrent, positivetrend and

a stable trend is due tdifferences in reproductive success rather than differences in survival.
Alternatively, onecould assume that Black Rails are increasing in number due to high adult survival
rather than high reproductive success. This possibility can be examined fepéaigs and the

other three tidal marsh species in the Population MotlEbolavailable at
http://data.prbo.org/apps/sfbsir/demographgnd as discusseuklow.

Common Yellowthroat

Current Model: Annual adult survival was set at 0.497, a value obtained from analyses by Institute
of Bird Populations for this species and for this region of the United Siatedable fromBP

website www.birdpop.org. We furthe broke down adult survival into breeding season and-non
breeding seasosurvivalby assuming survival during the breeding season is high, i.e., 0.90. Juvenile
survival was then set at 60% that of adult survisahilar to the valuaised for Song Sparr@wvFor
components of reproductive success, we used valuégléf nest survival and 2.73 fledged young

per successful nest attempt, both values based on field studies of tidal marsh populations of this
species (PRBO unpublished). The final component e&tgg attempts, which we assumed was
between 2 and 3 (based on GuzyrR&chison1999). The value of 2.45 nesting attempts per female
in conjunction with the other parameter values stated aboyielded a lambda of 1.033
corresponding to observed popuian trends in the San Francisco Estuary (PRBO, unpublished).

Base ModelThe base model used all the same values as Current Model except that the number of
nesting attempts was 2.3 instead of 2.45. We chose to modify number of nesting attempts because
that is the parameter that is most uncertdior this species and/or subspecieés with Black Rails,
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we assumed that current population growth, comparedatstable population, can be attributed to
relatively high reproductive success rather than high isatv Again, hese two alternatives can be
compared using the Population ModETTool.

Results z Model 1

Model 1 represents a first step in providing guidance and insights that will assist agencies and
organizations that are managing natural resourcetidal marsh habitat, especially with regard to

climate change. One use of Model 1 is to highlgituations in which population behavior is

sensitive to parameters that are poorly known (see Model 2 results, below, for a case where

parameters are betteknown).Tables 2, 3, 4, and 5 summarize each of the Mod&lYCurrent and

Base) for each of the four species.S OF £ t { K| {, bydefihitiorSptodue2aradihda of

1.0. In the Excel spreadshemintained inthe Population Model 1 Too(see
http:/data.prbo.org/apps/stbsir/demography i K SNE A a | ee¥RREAOI aS5OyAR Y
is interactive: irsectionA for each Tabl&preadsheefi.e.,in the spreadsheefior each species)

one can alter one or more demographic paramefeig in all, by specifying the percent change for

thelLJr NI} YSGSNDaAO @ t NBaa a/ I fO0dZ 6S¢ FyR GKS &LINSI
and a new lambda value, given plus x% and minus x% chatigeparameter(s).t NFaa awSaSisé
restore the original base value#f. you want to carry out another calculatioygu will need toclick

2y Ly SyLiie OSft ledz || 8¢gRon 8 KISws orlelMBsiiriate @ talget value for

one or more @rameters to bring about a desired change in lambda. Section C allows one to

graphically display alternative trends: Current trend vs. trend if productivity is increased or

decreased by 10% or trend if adult survival is increased or decreased by 10%.

Species-specific Results

Here, ve illustrate speciesspecific result$or each of the four focal speciesing specific examples
We encourage the reader to explothe 3 sections of the Todh, B, and GJeveloped for each
species available fromhttp://data.prbo.org/apps/sfbsir/demography

Song Sparrow

In part A of the Tool (illustrated in Table 2A), the spreadsheet allows one to compare the

vulnerability and population resiliency due to chang®ne demographic parameter vs. another.

For example for Song Sparrows (Table 2A), mbféase/decrease inestsurvival for Song

{ LI NNRPga NBadzZ G6a Ay yS¢g fFYoRI @lIftdzSa 2F mMdanHnp
(illustrated in Table 2AWhereas a 5% increase/decrease in adult ewanter survival results in

new lambda values of 1.0308/0.97Q&t shown) Furthermore, the samabsolute change in

lambdaapplies no matter what the baseline valaélambdais.

In particular, anodest5% relaive increasen nest survival is sufficient toirn a population
declining by 21% per year (as has beegcentlyobserved for San Pablo and Suisun Bay Song
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Sparrows) into one that is stable. In addition, the Tool can be used to evaluate counteracting
effects (e.g., decrease in overwinter survival, increase in nest survival), that is, given a specified
change in one parameter, what change in one or more other parameters is needed to counteract
that effect In section2 of this study ¢Stochastic Model oflimate Change Impacts for a Focal Tidal
Marsh Specia3, we explore the value ahanagemeninducedchanges in nest survivedr tidal

marsh Song Sparrowisat maycounteract climate change impacts.

Inpart B of Tables 2, 3, 4, and 5 we consider: Whathe new values of individual parameters
needed to bring about &ambda value different from that of Base Model (defined as lambda =
1.00)? The useinputs the desired change in lambda (relative to lambda = @)t B of each

Table depictsalternativeparameter valuesequired to bring about the desired lambdaalue, given
that the rest of the parameter values are maintained as in PafPArameter values depicted are
with respect to productivity or its individuabmponents: number of nesting attertg) nest

survival, number of fledged young per successful attempt, and juvenile survival. In addition, we
displaythe target values for survivdeither overwinter survival or breeding season survival) needed
to bring aboutthe new lambda value We alsalemonstratetarget valuegequiredif two
parametersare to bechangel simultaneouslyamong productivity, overwinter survival, and
breeding season survival) assuming the percentage change is the same for both parameters.
Song Sparrows, evdemonstratepart B of the Model 1 Tool assuming lambda will be increased 5%
(to 1.05) in Table 2Bbut any percentage change relative to lambda = 1.0 can be Ud@d may

help a resource manager evaluate whether the target value is feasible or not. For exansple, ne
survival of 0.27{Table 2Bnay be very feasibl® attain, but breeding season survival of 0.975
may not be. The bottom 3 rows demonstrate target values needed to change two of the three
parameterssimultaneously

In part C of Tables 2, 3, 4, and 5 depict graphicallghree simple demographic scenarios: (1)

Productivity is increased or decreased by a relative 10% (hothase and decreasge shown)(2)

Adult survival is increased or decreased by a relative ,1@%3) both productivity and survial are

increased or decreased by 10%ere, the 10% change is relativedarent Model values. To aid

in comparison we alsdepict thecurrent trend extrapolated into the neaterm future. The intent

here is to present future population trend and pdation size under three alternatives (increase in
paramete(s), decrease in paramet€s), or no change fromcurrentth 2 1S G OdzZNNBy (¢ G NBY
shown once one chooses one of the three options by which to change survival and/or productivity.

For Song Sprows, a given change in lambda will require a greater percent change in nest survival
than in overwinter survival of juveniles and adults, but the former may be easier to achieve
especially given the current high rates of nest failure for tidal maosiy Sparrows (approximately
77% failure rate).

Clapper Rail

For this speciesxCurrent models Table Z and3C) are specific to North Bay and South Bay
(Figure 1) For illustrationin Table 3Awe showthe effect of a 7% change in nest survival (pesit
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and negative) in the North Bay section in contrast to a 10% change in adult overwinter sarvival
the South Bay sectiorHowever, in both casesish changes are calculated relative to s@me

Gol aSé¢ Y2 RS obrresutyshéwNibtZCagp Ral papiation growth is relatively
sensitive to nest survival (as compared with ewénter survival).For examplethe effect of a 7%
change in nest survival is to change lambda by 0.042, whereas the effect of a 10% change in over
winter survival oty changes lambda by@0. This is the case whether the changeth@énest

survival and overwinter survivphrameters are both positive or both negativéhe Population

Model 1 Toobn the project websitallows one to consider a wide range of percage changes in
parameters

All else being equal, a manager wishing to increase population growth rate, e.g., turn the negative
population growth rate observed in the North Bay during 2@08.0 into a stable or growing
population,might bestfocus onincreasingnest survival rather than overwinter survival. However,
the more importantquestion isHow malleable are the different demographic parameterd=or

some species, e.g., tidal marsh Song Sparroeat, survival may be more sensitive to

environmental onditions, and in particular, more susceptible to management action ¢han
parameter such as overwinter survivaFor example, nest predation may be reduced by controlling
predators or by reducing access of predators to nests. Nest flooding may beadelyidimiting

tidal action. Thesspecificpossibilities are examined below, with respect to S8parrows in the
Model 2 section.

However, for Clapper Rajlis may be overwinter survival th& most responsive to environmental
conditions, includig anticipated climate change. Analyses by Overton et al. (submitted) found that
survival was a function of maximum tide (as measured on a weekly basis), with the effect of

maximum tide being strongest during the winter. If weekly maximum tides duringitiier were

G2 AYyONBIFrasS o0& wn OYX h@SNI2y Si | tdecedase B a dzf (0 &
relative ~16%0ne can use the Population Model 1 Tool to evaluate such an impact (not shown in
Table3). If one does, the result is that léha is decreased by @54 But by the same token, a 16%
increase in overwinter survival, will increase lambda by 0.064, which could turn a declining

population (such as in the North Bay) into a slightly increasing populafiable 3B depicts target

values needed to change the base model for Clapper Rail from 1.000 to 1.064.

Just as one can use Model 1 to consider the effect of an extreme tide, one can also use the model to
demonstrate the effect of an increase in survival due to management actiorpa@u to not

taking any action. In the case of overwinter survival of Clapper Rails, the management action may
be provision of refugia from predators during extreme high tiggSFWS 2009 able 3C depicts

the effect of a 10% change in survival and praid/ity for the South Bay populatiommpared to

0 KS & OdzNJeBR2ga520100 K&yt Rurvival is only 0.280 (see above) then a relative 10%
increase (to 0.308), even if coupled with an increase in productivity by 10% (e.g., juvenile survival
increases by a relative 10%) only dampens the decline, it will not reverse the decline. Other
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scenarios can easily be examined usingRbeulation Modell Toolat
http://data.prbo.org/apps/stbsir/denography

Black Rail

For Black Railg 5% relative increase in Juvenile survival changes base lambda.f069 to
1.0259 (as shown in Table 44).5% relative decrease in juvenile survival causes a decrease in
lambda of 0.0251n the latter caseyvenile survival declines from 0.300 (basdué) to 0.285, an
absolute difference of 0.015 terms of juvenile survival

Note that a decline in juvenile survival thys amount,0.015 will cause lambda to decline by 0.025
that isthe changewill befromlambda =1.0006 & 6 | & S foun¥e?l ® Slésest 0.0Q1o lambda =
0.976. Thesamechange in juvenile survivadn absolute decrease of 0.0l cause current

lambda of 1.G0to drop to 1.G15. For all four specieghe absolute change in lambdapknds on

the absolute change in survival or productivity, irrespective of the original value of lambda. Thus,
the Population Model 1 Tool can be used to explain or understand changes in population trends
past, present, anduture trends.

Todemonstratethe versatility of the Model 1 Tool, in Table 4B we consider what combination of
parameters might cause lambda to decrease by 5. example, a decrease in number of young
per nesting attempt, from 5.0 to 4.50ould cause lambda to decrease by 5%. Fewanyg per
nesting attempt reflects either a smaller clutch size or lower hatching success.

In Table 4C we display the expected population growth rates if productivity were to increase or
decrease by 10%, compared to current trend$ws,Black Rapopulaions in San Francisco Estuary
appear to be robust, at least if current trends continue. Current trends (Table 4A, 4C) indicate an
increase of 7.0% per year. Furthermore, even if productivity were to decrease by 10%, the
population still shows an increagj trend, though only slightly so, suggesting low vulnerability of
this species compared to Song Sparrow or Clapper Rail.

Common Yellowthroat

We illustrate the Model with a 10% change in number of nest attempts (Table 5A), which causes
base lambda to inease or decrease by 0.0%he number of nest attempts per year may reflect the
length of the breeding season, which in turn may depend on vegetation characteristics (see Model
2, below, for further discussion).

