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This document was developed in support of the 2023 Coastal Master Plan being prepared by the

Coastal Protection and Restoration Authority PRA). CPRA was established by the Louisiana

Legislature in response to Hurricanes Katrina and Rita through Act 8 of the First Extraordinary Session

of 2005. Act 8 of the First Extraordinary Session of 2005 expanded the membership, duties, and

responsibilites of CPRA and charged the new authority to develop and implement a comprehensive

coastal protection plan, consisting of a master plan
mandate is to develop, implement, and enforce a comprehensive coaspabtection and restoration

master plan.
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Any use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Governmernthe term recommendation used within this port refers to
suggestions and options for improving habitat suitability models based on best available science and
peerreviewed literature. The term is not used to imply management or policy changes.
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EXECUTIVE SUMMARY

Habitat suitability index (HSI) magls were developed for the 2023 Coastal Master Plan to evaluate

the potential effects of coastal restoration and protection projects on habitat for key coastal fish,
shellfish, and wildlife species. These species included: eastern oyster, brown shrimp tevihrimp,

blue crab, crayfish, gulf menhaden, spotted seatrout, largemouth bass, American alligator, gadwall,
mottled duck, brown pelican, seaside sparrow, and bald eagle. Most of these species were included in
the 2017 Coastal Master Plan analyses, andhe HSI models from that effort were refined and

improved following the recommendations described in the technical memorandug23 Coastal

Master Plan Habitat Suitability Index Model Improvement Recommendatio(®able et al., 2019). In
addition to model inprovements, HSI models were created for seaside sparrow and bald eagle, both
of which are new species for the master plan analyses.

For the HSI models that are primarily literatudeased, literature reviews were conducted for recent
studies that could be sed to improve the suitability index (SI) relationships that compose the models.
As a result of this review, modifications were made to the saliniglated Sls of the oyster model
including: expanding the time period used for salinity effects to spawniragjusting the range of

suitable annual average salinity to be more representative of Louisiana populations; and making
oysterds minimum salinity tolerance temperature deper
the oyster HSI model that accountfor the effects of sediment deposition on oysters. The crayfish HSI
model was improved by adjusting the time periods used for the Slis that describe the hydrology
required for the crayfish life cycle, and the soil characteristics Sl that was part of the Z0drayfish

model was removed because soil conditions do not appear to be limiting for crayfish burrow
construction in coastal Louisiana. The other literatudeased HSI models from the 2017 Coastal

Master Plan, i.e., American alligator, gadwall, mottled ckicand brown pelican, were unchanged, with
the exception of a small adjustment made to the suitability of forested wetlands for gadwall. Lastly, a
literature-based HSI model was created for seaside sparrow that consists of Sls related to vegetated
habitat type, marsh vegetation coverage, and marsh elevation.

Statisticatbased HSI models were developed for brown shrimp (both small and large juvenile stages),
white shrimp (small and large juvenile stages), blue crab (juvenile stage), gulf menhaden (jueesild
adult stages), spotted seatrout (juvenile and adult stages), largemouth bass, and bald eagle. The bald
eagle HSI model was developed from a bald eagle nest probability of occurrence