Like Black Rails, adult survighiCommonYellowtlroats is close to 0.5, and therefore given
percentchangein productivityis as influentialasa comparablehange in annual survivalgain

the critical questions are: Will changes in environmental condition have as strong an effect on one
parameter as another? To what extent can management actions influence these parameters? The
modeling tool helps managers focus on these key questions.

We illustrate part B of the Tool, by considering the target values if lambda is to be increased by 5%
from 100 to 1.05. The target of 3.0 fledged young per successful nest attempt may be feasible
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achieve(Table 5B), but altering only breeding season survival would require achieving 99% survival

which hardly seems feasiblé=inally, dr Common Yellowthroat a 10% decrease in adult survival
would be sufficient to turn the current, increasing trend into a declining trend (Tabler'6G3.the
tidal marsh Common Yellowthroats demonstraténerability, as indicated by future population
growth, to relatively mall changes in ovewinter survival or any of the three components of
reproductive success.

Summary

Ore of the strengthsof the PopulationModel 1 Tool is thait can facilitate comparisons among
species, as well as consider environmental change thatinflaggnce more than one specie#.is
interesting thatwith respect to modifications of the Base Modise impact of a change in adult
survival is similar to that of a change in juvenile survivad dnange irany single component of
reproductive sucess fortwo speciesBlack Railand Common YellowthroatThis is sbecausefor
thesetwo speciesadult survival is about 50%ience if lambda = 1.0, as in the Base Model, then
survival + productivitytle second ternbeing the product ofeproductivesuccesandjuvenile
survival) = 1 and therefore survival = productivity = 0.5.

For Song Sparrows, changes in adult survival have greater impadhthaame percenthange in
juvenile survival or reproductive succds=causeadultsurvival is 0.60Fa Clapper Railsn
contrast,changes in adult survival have less impact ttirensame percenthanges in juvenile
survival or reproductive success because survival is presumed to be 0.40.

Keep in mind thaadult survival has two components, breeding swasurvival and notreeding
AaSIazysdya@SND & dz2NDA G @ ¢KdzA>X AT Fyydz f

a dzNIJ A

because one or the other is increased by 10%, or, for instance, both are increased by 4.88% (1.0488
x 1.0488 = 1.10Bimilaty, reproductive success has three components. Increasing each component

by 10% is equivalento increasing overall reproductive success by 33.1% (1.331 2)(1.1)
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MODELZ2: STOCHASTIAVMIODELOFQLIMATE CHANGEIMPACTSFOR AFOCALTIDAL
MARSHSPECIES

Where there is more information regarding demograp parameterghan was the case for the

Model 1 resultsit is valual® to consider more realistignd detailedmodels. Here we present a

onext steg model, Model 2, for tidal marsh Song Sparrows. We hawsaithis species to model
because tidal marsh populations have been intensively studied by PRBO since 1996 (Nur et al. 1997,
Spautz et al. 2006, Spautz and Nur 2008a, Spautz and Nur 2008b, Liu et all2OBéxeveral
recentstudies where climatic pameters are used to predict amount of suitable habitat in the

future (e.g., Maschinski et al. 2006eith et al. 2008AielloLammens et al. 20)lherewe

incorporate climate change effects on population dynamictheftarget specietidal marsh Song

Sparrow by modeling demographic parameters as functions of climate variables and maximum tide
height, while incorporating unpredictable (stochastic) variation in these parameter values

Model 2draws onthe same adult survival and productivity parametessimatedfor Model 1 of

tidal marshSong SparrowsHowever,in Model 2, these demographic parameters are assumed to
vary in time and in response to environmental condition&stimates of mean parameter values,
their variance over time, and their dependsmon environmental conditions, ard aiformed by

t w. R29ear study of breeding tidal marsh Song Sparrows (Greenberg et al. 2006b, Liu et al.
2007). The two key features of Model 2, in contrast to Mddere that demographic parameter
values can deend on specific environmental variables (reflecting climadeiablesand tide height),
which are likely to change in the future, and that futwlemographigarameter values are
stochastic (i.e., only partly predictablehe population dynamic modeldsgoped(Model 2)is

then applied to multiple scenarios representing alternative future conditions (e.g., differences in
sealevel rise or extreme events), as well as incorporating management actions that will influence
environmental conditions or the dengpaphic parameter values in the future.

We firstdetermined the statistical relationships of individual demographic parameters (nest
survival, etc.)n relationto the five environmental variables using thitensive field data collected
(from 1996 to 200Y, and then incorporated this information, modelifigture environmental
conditions, undemultiple scenarios In this manneme predictedthe resultingfuture demographic
parameter valuesindsimulatedpopulation trajectores based on projections dhe future
environmental conditionsWe thus quantified future population viability arstcharacterize
population vulnerability to change in future conditions.

Scenarios Evaluated

The stochastic population model was run under eleven scenarios summarizsdriden Table 6
Methodological details are presentedthe following section

Scenario CCurrent Conditions ContinueEnvironmental conditions continue in the future
consistent with recent years. For this scenario we used PRISMfolateniperature,
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precipitation) and NOAA daté#of tides) from 1996 to 2007. Year to year variation in
environmental conditions reflects a constant mean value (the recent historic value) plus
stochastic variation around that value, as determined from the period 192007 for each
marsh location. Thus, the baseline value was constant (no trend in environmental variables).

The next six scenarios all incorporated climate change but no management action. Specifically, in
Scenarios$s1, S2, S3, SX1, SX2, and S»8, we usedstandard climate changerojections of future
temperature and precipitation, as describaddetailbelow. Future temperature and precipitation
were modeled in the same way for all these scenarios. However, tides experienced by breeding
tidal marsh Song Sparrows were modeled under six different assungtibide levels experienced

by breeding birds reflected not only Skselrise, but also anticipatetharshaccretion (Stralberg et

al. 2011 Veloz et al. 2011}uture temperature and precipitain conditions for all futureclimate-
condition scenarios (all scenarios except ScenariosG,avid M2) were based on best available
models as described below.

Scenario 9, Low Sed_evel Rise Future tides experienced byeedingtidal marsh Song
Sparows were incorporatedn the modelassuming global selavd rise of 0.52 m ovea 100 yr
LISNRA 2 RZ A -4bRldbise(Siatbergset al. 2051)

Scenario £, Medium Seal evel Rise Future tidesaffecting breeding tidal marsh Song
Sparrowswere ircorporated assuming global séave rise of 1.08 m ovea 100 yr period, i.e.,
G YS RA dzeel rigeS |

Scenario $8, High Sed_evel RiseFuture tidesaffecting breeding tidal marsh Song Sparrows

were incorporated assuming global siead rise of 1.&E moveramnn & NJ LISNR 2R3> A ®Sd
level rise(Stralberg et al. 2011)

b23S GKI 4 S@S26 wih &1S¢] SHFR  aw MEKE afd §3, 8Ig0ISMISIBAM-

3, and M4) incorporate the same sdavel rise assumptions as was modelethe PRBO SLR

Y2RSt O6{ 0N} tO6SNAB SiG | fd HnmuS IS SdsmpiicBused hedied H A MM
(Scenarios@and ¥2)g | & SEIl OGft e AyGdSNY¥YSRAISedevalBifes SSy &l A3
assumptiors. All future SLRscenariosn this stidlydza SR G KS | aadzYLJiAzy 2F af 2
O2yOSY iGN GA2Yyé YR aft2¢ 2NAFYAO YIGGSNI I OOdzy dz |

The next threescenarios are the same as Scenafids S2, and S3, except that we also considered
infrequent but very hgh tides. There is accumulating evidence that more extrewsats, such as
unusual storm surges will be more common in the futimecoastal wetland¢Cubasch & Meehl
2001,Zedler 2019 Thus, we modeled the following scenarios in which a tide of 26aurred on
average once per decagpotethat such an event was independent of presumed-kaeel rise 2.5

m represents a tide height that 18 mhigher than the highest breeding season tides recently
recorded at tide gauges used in our analysisthWiedium to high sedevel rise water levels
equivalent to a tideof 2.5 m or more, though unusual now, will become more common (Cayan et al.
20M), andas demonstrated in this study (see below).
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Scenario SX, Low Sed_evel Rise plus extreme tidesSane as Scenari§-1 but with extreme
tides added.

Scenario S}, Medium Sealevel Rise plus extreme tidesSame as Scenar&2 but with
extreme tides added.

Scenario S8, High Sed_evel Rise plus extreme tidesSame as Scenar®3 but with extreme
tidesadded.

ScenariodM-1 to M-4 considered impact dflanagementAction. Management action either
increased nest survival (e.g., by lowering predation rates) or restricted the highest tides
(presumably through physical barriessimpedments). For Scenaridd-1, M-2, and M3 we
assume thatthrough management actiomest survival was enhanced. This couldabeomplished
by reducing predator populations, reducing predator access to nexisicing the ulnerabilityor
conspicuousnessf nests to predatrs, or throughother means of reducing nest failure. In
contrast, inScenaridM-4, maximum tidesluring the breeding seasomere cappede.g., by
building sea walldt 2.3 m near the current observed maximum

ScenarioM-1, CurrentClimateConditions Contiue; nest survival increased by 10.0%&lative

increase) from 2018p until, but not including, 2035A moderate increase in nest survival is
implemented, over aelativelyshort period (20 yr)We assume that it will take several years
before nest surwial can be enhanced though management action.

Scenario M2, CurrentClimateConditions Continue; nest survival increased by 5.6%tative
increase) from 201:2060. A smadr increase in nest survival is implemented, but over a longer
period than for M1.

Scenario M3, High Sedevel Rise; nest survival increased by 10.Q®ative increase) from
2015up until 2035 We model the impact of high séewvel rise over the 50 yegeriod as in
Scenarids3, but with an additional moderateincrease in nest suival over a 20 yr periods in
Scenaridv-1.

Scenario M4, High Sedevel Rise; maximum tides are capped at 2.3frmm 2035 to 2060.
Thisscenario is the same as Scend®i8, but with addition of management action that limits
the highesttides.We assme that it may take some time to reduce maximum tidegy., by
construction of barriers to tidal actigralteration of marsh topography, or other actigrience
the implementation of management in 203%-urthermoreijt is only in later years that tides
above 2.3 m are encounterelativelyoften. We did not model the effect of reducing
maximum tides on juvenile or adult survival, only on nest survival.
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Methods z Model 2

Model 2 is built on the demographic analysdsiatafrom the 12year study of tidl marsh Song
Sparrows describenh detail here

Methods for Nest Monitoring

Field biologists searched for and monitored nestg atarsh sites in San Pablo Bay and Suisun Bay
(Figure 1) The following summarizes nest monitoring methodologgditional iformationin Liu et

al. 2007).Nesing attempt were located at all stagesgstconstruction, egdaying, hcubation,

and nestling periods All known nests were monitored using a standard protocol (Martin and
Geupel 1993). Nests were usually visitedry 24 days fhedian = 3 daysange: 1 to 9 daysyith
careful attention given to minimize human disturbance. Frequent visits to nests all@lavely
accurate estimatiorof the dates of predation events as well as dates of egg laying, hatchingsf eg
and fledging of young. Nest contents were recorded at eachatigihich time he nest was judged

to either be still active (i.e., the brood had neither fledged nor failed) or no longer active (i.e., brood
fledged or nesting attempt failed).h& ulimate outcome of each nest (success or failure) was
determined based on resighting of fledged young or nest condition and behavior of the breeding
pair (Martin and Geupel 1993)Song Sparrow nestlings were banded when they were about 7 days
old with USG8umbered bands and a uniqgue combination of colored leg bands to allow field
identification after fledging. The location of each nest was recorded with a GPS. Thus we were able
to attribute to each nest climatic covariates that were spatially and temppsgecific (see below).

The above protocol was used at the 7 marsh sites over the period 1996 to 2007, for a total sample
of 3,183 nesting attemptand 12,302 nest checlscluded in the dataset analyzedrom thisdata

set, we estimatedaily nest suvivalusing the logistic exposure method (Shaffer 20&glescribed
below.

We estimatechumber of young fledged per successful attemijpbm the samedatasetused for

nest survival analysi&iu et al. 2007)To estimatethe number of nesting attempts pr breeding

pair we used a subset of the data, restricting attention to two marshes that weemsively

studied: China Camp State Park (Marin Couiitigure ) and Benicia State Recreation Area (Solano
County Figure ). We intensively searched for theests of Song Sparroand other speciewithin

2to 4 smallstudy plots pemarshd & A y (i Sy & daéh$lotigénerailyiiasonly 1 to 2 ha in area
Within these intensive plots a large proportion of breeders were uniquely d@oded which
facilitated the tracking of aindividualLJl A N & Yy S & Wa aft@mpledita fiddridi &
enumerateall nest attempts of eachreedingpair in the intensive plots.

Statistical Analysis of Song Sparrow Demographic Parameters

The three demographic parameters asmted withsurvival(juvenile survival, adult breeding
season survival, and adult overwinter survival) were incorporated into Model 2 (see below), but
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were not analyzed in relation teariation inenvironmental conditionsdurrentor future) due to
lackof specific data.

The three demographic parameteitsat constitutereproductive succeswere analyzed using the

tidal marsh Song Sparrow field dataest survival, number of nesting attempts, and number of
young fledged per successful nesting attengeg Model 1 section aboye We carried out

statistical analyss of each dependent variable in relation to four climate variables and maximum
tide height per seasonBecause each nest record included spatial coordinates, and because the
date for each nesbbservation was known, we were able to attribute individual nest records with
climatic covariates that were spatially and temporally specific and appropriate for that nest record.

On the basis of prior analysis of the tidal marsh Song Sparrow nest d&e&xiffan et al. 2011jve
began by choosinfpur environmental variables to analyze in relation to the three components of
reproductive success.

e Precipitation during the fall, winter, and spring preceding or including the breeding season
ONBTFTSNNEBR SENEI AINBOR LA G GA2y 0T GKA& O NARIoOofS
vegetation, which in turn may influence plant herbivores and affect nest concealment.

e Precipitation during the breeding season only; this variag reflectthe more direct
effect of precipitation on prey (e.g., insect abundance or activity) or effects on foraging
success or, more generally, time and energy budgets of adults or nesthragdition,
breeding season precipitation may directly affeegetation.

Precipitationdata were obtained from PRISM (2011) and were specific to the marsh study site in
guestion andestricted tothe appropriate time period (months, years).

e Minimum temperature during the breeding season, and
e Maximum temperature during the breeding season.

Minimum and maximum temperatures may indicate stress (cold or heat) on birds and/or
temperature may affect prey availability and/or time/energy budg&ata were compiled on two
temperature variables: minimum temperature during the breeding season (Mauty) and

maximum temperature during the breeding season. Temperature data were obtained from PRISM
(PRISM 2011) and were specific to the marsh study site in question.

In addition we chose a fifth variable, not previously analyzed with respect to coem® of
reproductive success:

e Height of the maximum tide observed during the breeding season.

Tide data were obtained from NOAA website (NOAA 2011), using, for each marsh site, data from
the closest of two tide stations that had appropriate and extentew series of tidal data:
Richmond, CA, or Mare Island, CA.
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Flooding of tidal marsh bird nests due to especially high tides has been noted in several studies
(Johnston 196, Takekawa et al. 2006, van de Pol et al. 2010, Bayard and Elphick 2011) and
recorded in our own field studies (Nur et al. 1997, Greenberg et al. 2006b, Liu et al. 2007). In fact,
at one primary monitoring site, China Camp, the percent of nests in a season failing due to flooding
varied from 3% to as much as 55% (PRBO, unpublisRetdentevidence suggests that risk of

future flooding of marsh bird nests, due to extreme tides and storm surges may be increasing in the
future (van de Pol et al. 201@&ayard and Elphick 201Thorne et alin review).

For number of nesting attempts peseason(analyzed per female breeder), we fit a generalized
linear model, specifically Poisson regression, using the progharin R (R Development Core Team
HAMMO ® a2zRSfta AyOfdzRSR | &Y lzéidoKe, oi rhotedftle ¢ NA I 6 f S
environmental variablesBecause of correlation between the two temperature variables we did not
include both in the same model; the same was truetha two precipitationvariables Thus, at
mostfour variables were considerad a modelmarshsite, one of two temperature variables, one

of two precipitation variables, and maximum tide height)sing this approach we identifiedarsh

site (a categorical variable), the amount of precipitation during the breeding season, and the
minimum breeding@émperature as covariates significantly affecting the number of nest attempts
and were included in th&nal predictive model. A quadratic of either continuous variable
(precipitation, temperatureyid not improve model fitas determined by AlCBecause w had

reason to suspect that number of nesting attempts per female were being undercounted (see
Model 1sectionabove, for predictive purposes we made an adjustment of increasing the model
predicted number of nesting attempts by 16.786 escribed for $my SparronModel 1).

The statistical analysis revealed thaetnumber of nesting attempts per season decreased as
minimum temperature increased, but the number of attempts increased with breeding season
precipitation(Figure 2) More nesting attemptsaflect a more extended breeding season that in
turn is favored by cooler, moist@onditions during the spring result that was corroborated by
findings of Chase et al. (2005)
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Breeding season precipitation (mm) Minimum temperature (°C)
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Figure2. Results of statistical analysis of number of nesting atteraptdreeding season
precipitation (left) and minimum temperature during the breeding season (rightidal marsh
Song SparrowsPredicted valueglight band)+ 1 S.E. of the prediction (dark shading) are
depicted.

The predicted values for number of steng attempts were incorporated in Model 2.

For nest survivalwe used logistic exposure analysis (Shaffer 2004), tlsrigpackageor the
analysis (seéttp://www.npwrc.usgs.gowesource/birds/nestsurv/index.httn Models analyzed
potentiallyincluded effects ofmarsh site, the two precipitation variables, the two temperature
variables, and maximal tide height. Again,individual model included either of themperature
varialdesor neither; the same was true for the precipitations variablesadditon, we
incorporated age of nest in analysgince we were analyzirdpily nest survival which changes
during the course of the 28ay nesting periogGrantet al.2005. Age ohest was fit as a quartic
function, the best supported polynomial fit, as determined by AfDally, we includerelative
nesting date, which was measuredasdendar date of the nest observation relativette date the
first egg was laid in a breedisgason for all nests that yearRelative date was fit as a cubic
function, also the best supported polynomialtfitthe data The best supported model included
bioyear precipitation(i.e., total precipitation infall, winter,and spring) maximum temprature and
maximum tideheightduring the breeding season, in addition to the age of nest and relative date
variables. Furthermore, a quadrat€tide height provided a better fit than linear only and so we
included theformer.

The statistical analysesvealedthat the probability an individual nesting attempt is successful
increased with maximum temperature, decreased as bioyear precipitation increased, and decreased
with increasing maximum tid@=igure3). The effect of tideon nest success undoubtgdacts mainly
through the flooding of nestieading to death of nestlings, loss of eggs, mortality of eggs and/or
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abandonment(Johnson 1956) However, the majority ofest failureoverallwas due to predation
(Greenberg et al. 2006Db, Liu et al. 2007gnék,the weather effects(temperature, precipitation)

detected more likely involve variation in rates predationon nests, such that nesare less likely
to suffer predationduring years that are warmer and with less tdbaéb-yearrainfall.

Bio-year precip. (mm) Maximum temp (°C) Maximum tide (m)
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Figule 3. Results of statistical analysisrafstsurvival probabilitws.& 6-2 8 NE LINBOA LA G I
(left panel), maximum temperature during the breeding season (middle panel), and maximum

tide height (right paneljor tidal marsh Song SparrowBredicted vales(darkband) +1 S.E. of

the prediction greyshading) are depictedNote quadratic effect of maximum tide on nest

survival.

The number of fledged young per successful attempt was also examined with Poisson regression
(usingglmin program R). Of alariables examined, optt Y NA K & A 0 S€ Thisk & &AA3IYATFA
variability was due to differences in clutch size among marsh @iteset al. 1997PRBO

unpublished. Thus, of the three components of reproductive success, Model 2 only incorporated

effectsof environmental variability (due to precipitation, temperature, and maximum tidehest
survivalandnumber of nesting attempts

Adding stochasticityo Model 2

For three parameters, Model 2 used mean values, as explained for Model 1 (see, dobvedh

the addition of stochastic variation around the mean values. These parameter values and
associated variances are listedTliable 7 Mean adult survival was 0.600 (based on Nur et al. 2000),
divided intobreeding season survival 0.90 andneannon-breeding season surviva 0.667. We
treated breeding season survival as a cons{a.90) in all simulationsut for non-breeding

season survivalre incorporated annual variation, such thab = 0.066{.e., 10% of the mean

value). This value is corssent with estimates of annualariation in female survival for Palomarin
Song Sparrows (Nur et al. 2000). ¥amation injuvenile survival we usedSD =10% of the mean
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juvenile survival.Fornumber of fledged young per successful attempte used theobserved
between year variation in mean number of fledged young per yedculated as betweegearSD
using the full dataset on tidal marsh Song Sparrowsusegachmodelsimulationin each yeadrew
a parameter valuérom aprobabilitydistribution for eachof three parametes: overwinter survival,
juvenile survival, and number of fledged young per successful attemifht the specified mean and
SD Table 7.

For nest survival and number of nesting attemyts incorporated stochasticity in parametealues

as well, but in a more complex manner. Unpredictable variation in these two parameters reflected
two components: (1environmental stochasticityand (2) residual stochasticity in parameter values
not accounted for by environmental conditions, winiwerefer to ascdemographic stochasticity ®

2§ o083y ¢6AGK SaGAYIFGSEa 2F adGz2alf adt20KlFradAoOAGe
which was determined from the estimate of variance among years in each of the two parameters.
We thenpartitionedthis total varianceinto two components The first is theariation in

demographic valuedue to year to yeavariability in environmental variables aroutite expected
(baselineenvironmentalvalue. We know that precipitation, temperature and tidegr the 12

year time sparof the studyall variedaround their baseline valugsom one year to the next That
annualvariability in turn induced variation in nest survival and number of nesting attempts per
year. The second component is additional vamiain demographic parametersot due to

variation in the specified environmental variabléBo estimate this second component, we
subtracted variance due to environmental stochastieityne(i.e., first componentjrom the total
variance among yearhg latter reflectingeffects of both components,e.,environmental and
demographic stochasticity). The valdestotal stochasticity and demographic stochastictg

shown inTable 7

To validate our assumptions of mean values and associatedncedor the six parameters we ran
simulations(n = 500)n which there was no change in baseline values: for each parameter, the
simulation drew from a distribution with specified, fixed mean and a SD around that (abé 7
that corresponded to theotal betweenyear variation (due td®oth environmental stochasticity and
demographic stochasticity)Population trajectoryof the simulationbtained in this mannewas
consistent with observations of year to year variation in total population size andderdss time
for San Pablo and Suisun Bay Song Sparf®®RBO unpublishedhe observed trend being a
decline on average of ~2.1% per year

In other words for the validation exercise we assumeshstant baseline valuebut with
stochasticity addedo the constantbaselinevalues. However, for scenario evaluation (see
description of the 15kcenarios abovand Table § we incorporated changes in baseline values for
each parameter as dictated by the scenario, and added stochasticity to the new basdlies.

To summarize the incorporation of stochasticityzor three of the parameters, in each year of each
simulation, we randomly chose a demographic parameter value from a probability distribution with
specified mean and SD (see above; dlable7). This was the case f@adult nonbreedingseason
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survival, juvenile surviva] andnumber of fledged young per attempt Fomest survivalfor each

year of each simulation, we first determined the values of environmental variables based on the

expected value$or that scenario (vith respect to assumptions of precipitation, temperature, and

maximum tide heightand then added additional variability in environmental values based on the

between year variation observed for the environmental variable for1996 to 289 described

above. For each simulation, we then used the statistical model for nest survival to predict that
8SINRa ySaild adNBAGLIE IAGSY GKIG &8SIFNRa SYGANRYY
stochastic) variation around the predictedstesurvival value. Faumber of nesting attemptave

dzZaSR (GKS &l YS FLIINRFOKE FANARG RSGSNN¥YAYyAYy3I GKI G
LINBRAOGAY3I GKS SELISOGSR ydzZyoSNI 2F ySadiy3a +iaasSy
then adding demographic stochasticity to the predicted value of number of nesting attempts.

Additional Details of Population Dynamic Modeling Procedure

Thestochastigpopulation dynamic moddtacksthe number of adulfemales as well as juvenile
females in eab year beginning in 2010 (year O of the simulation) and through 2060 (yeai Béje
are two time steps for each yearith reference to(1) the beginning of the breeding season and (2)
the end of the breeding seasorgtarting with the beginning of therbeding seasoin yeart, the
model enumerates the number of adult females, both those that were born the previougyesar
t-1) and are now considered adult and those adults that survived from the end of the breeding
seasornin yeart-1to the beginningpf the breeding season, yetr For each breeding seasima
givensimulation the modelthen determines thetotal number of fledged female young produced
duringthe breeding seasonf yeart. That numbers a function of the number of adult females
alive at the beginning of the breeding season and the ttpaemeers pertaining to reproduction
number of nest attempts per adult female, nest survival probability per nest attempt, and number
of fledged young per successful attemfiwoof these paramegrs(number of nesting attempts

and nest survivaPartly depend on environmental conditions aatithe same time ar@artly
stochastic.Number of fledged young per successful atterajsiohas a stochastic component, that
is,in each year of each simulati it varies around a mean value (sagove;Table 7.

90% of adult femalealive at the beginning of the breeding season in ytearviveto the end of

the breeding seasora(period of5 months). In addition, the model keeps track of the total number
of fledged female youngroducedby the end of the breeding seasam yeart, as described in the
above paragraph.

During the next time stepthe population modestarts with the total number of fledged young
produced bythe endof the breeding seasoim yeart and calculates the number thatill survive

the nonbreeding seasofi.e., survive from the end of the breeding seasottheir yearof birth,
veart,i 2 G KS 06S3IAYyYyAy3d 2adnifgati )aBichifdnctiondBeR A v 3
juvenilesurvival probabilityitself a random variableT@ble 3. Individuals that survive frorthe end

of their first breeding seasorthe year in which they were born arildged yeart) to the

beginning of the next breeding seasgrart + 1, are now one year old at the beginning of the

Q)¢
(0p))
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breeding season in their second year of liflthe model trackshis number the number ofyoung
produced in yeat that survive to the beginning of the breeding season of their second year ,of life
yeart + 1L In additionthe modeltracksthe number of adults alive at the end tife breeding
seasornin yeart that survive to the beginning of the next breeding segsaryeart + 1L These

adults survivehe seveamonth nonbreeding seasowith probability given by the adution-

breeding season survivatobability, also a random variabl@able §. The sum of the numbesf
youngproduced in yeat that survive to the beginning of theextbreeding seasom yeart + 1plus
the number of adultshat survive from the end ofhie breeding seasoim yeart to the beginning of
the nextbreeding seasom yeart + 1gives ughe number of adults at the beginning of the
breeding seasom yeart + 1 At all steps, the values of demographic and climatic parameters are
retained

All stochastic population models, for all scenarios, were started with abundances in each age class

that approximated a stable age distribution as dictated by the fecundity and survivalTatee7).

However, due to stochasticity of fecundity and survizés, actual populations will deviate from a

stable age distribution. To incorporate this realism, we simulated initial populafiores5 year

GoNBY§E LISMNRASR0 2010, under thecenariespecific assumptions of stochastic

fecundityand subA @1 f NI G Sa @ wS & dzt (i ANBOSZNER AR/MA#IOEEILISRNA R RF NP
purpose was only to produce a realistic age structure for the simulat®imulation results were

reported only from 2010, which was considered YeaN0te that, br each scen@o, population

size in Year 0 of the simulation (2010) was adjusted to 10,000sa@ssuming 5,000 females and

5,000 malesat the beginning of the breeding seasionthat year Rather than reporting change in

number of females over time, we report chgmin number of adults.

Additional Density Dependence ConsideratioModel 1, which is intended for shetérm
evaluation,assumes no density dependence. However, over the course of 50 years, as in Model 2,
it is possible that future Song Sparrow popidatlevels may become so high that density
dependence in vital rates is applicable. In the simulations, we set a maximum population size of
60,000adults (relative to 10,000 in Year 0); population numbers were not allowed to exceed this
ceiling. Given auent density of Song Sparrows, ar@hsonableassumptions regarding future

habitat availability s modeled by/eloz et al. 202), a six¥fold increase in total population seems to

be a highend estimate, a magnitude of increase that is unlikely but ptéssiihus,the approachwe
took to density dependencwas relatively simplécf. ChuAgor et al. 2011).

Future scenario models

The 11 scenarios evaluated differed with respect to their assumptions concerning two demographic
parameters, nest survival and nier of nest attempts. For ScenariGavi-1, andM-2 current
environmental conditions were assumed to continue into the future, either with (ScenslHbsM-

2) or without(ScenaridC) management action and simulation results reflect those assumptions.

Fa Scenario$1 to S3, SX1 to SX3, M-3, and M4, we made assumptiorsbout temperature,
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precipitation, and maximum tide heights, basedfature climate projections.Scenarios-3 and
M-4 included management actioss well as future climate change

Future climate projections fothe sevemest monitoring sites were extracted froastatistically
downscaled version of the CCSM3.0 Ga@tp{//gisweb.ciat.cgiar.org/GCMPayeThe climate data
were downscad to a 2.5 minute grid (~4 x 4 km) using methods described in Ramirez and Jarvis
(2010). We extracted data from the model using the Alb emission. The Alb emissions scenario is
considered a moderate scenario but projects relatively high CO2 emissiong thaifirst half of

the 21st century and then stabilizes to a mid level of CO2 emissions during the second half of the
century relative to other IPCC emission scenarios. Theasicaled climate models included, for

each month predicted means for 80 yearperiod, centered on 2020, 2030, 2040, 2050, 2060, and
2070with respect toprecipitation, maximum temperature and minimum temperature.

We fit a smoothed quadratic regression year, usinghesedownscaled modepredicteddecadal
values to obtain a funatn for theexpectedannualvaluefor temperature and precipitation
parameters. Theredictedfunction provided us with estimates ekpected (i.e., meanjalues of

the climatic parameters for each year from 2010 to 2060addition, we added a correcticfactor
so that the observedemperature and precipitatiowvalue in 2010 matched theodelpredicted
value for 2010.That is, the correction factor ensures that the predicted value of the model matches
the observed value of the climate parameter for tarting year changerelative to 2010wasthen
dictated by the predictive modelin addition, each simulation added variability around the
expected predicted value for each climatic paramebersed on the variability observed around the
baseline valuefor 1996 to 200{obtained from PRISM; see abov&pecificallyvariability around
the expected predicted value for each climate variable was equal to th@fliat variable as
observed during the periotl996-2007. Thus, future variability around aiture baseline value was
held constant.
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Figure 4. Bioyear precipitation (Oelune), Breeding season precipitation (Maty), Maximum
temperature during the breeding season, and Minimum temperature during the breeding
season for years 2010 to 2060. dided are expected values over time from doaealed GCM
(see text), white band, anghaximum and minimum valuesound expected valugyfeyband),
based on 1996 to 2007 PRISM data (see text).

Figure4 depicts expectedalues for precipitation and tempature used in all climate change
scenario simulations (Scenarig4 to S3, SXL to SX3, M-3, and M4).

Future maximum tide valuesvere obtained by adjusting the mean value of fhresentday
maximum tide by the amount ahet sealevel ris&€ in the future for each marsh site, where net
sealevel risereflectsboth globalsealevel riseand local marsh accretion (the latter as calculated in
the model of Stralberg et al. 2011; see Veloz et al. 20IL@)determine global selevel rise we

relied on the tvo SLR scenaria®nsideed by Stralberg et al. 2011: low SLR (0.52 m over a 100
year period) and high SLR (1.65 m over a 100 year period). To this, we added a third $genario
global sedevel rise dmediuneé SLR (1.08 m over a 100 year period), the Empean value

between the first two scenariosThe Stralberg et al. (2011) model estimates marsh accretion due
to sedimentation(inorganic and organi@nd thenproduces predictions of elevation relative to
Mean Higher High Water (MHHW) that reflect glbbaalevel rise and marsh accretio'WWe used
model ouput, for the years 2010, 2030, 2050, 2070, 2090, and 2&¢adk@ulated for each individual
nestsite location from the 7 marsh sites studied in 19987 (see above)Wespecificallyused the
output from the Stralberg et al. (2011) modeléstimate the change in elevation relative to MHHW
under the three SLR scenariasmder the assumption dbw sediment concentratiomnd low
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organic matter accumulatianFor this we considered years 2010 to 211fn§ a model that

AyOf dZRSR &SI NEKdzF RI GRS NY3I | ljdzZ RN GAO GNBYR A
marsh levekffect. The result was the estimated change in elevation relative to MHHW over time,

as determined for the set of nest locatis (19962007). Baseline values for maximum tide in the

future were thenmodeled ass OdzZNNBy i1 ¢ ol aSt Ay S @It dzS 2F YI EAYdzy
2007) plus the estimated change in net dewel rise over time. To thiwe added year to year

variabilty in the maximum tide experienced based on the S.D. of maximum tide observed for 1996

2007 (obtained from NOAA tide gauges)hus, for Scenari&l, S2, S3, M-3, andM-4 (see Table

6), we made the conservative assumption that maximum tides in theréuvwould be no more

variable than they have been recently. Note that we only project maximum tide for the period

2010 to 2060, though the quadratic trend over time was calculated for the period 2010 to 2110 (see

Figureb).

In addition, as with temperat@r and precipitation variablesye added a correction factor to the
future predicted valueso that model predictions for the 2010 baseline vamiatched the

observed values for 2010n this way, the average predicted value for maximum tide in 2010 was
equal to the observed valuthat year The model then predicted thehange in maximum tide

relative to 2010.

3.0-
28~
E26- Scenario
5 I High LR
z Low SLR
2, . Wedium SLR
'_
22-

| | | | |
2020 2040 2050 2080 2100
Year

Figure 5. Maximum tide height during the breeding season for 2010 to 2100 on assumption of
Low, Medium, and High SLR, together with change wadélen due to accretion (Stralberg et al.
2011). Expected value for simulations shdsolored bandsjogether withminimum and
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maximum valuesrround expected valuggn grey). Scenario§1 and SX assume low SLR;
Scenarios -8 and SX2 assume mediumlR; Scenarids3, SX3, M-3, andM-4 assume high SLR
(Table 6) Infrequent extreme tides are not shown in this Figure.

Figure5 depicts maximum breeding season tide hegimder the three different SLR assumptions

as calculated for 2010 to 211®lodel 2 used only the values for 2010 to 20&hder assumption of

low SLR, marsh elevation from 2010 to 2060 increases faster thadewedaise, hence the tide

height experienced by tidal marsh Song Sparrows declines somewhat until 2060, and then increases
from 2060 to 2110. Under medium and high SLR|eesl rise exceeds marsh accretstartingin

2010 and therefore tide heightadrease on average in all years (note that all of these scenarios
assumed low sediment concentration).

We also considexd that extreme tide events, due to storm surges on other causes, may be more
likely in the future Cubasch & Meehl 200Mousavi et al. 201)1 Scenario$X1, SX2, and S>3

were the same as Scenarif4, S2, andS3, except that for the former we added infragnt

extreme tides. Thus Scenafx1 assumed low SLR (as in Scen&rl), but with the addition of an
extreme tide of 2.5 m that occurred randomly in each year with probabil@ylO0. Likewise,
Scenario$SX2 and SX3 were medium and high SLR, butlwextreme tides added, just as with
ScenaridSX1.

ScenarioM-1, M-2, M-3, and M4 considered impacts of potential management act{@able 6)
ScenariogM-1 andM-2 used current conditions projected into the future (as in Scen@ibut in
which managment actions eithemcreased nest survival by 10% (relative increase) between 2015
and 2035 (M1) orincreased nest survival by 5.5% (relative increase) a longer period2015
through 2060 $cenario M2). Scenaridl-3 wasthe same as the High Seavel Rise Scenari®3
except that nest swival was increased by 10%etween 2015 and 2@ The additional increase in
nest survival modeled in Scenarigsl and M-2 wascalculatedafter nest survival wasalculated as
for ScenaridC the additional inoease in nest survival modeled in ScendMi@ was calculated after
nest survival was determined as in Scen&® ScenaridM-4 was the same as the High Seavel
Rise Scenarif3 except thathighest tide per breeding seaserperienced by tidal marsio8g
Sparrowswvas not allowed to exceed 2.3 m, for the period 2035 to 2080y tide height above 2.3
m was reduced to 2.3 m. Note that during the study period 1996 to 2007 the highest breeding
season tide experienced by Song Sparrows was 2.32 m.

Model Ouput

To evaluate model outcomes for each of thest&narios, we use several different ways to
summarize results of the 500 simulations per scenario. However, for illustrative purposes, we also
RSLIAOG NBadzZ Ga FNBY | &Alytian) f6r a buibdelddeafbiosi | G A S & NIz

Results of the 500 simulations were summarized using three different approaches. In the first, we
plot mean + 1 S.D. for the 500 simulations per scenario for the period 2010 (Year 0) to 2060 (Year
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50). In the secondpproach, we calculated the actual, realized population growth rate for each
simulation, determined by 10 year intervals. For each scenario, we depict thiamambda by
decade (2012020, 202er030, etc.) as well as quantiles of interest (5%, 25%, T&PO%%0) from
the results of the 500 simulations.

For the third approach, we focused on the probability that the population will decline 80% or more
compared to the starting population size over 50 years. For this, our goal was to provide a metric

that was bothretrospectiveand prospective Retrospectively, the metric assesses population size

in 2060 compared to population size in 2010; we report the proportion of simulations that

exceeded an 80% drop over 50 years. Declines that exceed this crgbdald sound an alarm

OGNBR Ftl 3¢ 41 NYAYy3IO D b23S GKFG F LILA FGA2yYy
per year, on average (lambda = 0.9683).

In addition, ve usdl this criterion (average decline of abkt 3.17% per year)p analyze ppulation
changedecade by decade, in a cumulative fashion. A population that declines at 3.17% per year,

on average, will have declined by 27.52% after 10 years, by 47.47% after 20 years, and so on. After

50 years, it will have declined by 80.0%. Ehéseshold values for-Q0 years, €0 years0-30, G

40,andOpn &SI NA ¢6SNB dzaSR (G2 AYRAOF(GS GKS LINRPoOolOACE
criterion after the specified number of years of the simulation (10, 20, 30, 40, or 50, respgctivel

Our intent in applying this criterion on a decade by decade basis wafotd.o First, we wished to
demonstrate how the probability of decline may change in the future, on a decadal scale. Itis much
more realistic to consider that climate and othemvironmental influences will change on a decadal
scale and we wished to develop a means to demonstrate that. Second, our intent was to provide a
tool for managers to evaluate the likelihood that a population, given a set of scenarios, @it be
trackg after 10, 20, 30, or 40 years, to decline by a total of 80% after 50 years. Such a tool can help
a manager plan for the future.

Results z Model 2

Scenario Results

ScenarioC. Current Conditions Conture. If currentconditions continue, Song Sparrowandie
expected to continue to exhibit population decline&.sample simulation is shown in Figére
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Figure6. A sngle, sample simulation for Scenar®@o ¢ / dzZNNBy (i [/ 2 y RDIDfo2ya / 2y
2060. The simulation begins with 10,000 individuais2010(Year 0) 500 simulations were
carried out for each scenario.

On average, the population is expected to shrink from 10,000 to fewer2t@00 by 206Figure
7). However, a sizable proportion of simulations result in extinction as early3@sR@e that we

did not allow for recolonization; thus, for a given simulation, once a population hit zero individuals
it remained at zero throughout the simulation.
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Figure7. Results of 500 simulatiorgepictingpopulation trajectoryof tidal marsh Song
Smarrowsfrom 2010 to 2060. Shown aneean number of individuais each yeafbeginning
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with 10,000 in 2010 for every simulation) ard. S.Daround the mean trajectory (grey
shading)for ScenariaCo & / dzRdnHitiris Continud.

Decade by decadéambda can be expected to be below 1 during theyg@r period(Figures).

Since current conditions are assumed to remain in place for the entire 50 years, there is no overall
change in lambda by decade. Note tR&E6 of simulations exhibited a lambtteat was very close

to 1.0 or was greater than 1id each decadefurthermore,5% of simulations had a lambda (by
decade) of about 1.08r greater Thus, population decline on a decadal scale is not assured, just
likely. Note, too, that 25% of simulationshixited a lambda of less than 0.9dalculated by decade

(Figures).

| | | | |
2010-20 2020-30 2030-40 2040-50 2050-60

Decade

Figure8. Results of 500 simulations depicting lambda as calculated decade by decade. Depicted
are, from top to bottom, 95 percentile(top bar), 75" percentile(top of grey shaed box),
median(middle bar) 25" percentile(bottom of grey shadd box and 3" percentile(bottom

bar)for the five decades from 2010 to 2060y ScenaridCo ¢ / dz2NINSB vy

The probability on 80% decline is high under this scengfagure9). After B years, 75% of
simulations exceethis criterion Even after 10 years, the simulations indicate a 60% probability
that the population will declindy 27.5% or more, that igquivalent t03.17%declineper year

After 20 years, simulations indicat€58% chance the population will have declined by 47.5%

AN ¥ oA A 9w

SEOSSRAYy 3 (GKS & NB Ror &20 year dimedpériddy Ay I ONARGSNA2Y
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Figure9. Results of 500 simulations depicting cumulative probability of population decline
decadebydecade ¢ A (K NRBRAFIEO@E G # | KNBbhBeycH pateNIhdibarioi tRey
left depicts the probability that the population will have declinggd27.5% or more by 202the
other bars depicthe probability that the population will have declined #y.5% by 2030, by
61.9%by 2040, byr2.4% by 2050, and 180.0% by 2060respectively Results are shown for

ScenaricCo & / dzNNB y (i é

Scenarioss1, S2, and S3: Effects of Low, Medium, and High Skevel Rise

We discuss these threscenaris together, since they differ onlyith respect to the magnitude of

future sealevel rise with all other assumptions the same among these tiseenarie. Recall that
thesescenaria all assume precipitation and temperature change according to the downscaled GCM
(see Methods) as shown kigure4.

Under assumptions of climate change, Song Sparrow populations are expected to do well under the
Low Sedevel Rise assumptiois¢enario 9; see Figurd 0OAfor a sample run and Figufiel Afor a
summary of all 500 simulations). That is, expectaohbers in 2060 are high (mean numlwdr
individualsin 2060 is about 40,000). Under the assumption of MediumlL®sal Risghe overall
outcome is more or less stable, but as shown in Figa& under Scenari&2, the population is
expected to declia somewhat before increasing in the last two decades (2040 to 20&@jer the
assumption of High Sdzevel Rise, we see strong declines, comparable to that seen for Current
Conditions, with the mean populaticonly about 2500 individuals.
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Figurel0. Sngle, sample simulationsf change in population number (total number of
individuals)for eachof three £enarie. Panels A, B, and C refer to Scenafids S2, and S3
(Low, Medium and High Séavel Rise).
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Figurell. Results of 500 simulationgdicting population trajectdes of tidal marsh Song
Sparrowsrom 2010 to 2060, under three scenarios of $&z&l Rise: -% (Panel A),-8 (Panel

B), and 8 (Panel Cj,e.,Low, Medium and High Séevel Rise, respectively. Shown are mean
number of ndividuals in each year (beginning wit@,000 in 2010 for every simulation) and
S.D. around the mean trajectory (grey shading).

Under Low Se&vel Rise, lambda is below 1.0 in the first decade, hitsoh @veragein the second
decade (202030, and then exceeds 1.0 in the last 3 decades, reaching 1.06 (on average) by the
fifth decade(Figurel2A). Thus, under Scenar®l we seeacceleratingpopulation growth. For
Medium Sedevel RisdScenarids2), lambda is below 1.0 in the first half thie simulation and

then exceeds 1.0, on average, in the second half of the 50 year simulgiganel2B). For High
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Sealevel Rise, lambda on average stays considerably below 1.0. In about 75% of the simulations
throughout the five decadedambda is D or lower(Figurel2Q.

21‘2 :2:2I 2|7 27I 2‘
Decade
Figurel2. Results of 500 simulations depicting lambda as calculated decade by decéaldee
scenarios Depicted are, from top to bottom, §5ercentile (top bar), 78 percentile (top of
grey shaed boy, median (middle &r), 25" percentile (bottom of grey shal boy and &'
percentile (bottom bar) for the five decades from 2010 to 20B@nels A, B, and f&fer to
Scenario$ 1, S2, andS3 (Low, Medium and High Séavel Rise).

The probability 0B0% decline igery smalifor Low Sedevel Ris€Scenarid&s1), at least by 2060
(Figure 13A) For Medium Sekevel Ris€Scenarids2), there is,by 2060 a 10%probability of80%
decline, and for High Sdaevel Risghe probability 0f80% declines about60%(Figures13 B, (¢
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For this last scenario, the probabililyK I  LJ2 LJdzf | G A 2y
consistently at about 60% across the whole {ilezade span.
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Figurel3. Results of 500 simulations depicting cumulative probability of pdjmulalecline

RSOFRS o0& RSOIFIRS: gAUGK NBALISOG G2 GaNBR Ftrk3Ié ¢
left depicts the probability that the population will have declined by 27.5% or more by 2020; the

other bars depict the probability that the popuian will have declined by 47.5% by 2030, by

61.9% by 2040, by 72.4% by 2050, and by 80.0% by 2060, respectively. Paratsl &y&er

to Scenario$1, S2, andS3 (Low, Medium and High Séavd Rise).

The positive trendor population sizeinderLow Sedevel Rise is due ta strong increase nest
survivalover the 50 year simulation (Figuid). Incontrast predicted changes in number of
nesting attemptaunder the three Scenario$({, S2, and S3) show a decreasing trenghot shown).
However, decreased tide height in the future (because marsh accretion outpacds\&taise
under Scenari®&1) and increased maximum temperatunghichis the case for Scenari&sl, S2,
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andSo X a ¢Sttt | 30KIKYIE (i HDBigHcdickard ndsSsurvival. The

predicted change in nest survival is illustrated in FigreBy 2060, nest survival under Scen&io

1 exceeds 8% whichisl Y 22 NJ A YLINR @SYSy i O2 YsiHlbebRthal 2 & O dzNNJ
values observed by Johis (1956) for tidal marsh Song SparrowsSan Pablo Bayote that it is

the increase in nest survival probability over timthat results in accelerating population growth

rate. A 1% relative increase in nest survival per year, for example, will incregsdgaldy 0.4%,

which, after 50 yearsmeans a 22% increase in lambmer that time span. Such an increase in

nest survival cawell mean the difference between substantial population decline and substantial
population growth.

M 2
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£ High SLR
ol — Low SLR
3 Medium SLR
=
0.25 -
7
| | | | | |
2010 2020 2030 2040 2050 2060

Year

Figurel4. Change irtidal marsh Song Sparromest survival from 2010 to 2060 for Low,

Medium, and High SLR (Scenafids S2, and S3). Nest survival increases dueingreased
temperature and decreased precipitation for all thregenarie. However, changes in maximum
tide height act to counteract this increase to varying degrees. Note that even under High SLR,
nest survival is predicted to increabBecause of positive influence of increasing temperature

and decreased precipitation

In contrast, for High Selaevel rise, thee is a more complex picturéAs with Low and Medium Sea
Level risethe number of nesting attempts decreases with time (doagemperature increasing and
precipitation decreasing) frorma mean 0f3.46 nest attempts in 2010 to fewer than 2.8 in 2060.
Nestsurvival increases slightly under this scendfigurel4). Essentiallythe increase in nest
survival is counteacted by the decrease in nesting attempise result isanexpectedpopulation
decline, similar to that observed under Current Conditi(senaridd). Thus, the overall lambda is
similar under Scenarids(Current Condition) an&3 (High Sed_evel Rise), but the similarity of
outcome is achieved with a different mix\edlues fomest survival and number of nesy

attempts.
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ScenarioSx1, SX2, and SX3: Sealevel Rise with Extreme Tides

Scenario$1, S2, and S3 only allowed foreffects of changes in temperature, precipitation, and
sealevelrise butdid not include the possibility of unusually high tides due to storm surges, as has
been predictedoy several studie@Cubasch & Meehl 200IMousavi et al. 2011, Thorne et ai.

review). Scenario§x1, SX2, and S>3 correspond to Scenaridsl, S2, and S3 except that we

also included infrequent (once per decade on average) unlyshigh tides. Results are shown in
Figuresl5, 16, and 17.
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Figurel5. Results of 500 simulations depictipgpulation trajectoryof Song Sparrowsom
2010 to 2060 under Scerias SXL, SX2, and S8, corresponding to Low, Medium and High
SealevelRise but with extreme tides. Trajectories showmesan number of individualsn
red) and+1 S.D around the mean trajectory depicted in grey shading. For compaacaen)ine
depictsmedianresults without extreme tides (as shown in Figufg 7B, ad 7Q.
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Figurel6. Results of 500 simulations depicting lambda as calculated decade by decade for three
scenarios with extreme tides (in red) and three scenarios without additional, extreme tides (in
aqua). Depicted in each panel, from top to bottcare 95" percentile (top bar), 78 percentile

(top of grey shaded box), median (middle bar)" p&rcentile (bottom of grey shaded box) and

5™ percentile (bottom bar) for the five decades from 2010 to 2060. Panels A, B, and C refer to
Low, Medium, andHigh Sed_evel Rise Scenarios, respectively. Panel A depicts Scendrios S
aqua and SA in red; Panel B depicts Scenarig i aqua and SXin red; Panel C depicts
Scenarios-S in aqua and SXin red.

A largeimpact of extreme tides iseen assuniglow Sealevel Rise (cf. ScenariBd and SX). For
example (Figur&5A), populatiors are expected to grow only to about 20,000 (with extreme tides)
compared to 40,000 (without extreme tides)Vith the addition of extreme tidesaimbdas
calculatedby decade are shifted down bout2% Figure 16A
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Figurel7. Results of 500 simulations depicting cumulative probability of population decline
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level rise, vith (red) and without (aqua) extreme tides. For each panel, the first pair of bars on
the left depict the probability that the population will have declined by 27.5% or more by 2020
(red with extreme tide; aqua without). The other four pairs of bars cigpie probability that

the population will have declined by 47.5% by 2030, by 61.9% by 2040, by 72.4% by 2050, and

by 80.0% by 2060, respectively. Panels A, B, and C refer fttenarios-%, SX1), Medium
(Scenarios-8, SX2) and High(Scenarios-8, SX3) Sealevel Risassumptions, respectively

For Medium Sedevel Rise, there is alsosabstantialeffect ofaddingExtreme Tides. Rather than,
on averagegrowingslightlyafter 50 yearsthe population is expectetb show if subjected to
infrequent extreme tides, net population decrea@éigurel5B). Notably, the probability of 80%

declineafter 50 yearsnore than doubles, from about 12% without extreme tides to about 28% with

extreme tidegFigurel7B.
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For High Sekevel Rise there ialsoan effect ofadding extreme tides, but it isnore subtlethan the
other two Sedevel Rise assumptior{Bigurel5C) The small effect is for two reasons: 1) Under
High Sedevel Risgpopulations are already expected to show strong declines and 2) Wheler
assumption oHigh Sedevel Rise, a tide of 2.5 m is not so unugnate, we used an absolute value
of an extreme tide of 2.5 m in Scenai8XL, SX2, and S>8). Anotable difference between
Scenarios$s3 and SX3 is seen with respect téhe probability of 80% decline: without additional
extreme tides, the probabilitgf such declinafter 50 years is about 0.60, but with additional
extreme tides, the probability exceeds 0.{Fgurel7Q.

Management Scenarios

We evaluated four management scenarioln the first twoM-1 and M2, current conditions
continue, but nest survival is enhanced, eithek®0% relative increase from 2015 to 2D only
(Scenaridvi-1) or a5.5% relative increase from 2015 to 20@enaridM-2). Summaries of
population trgectories under Scenarids, M1, and M2 are shown in Figur&8. Increasing nest
survival by 10% (from an average of 0.233 to 0.256) is effective at counteracting the population
declineobserved in Scenario(€eeScenaridM-2, Figure 18B But once thenhancement is
discontinued (in 2035), the population resumes its downward dec¢kingure 18B)the expected
population size in 2060 under Scenave2 is about 4,000 compared to 2,000 if Current Conditions
Continue (Scenari@). In contrast, increasingest survival by.5% (froman averagd.233 to
0.246)for the period 2015 to 206@o0es not prevent population decline, but it does slow the decline
substantially (Figur&8Q. Expected population size in 2060 is approximately 5,000 individuals
under Sceario M-2.
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Figurel8. Results of 500 simulations depicting population trajectwigong Sparrowsom

2010 to 2060 under Scenarios Glivand M2 (Panels A, B, and C, respectively). Each
simulation for each scenario began with 10,000 individuals i©20rajectories shown as mean
number of individuals (black band) and S.D around the mean trajectory depicted in grey
shading. For all three scenarios, future environmental conditions are the same as current
conditions. Scenario Panel Ahas no maagement action. Scenario-M(Panel Bjncreased
nest survival byt0% from 2015 to 2035 onlghown with vertical dotted linesnd in Scenario
M-2 (panelQ nest survival is increased 5.584m 2015 to 2060shown with vertical dotted line

at 2015
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The probability of 80% decline over 50 years, and by cumulative decade, is shown for Management
ScenariodM-1 and M2, in comparison with Scenar®(Figure ). These three scenarios assume

Current Conditions Continue, except for the specific managenmméstvention. There is a

noticeable difference between the nemanaged scenario (ScenafipFigurel9A) and the two
YEYyF3SYSyili aO0OSylFNA2a ¢AGK NBaLISGH ! @z GK NYWNESG KON
(Figure 19B, 19C)The probability obbserving a decline of 80% over 50 years decreases from

about 0.75 in the absence of management to about 0.55 with management. This result (shown in
Figurel9B, 19¢quantifies the benefit to managemeattion, given our specific assumptigrimit

also denonstrates substantial risk of severe decline even with management.

1.0-

0.8-
06—
04-
02-
0.0-
I I

Prob. 80% cumulative decline

o
o
|

1.0-

08—

0.6~
0.4-
0.2~
0.0~

1 1 | |
2020 2030 2040 2050 2060
Year

53



PRBO Climate Change and Tidal Marsh Bird Demography

Figure B. Cumulative probability of population decline, decade by decade, comparing scenarios
with management (Scenaridd-1 and M-2) and without management (Scenaf@y all three
scenarios assume Current Conditions Continue. For each panel, the bar on the left depicts the
probability that the population will have declined by 27.5% or more by 2020; the other bars
depict the probability that the population will have declined by atsie47.5% by 2030, by at

least 61.9% by 2040, by at least 72.4% by 2050, and by at least 80.0% by 2060, respectively.
Shown are results for Scenaffpanel A, ScenaridM-1 (panel B and Scenaritv-2 (panel C)

Red vertical dotted lines indicate initian and/or cessation of management action.

In the third and fourth management scenaritbst we modeled Scenariod/-3 andM-4), we
assumed High Sdavel Rise, no additional extreme tides, and either that nest survival was
enhanced by a relative 10.0% f@ 2Qyear period, 2015 to 203§ust as in Scenariwl-1), or that
extreme high tides were prevented (i.e., no tides could exceed 2.3 m) for the period 2035 to 2060.
These resultsdepicted in Figur@0, were instructive. Enhancing nest survival by ¥Yowas
sufficient to reverse expected population declinewder the High Sekevel Rise assumption
(compare panel®\ and BFigure20). Under ScenariM-3, the populationis expected to grow
somewhatfrom 2015 to 2035, making up for the decline from 20a@015(Figure 20B) However,
once nest survival is no longer enhanctek population declines again. Thus, the trajectories
under ScenarioM-1 andM-3 are similar(cf. Figured8 and20) even though onescenaricassumes
current conditions continue anthe other incorporates anticipated climate change (including high
sealevel rise).

In the fourth management scenarjdv-4, high tides are capped starting in 2035. The result is that,
startingfrom that year, the trajectory begins to change, first lenvg offduring the period2040 to
2049, and then showing an accelergtincrease from 2049 to 206@Figure20). Thusby 2060, the
population has regained some of its earlier declikinder Scenarid/-4, the populationin 2060is

still below its startingzalue, but neverthelesson averageexceeds 5,000 individuals, compared to
2500 or fewer individuals under Scena88 (i.e., without management)Furthermore, in some
simulations the population exceeds its starting seindicated foScenariod$l-3 or M-4 (Figure

20).
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Figure20. Results of 500 simulations depicting population trajectwigong Sparrowsom
2010 to 2060, under the assumption of High Baeel Rise, either without management,
Scenario 8 (Panel A), or with management, Scenakb8 (Panel B), and M (Panel C). Shown
are mean number of individuals in each year (beginning with 10,000 in 2010 for every
simulation) andt 1 S.D. around the mean trajectory (grey shading)ScenarioM-3 (panelB)
nest survival is increased 10% fr@@i5 to 2035 onlysee vertical dotted red lines)nd in
ScenaridM-4 (panelQ no tides above 2.3 m are allowém 2035 to 2060(see vertical dotted

red line)

The probability of 80% decline over 50 years, and by cumulative decade, is shown EndSdé+8
andM-4, in comparisomwith Scenarids3 (Figure21). These three scenarios assume Highl8eal
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Rise and no increase in extreme tides, except for the specific management intervention. There is a
substantial difference between the nemanaged senario (Scenari&3, Figure 21Aand the two
YEYyFE3SYSyid aOSyINA2a gAGK NBaLISGd Bz K NYWNHES ION
(Figure 21B, 21C)The probability of observing a decline of 80% over 50 years decreases from

about 0.60 inlhe absence of management (i.e., Scen&R) to between 0.30 and 0.40 with
managementdepending on the management scenario (Figukte 2n particulay suppressing the

highest tides (Scenarid-4) would reduce the risk of 80% decline after 50 years tly dvalf of what

it is under Scenari&3.
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Figure21. Cumulative probability of population decline, decade by decade, comparing
scenarios with management (Scenarios3Mind M4) and without management (Scenari
all three scenarios assume High $eael Rise. In Scenarie3panel B) nest survival is
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increased 10% from 2015 to 2035 only (see vertical dotted red lines) and in Sceraljoeiel

C) no tides above 2.3 m are allowed from 2035 to 2060 (see vertical dotted red line). For each
panel,the bar on the left depicts the probability that the population will have declined by 27.5%
or more by 2020; the other bars depict the probability that the population will have declined by
at least 47.5% by 2030, by at least 61.9% by 2040, by at lea8b T¥.2050, and by at least

80.0% by 2060, respectively. Shown are results for Scena@r{pahel A), Scenario-8! (panel

B) and Scenario M (panel C). Red vertical dotted lines indicate initiation and/or cessation of
management action.

Comparing reslts for scenariod/-3 and M4 reveas that, in ScenaridM-3, the risk of 80% decline
increases from 2040 to 2060 because nest survival is no longer enhanced after 2035, while in
Scenaridv-4, the risk of 80%leclinedecreasesrom 2040 to 2060 because Higst tides are
capped for the period 2035 to 2060 (Figur®.2
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DiscussioON ANMMANAGEMENTIMPLICATIONS OF THEPOPULATIONDYNAMICMODELS

Here we summarize and discuss our findjrigsboth the simple Population Dynamic Model 1 and
the more detailedSochasticPopulationViability Model 2 placing our findings in a larger context
with focus on relevance for managers

The principal objective of this study wasdain insight intdhe future viability of tidalmarsh
species that may be impacted by clireathange as well asform management action that may
counteract such environmental chang@/e have done so focusing on tidal maddpendent bird
species in the San Francisco Estudigwever, our results are applicable to many other habitats
and many ther taxg not just birds, but other vertebrates and plaras well(see,e.g.,Maschinski
et al. 2006Keith et al. 2008)

There havébeen, to date, relatively fewtudies that haveuitilized ademographic approach to
evaluating impacts of climate changa animal populations Several studies hawensidered

impacts of sedevel riseand/or climate changen available habitabr habitat suitability If carrying
capacity is reduced, as a result of climate change, then this reduction will have impbdation
demographic rates, and, ultimately lotgrm viability (Keith et al. 2008, Aiellammens et al.

2011; CheAgoret al.2011). In this study, we havbegun the process of considering the
demographic impacts of climate change, but the integratiorhafgtudy, which is not spatially
explicit, with consideration of habitat extent and habitat quality (exemplified by Veloz et al. 2011),
is the explicit goal obur next phase of work.

Even in its early stages, our study on demographic atgpaf climate hange on tidamarsh birds is
of value because, in generatudies examininghe directimpacts of climate change on survival and
reproduction have been rare. One relevant examplgravided byvande Pol et al. (2010) The
authorsdetermine theeffects of nestflooding on reproductive success shorebirds; they

conclude that the increasing risk of nest failure due to floodimiich is increasing due to climate
change hasnow reduced reproductive output of Eurasian Oystercatchers below levels ndeded
sustain populations (i.e., below lambda = 1.0). The stage is set, therefore, in the case of the
oystercatcher, to develop a populatiadynamic model that will incorporate these environmental
influenceson longterm viability, similar to what we preserttiere.

The ppulation dynamic modelindevelopedhere, whether the simple Model 1 or the stochastic
Model 2 is of value in many different way#. allowsone to:

(1) partition population growth rate into sidemographiccomponents, andhen explore the
manrer in which future environmental changes, natural or not, will impact future
population growthor decline

(2) quantify the change in population growth rate as a function of changes in the individual
components,

(3) consider multiple concurrent influences on pdation growth, which may be acting in
synergistic or antagonistic fashion,
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(4) make explicit assumptions regarding population response or parameter vaiish can
then be evaluated

(5) assess the sensitivity odsults and predictions to assumptionsaggree ofuncertainty
regarding model inputs,

(6) identify important data gaps with regard to population response to environmental
conditions or management actions, gaps that have important implications for future
viability,

(7) evaluate the effectiveness of proposathnagement actions in affecting the lotgrm
viability of target populations, and thus facilitate prioritization of potential management
response, and

(8) provide a basis for setting target values (either parameter values or a change in a
parameter) in ordeto achieve a desired trajectory or change in populatioowth rate

In our approach we emphasieealuating the impact of ahange in a parameter valuand/or
comparison of the anticipated effects of a change in the environmemanagement actionin

this way, managers can evaluate the feasibility and efficacy of bringing about changeém a
parameterin relation to the change in population trajectorAs we demonstrate here,raodest
change in nest survivdbr two of the species may be feakland effectivan stabilizing or

reversing population declines. n@Ghe other handa parameter such as the number of young
produced per successful nesting attempt may not be responsive to environmental and/or
management influence, at least not among tioeir marsh bird species we have considered. The
important point is that the models presented allow one to compare the population response over
time in relation to changes in any one or several of the parameters.

Results presented here are, to an extesgnsitive to assumptions madegarding parameter

values. A strength of our approach is that one can directly evaluate just how sensitive are the
results to specific assumptions made. In this way, one can identify the parameters for which
additional infemation is critical for successful management in contrast to other parameters, where
results are more robust to initial assumptions.

LY FRRAGAZ2Yy S (GKS &2 Orddnané far OncertairdyFESVironmehtal | £ £ 2 6 &
conditions in the future will lavays be, to an extent, unpredictable,dso, will bethe demographic
response to a specified set of conditions. Stochastic models predict a range of outcomes, not a
single, most likely outcomeln this way, one can manage for adversity; for examplegtuitfuture
conditions are not as favorable as we currently project? Thus, a manager can be guided by
minimizing the probability that a population will decline 8% over a given time period\n 80%
decline may not be a likely outcome, but reducindikslihood may be an important management
goal, which our modeling tool can address.

An important objective of this study was to obtain specific findings that could inform management.
Our results point to the importance ofest surviva) a parameter thais of high relevance to
managers Low nest survivadppearsbe implicated in the observed population declines for Song
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Sparrows, and mayell for Clapper Rails as welor tidal marsh Song Sparrows, recent (1996 to

2007) nest survival rates are less ithaalf that observed by Johnston (1956) inthe edflf R M dp 1 Qa
for the San Pablo Song Sparrows. Our interactive Model 1 for Song Sparrows, allows a manager to
guantify the impact on population trends if one were to alter current nest survival rates.

Climate Change Impacts

The statistical analyses presented here demonstrate that climate change will likely have multiple
impacts on demographic rates of tidal marsh birds. For Song Spathr@wsarmer, drier

conditions expected in the future can be expectedncrease nest survival bat the same time

shorten the breeding season, and thus, lead to femesting attempts. The population model
demonstrated that the population benefit of increased nest survival is expected to outweigh the
cost to the populatn of decreased number of nesting attempts. At the same time, we also provide
statistical evidence for an effect of extreme tides on nest survival, due to increased flooding of nests
leading to nest failurelf the incidence of high water events were twiease, either because of sea

level rise or infrequent extreme tides, there may be strong, #&sging impacts and the result may

be strong population decline, in some cases by 80% or more.

Thus there are several important management implications thatdw from our modeling. The
first is to emphasize the importance of nest survival, both in terms of anticipated chohatege
impacts and in terms of management actions that may alter or compensate for changes in nest
survival rates. Nest survival mbg especially responsive to management actions. Not paying
sufficient attention to nest survival may mean that population recovery is preveiteel.

population models we have developed assist in identifying the most important population
bottlenecks, whichn turn will affect future viability or recovery.

Second, iso identify the importance of considering sevesimultaneousnfluences on population
dynamics. The very conditions that may be favagdbl one demographic parameter may be
unfavorable foranother parameter. The population modekle presentllow one to quantify the
net impact of antagonistic or synergistic impacts.

Third, the modeling has identifigchportant areas for further research or monitoring. One example
is the impact of extremevents, such as very high tides or storms. Not only will these infrequent
but important events affect demographic rates of tidal marsh birds (as demonstrated in our
models), but such events will also likely impact habitat and vegetation (Zedler 2010eTia@l.in
review), which we have not explicitly modeled.

Impacts of Management

For two of the species§ong Sparrows and Clapper Rails, nest survival may be key to maximizing
longterm viability of populations and/or recovering depleted populatio@sirresults demonstrate

that a relatively modest and feasible change in nest survival can turn a declining population (e.g., as
has been observed in San Pablo and Suisun Bays) into an increasing population. The necessary
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change in nest survival may be accdisiped through reduction in predation rates, e.g., by reducing
predator populations, including abundance of moative predators (such as cats) or hurnan
associated predators (e.g., raccoons), or by reducing access of predators to tidal marsh bird nests.
The latter may be implemented througlfor exampleLINR @A A A2y 2F aFf 21 GAy 3
Rails and other birds to nest on.

A second means to dampen or reverse population declines may be to extend the breeding season,
allowing for a greater number afesting attempting per yeaihis may require management of

habitat, especially vegetation in the breeding ardass not clear that such manipulations are

feasible, but they are worth considering.

We have emphasized the importance of increasing nestigairrates, but thats not to say that
over-winter survival may not be importanin the San Francisco Estuary considerable attention is
currently focused on addressing the threat posed by low avieter survivaland considering
means to reduce mortdl associated with high water eventddowever, the population
consequences of lowest survival also present a grave threapecially for populations that are
declining, or have declinedOne strength of our modeling is thatitows for quantificatiorof the
benefits of changing nest survival rateschanging overwinter survival ratasd provides target
values, with respect to changé these parameters

Nevertheless, the most important question for a manager may not be, how much do we need to
change a demographic parameter, but, rathbgw responsive is the demographic parameter to
management actiof? Indeed, nest survival may be more responsive to management action than is
overwinter survival. In any case, even if ovanter survival is impreed, a population, such as
Clapper Rails in San Francisco Bay, may not be able to recthveadequacy of current and future
nest survivatatesis not addressed as well.

Limitations of This Study

1. Values for some parameter are not as well establistedtaer parameters. If our assumed
values are not correct, results will be altered. We address this limitatitsanvays. The
first is that our parameter values are made explicit; modelsezsilybe rerun with
alternative values and results assesgidis providing information on the sensitivityf
results to specific assumptions. Second, our principal objective was to provide a tool to
evaluate population sensitivity to changes in parameters other words to compare
future population growth rataunder different conditions In this way, we can compare how
achange in a demographic parametewhether environmental or managemebased, will
alter population trajectory and so compare changes in different parameters (e.g., change in
over-winter survi\al vs. change in nest survival).

2. Whereas Model 2 considers explicitly how climate change may affect nest survival and other
components of reproductive success, we have not incorporated effects of climate change on
survival of juveniles and adult3his isan important limitation. Mdeling of hypothesized
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effects of climate change on juvenile and adult survival is clearly callgduitding on the
work presented here If eitherjuvenile survival or adult survival, or both, are affected by
climate chang€due to temperature, precipitation, flooding of habitat, etc.) this could
negate positive impacts of management on nest surviéreover,empirical field studies
of marsh birds need to target the sensitivity of survival to climate variables. Thelstudy
Overton et al. (submitted) identified the dependence of ewanter survival of Clapper Rails
on high tides. Ithe height of high tides increases due to climate change (as has been
hypothesizegdCayan et al. 2008an de Pol 200), overwinter survial will be depressed.
But the effect of other climate variables needs to be examined as Welljive an example
iy UKS YFENRYS NBFIfYX [SS SG Fftd onnnt0v RSY2ya
Auklets(Ptychoramphus aleuticyigvas related to wnter Southern Oscillation Index. If
ENSO events become more common or more severe in the f(teeeand McPhaden

2010, such environmental changeill depress population trajectorieand perhaps lead to
population crashes

3. Models 1 and 2 are currenttjevelopedat amore generi¢regionalor watershed spatial
scale. There is a need for population dynamic modeling at the level of individual, specific
marshes. Wemphasizahat this study representgista first step on the road to
construction and aplication ofspatiallyexplicit, landscapéevel population dynamic
models for mangers (see Next Steps, below).

4. We have modeleduture environmental conditionbut there is conglerable uncertainty
aboutthe future. This uncertainty affects all climateaige modeling (Wiens et al. 2009)
especially so with regard to consideration of future gldBaR Stralberg et al. 2018nd
future storm eventdMousavi et al 201)1 To model marsh accretion, we assumed low
sediment concentration and low organic matrcumulation. We feel it is prudent to
make such an assumption, especially given current, widespread concern about availability of
sediment Cloern et al. 201)1 In addition, we madesimpleassumptions regarding future
tides. Specific information wa®nhavailable in time for our modelingxercise however
current efforts arenowunderwayy, & LI NI 2F GKS dahdzNJ / 2F &d hdz
specific application to the San Francisco Estatitp://data.prbo.org/apps/oco).

5. Neither Model 1 noModel 2incorporated netmovement oftidal marsh birds Ignoring
dispersal, and thus movement, represeatsoversimplification. Under Medium and High
Sealevel Rise scenarios, current breeding habitat will be subgetdehigher water levels,
and we may expect that, if marshes can migrate, birds will move, too. However, it is difficult
to project where marshes may move to in the future; it will depend on presence of levees,
restoration efforts, suitability of habitabr tidal marsh birdsand other considerations
However, tackling the question of movement of habitat (and with that, movement of tidal
marsh bird populations) istaghpriority for the authors6 8 SS ab SEG { 1SL&E £ 0 @
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Next Steps

Ourprimaryintent in thecurrent study has been tprovideinformationthat can assist agencies

and organizationg conserving, managing, and restorithge habitats and wildlife of th&an

Francisco Estuaryn the context of climate changdext steps will build on thistudyin several

gl eaod hdzNJ ¢y SEG ISy SNI (A 2 CACQrgaRtSitlal Marsh Bird & LIS OA T A
Population and Habitat Assessment for San Francisco Bay under Future Climate Change Conditions
developed by PRBO, by adding demographic considestticthe spatiallyexplicit habitat

suitability models already developed for tidal marsh bird species (Veloz et at. 2641
www.prbo.org/sfbaysly.

For example, Figur22 displays modgbredicted probabilityof occurrence for tidal marsh Song
Sparrows in the San Pablo Bay redgmmthe current period (i.e., 2010) and for 2070 under the
assumption of high sekevel rise and low sedimentation (corresponding to ScenaBanShis

study). Heterogeneity of hatat suitability for tidal marsh Song Sparrow is readily apparent
furthermore, the distribution of future suitable habitat will change somewhat between 2010 and
2070.

Probability of occurrence

[ Jo16-0.2
[[]o21-04
[ 0.41-06
B 061-08
B os1-1
L- Urban area

Figure22a. Model-predictedprobability of occurrencef tidal marshSong Sparrowfr San
Pablo Baynd vicinity 2010 (from Veloz et al. 2@}
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Probability of occurrence -
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Figure22b. Model-predicted probability of occurrence tiflal marshSong Sparrows for San

Pablo Baynd vicinity for 2070, assuming high SLR and low sedimentation (see Veloz et al.

2011). These assumptionsorrespond to Scenarig 3, applied to the entire San Pablo Bay

region
This study has demonstrated that future population trajectory of tidal marsh Song Sparrows will
depend on future environmental conditions, as well as possible ig@mant actions. At the same
time, the expected spatial distribution of the same species, as modeled by Veloz et al. (2011), will
also depend on future environmental conditions (i.e.,-$®zel rise, sedimentation, organic matter,
and salinity). Ourprird® ay SEG &aGSL¥ A& G2 AydiSaNrGsS GkSas
approaches.
More specifically, we will develop a spatially explicit demographic model that adds demographic
processes to the spatially explicit habitat suitability models developed by Vetbz(2011).
Demographic rates, such as reproductive success, reflect habitat heterogeneity, both within a
marsh, and in the surrounding landscape and the next generation model will incorporate that
influence.

The proposed model will incorporate changéhabitat over time, due to physical influences as well
as restoration activities. Thus, habitat change within a marsh and adjacent to marshes will be
modeled, whether due to changes in geomorphology, vegetation, and/orleed

An important feature of t8 G ASKFENI GA2y ¢ Y2RSt Aa G(GKFG Al o6Af¢
parcels that are connected to each other through dispersal, and are set in a larger landscape

context of noamarsh habitat. Thus, the resulting model can be used by a managespecdic

marsh or marsh complex. Our objective will include evaluating the poputiia benefits of

specific restoration projects. At the same time, we will scale up from the individual marsh to the
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entire estuary. Thus, the model to be developedl also be of direct value as a decision support
tool for regional resource managers. It will allow users to consider changes in habitat due to
climate change as well as lande changes (i.e., conversion from one habitat type to another).
Connectivity & habitat and what that means for the lorigrm viability of marsh bird populations
will be explicitly modeled.
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SUMMARY ANDCONCLUSIONS

In this study, we have addressed the question of vulnerability of tidal riairdrspecies to
consequences of climathange by modeling the lortgrm viability of populations, in the face of a
range of possible climatehange impacts and management actions that may ameliorate those
impacts. As part of this work we have developed population dynamic models, both simple and
complex, for the four target species, Black Rail, Clapper Rail, Common Yellowthroat, and Song
Sparrow.

Development and application of these models has provided important insights into threats that
species of conservation concern in the San Franciscorgsitamfacing as well as guidance to
managers regarding potential, effective responses. The approach we have developed provides the
means to evaluate the loaggrm contribution to population viabilityvith respectto specific
demographic processes (inciad survival and reproductive ratea3 well ashe environmental
influences on those demographic rates. In some cases, the models may be currently missing key
information; however, the models can still be effective in identifying which are the key

uncertainties and which areas of ignorance are relatively unimportant. Thus, the models can
prioritize future research and monitoring efforts.

An important strength of the populatiedynamic models is that they are integrativiiiey provide

a means to integraopposing influences on the same parameter (e.g., nest survival may increase
due to reduction of predation while at the same time decrease due to increased flooding of nests)
as well as antagonistic or synergistic influences on different demographicgsexe Thus, the

models can be used to determine the increase in vital rate (e.g., as a result of management action)
that is needed to compensate or overcome the deleterious impact of a climate change impact. The
models can easily be used to determine &trgalues of a parameter (e.g., nest survival) in order to
achieve a desired population growth ratéVe demonstrate that small changes in nest survival can
turn population decline into population increase and vice versa. -fbagge interactive models ar
available ahttp://data.prbo.org/apps/stbsir/demography

Our work has identified the importance of nest survival and influences on this paramigter

regard to longterm viability of marsh bd species Tidal marsh Song Sparrow populations in the
Estuary are vulnerable to climate change because their basedisesurvival rates are low, too low

at present to sustain these populatioress a result ohigh levels of nespredation, mainly from
humanassociated predators. For Song Sparrows and Clapper Rails, the -dmaatge impact of
greatest concern is an increase in the severity and frequency of extreme tides experienced by
marsh birds resulting from sdavel rise and/or severe storm$or Song Sparrows, such higlater
events will reduce nest survival as a result of flooding of nests. However, for this species, an
increase in temperature and decrease in precipitation (as predicted by downscaled Global Climate
Models) are expected to anease nest survival in the future, as we demonstrate. As a result of these
two contrasting climatechange impacts, one increasing nest survival and the other decreasing it,
future sealevel rise can be sufficient to chanfigure population growth into ppulation decline
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Specifically, if sekevel rise exceeds c. 1.6 m per 100 years, Song Sparrow populations are expected
to show strong declines. An unusually high tide, associated with storm events, even if it occurred
only once every 10 years, on aveeag sufficient to substantially depress population growth rates,
increasing the likelihood of population decline, and thus preventing population recovery and/or
increasing the likelihood of local extinction. However, relatively stesrh management a@ns

(e.g., of a 20 year duration) can be effective in arresting and even reversing these anticipated
declines. For example, a relatively small reduction in predation on nests (by reducing predator
populations or access to tidal marsh nesting habitat) lmaisufficient to counteract expected

population declines due to climate change.

An important conclusion, demonstrated by our modelofall four tidal marsh species is that
improvement in nest survival represents a realistic management action that cdifymooirrent
population trends, leading to, or enhancing population recovery. Overwinter survival is still an
important bottleneck and management actions may be able to improve this parapmatae study

is needed in this regard’he population modelingbls we have developed can effectively address
the efficacy of proposed management actions as well as allow quantitative evaluation of multiple
influences on population viability. We conclude that our study demonstrates the feasibility of
evaluating potetial management actions that can effectively counteract threats posed by climate
change.

We believe that our results are applicable to marsh bird species more generally in the San Francisco
Estuaryand elsewhere The models developed here can be taitbte other species and other

habitats, including estuarine and riparian. As part of this projectwillenakeour code freely

available to others who wish to adapt our analytic and modeling appr(sesh
http://data.prbo.org/apps/stbslr/demographyor code, tools, and this report
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TABLES

Table 1. Demographic Parameter ValuesurrentModel.¢ Observed lambda also shown. For explanation and

justification see text.

Species Parameter Value

Song Sparrow Adult breeding survival 0.9
Song Sparrow Adult overwinter survival 0.6667
Song Sparrow Juvenile survival 0.391
Song Sparrow Nest suvival 0.233
Song Sparrow Number of nest attempts 3.461
Song Sparrow Number of young per successful nest 2.408
Song Sparrow Observed ppulation growth rate (lambda) 0.9797
Clapper RailNorth Bay | Adult breeding survival 0.78
Clapper Rad North Bay | Adult overwinter survival 0.483
Clapper RaiNorth Bay | Juvenile survival 0.3
Clapper RadNorth Bay | Nest survival 0.39
Clapper RaHNorth Bay | Number of nest attempts 2
Clapper Rail North Bay | Number of young per successful nest 5
Clapper Rai North Bay | Observed ppulation growth rate (lambda) 0.9617
Clapper Rail South Bay | Adult breeding survival 0.72
Clapper RaHd South Bay | Adult overwinter survival 0.389
Clapper RaH South Bay | Juvenile survival 0.3
Clapper Rail South Bay | Nest suvival 0.371
Clapper RaHd South Bay | Number of nest attempts 2
Clapper Rail South Bay | Number of young per successful nest 5
Clapper Rai South Bay | Observed ppulation growth rate (lambda) 0.8366
Black Rail Adult breeding survival 0.9
Black Rail Adult overwinter survival 0.556
Black Rail Juvenile survival 0.3
Black Rail Nest survival 0.42
Black Rail Number of nest attempts 1.81
Black Rail Number of young per successful nest 5
Black Rail Observed ppulation growth rate (lambda) 1.0701
Common ¥llowthroat | Adult breeding survival 0.9
Common Yellowthroat | Adult overwinter survival 0.552
Common Yellowthroat | Juvenile survival 0.297
Common Yellowthroat | Nest survival 0.54
Common Yellowthroat | Number of nest attempts 2.45
Common Yellowthroat | Numberof young per successful nest 2.73
Common Yellowthroat | Observed ppulation growth rate (lambda) 1.0332
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Table 2. Interactive Population Dynamic Models for Song Sparrow. See text for expldbaiople only;ee
http://data.prbo.org/apps/sfbsir/demographyo manipulate the models.

A) Change the base value of one or several demographic parameters to determine the impact on lambda

Parameter Base |Estimate Ug Estimate Dn| Change by
Juvenile survival 0.391 0.391 0.391 0|
Adult over-winter survival 0.6661 0.667 0.667 0|
Adult breeding survival 0.9 0.900 0.900 0
Nest survival 0.244 0.254 0.234 5|
Number of nest attempts 3.461 3.461 3.461 0
Number of young 2.404 2.404 2.408 0
[Lambda [ 1.0004 1.020dup
0.980§Down

551 15 5 5

Current
0.39]

0.6661 Calculate
0.9

0.233
3.461
2.409

| 0. 9796¢Lambda current

B) For a given percent change in lambda see what new parameter values are required to attain that change

Change Lambda %

Target lambde: 1.0509
New Valueg
Change parameter: Prod/Comp|OW SurvivalB. Survival

Productivity 0.4509

Juvenile survival only 0.4394

Nest survival only 0.2767

Number of nest attempts only| 3.8931

Number of young only 2.7084

Over-winter (OW) survival only 0.7223

Breeding (B) survival only 0.975]

Productivity & OW survival 0.4209 0.700(

Productivity & B survival 0.4209 0.945(
OW & B survival 0.700( 0.945(

@ up " DOWN

Calculate

NOTE: Productivity is the product of the 3 reproductive
success parameters x Juvenile survival x 0.5 (assuming 1:1 sex ratio)
"Prod/Comp" shows the target value for productivity OR its components

C) Plot changes in population size in relation to changes in adult survival and/or productivity
Pop. Size UgPop. Size Dn Current

Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

10000
10397
10809
11238
11682
12147
12629
13130
13650
14192
14755

10000

9197
8458
7778
7153
6579
6050
5564
5117
4706
4328

10000

9797
9597
9402
9211
9024
8840
8660
8484
8311
8142

16000 1

14000 -

12000 -

10000 -

8000 -

6000 -

4000 -

2000 -

= PopDown

Current

0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
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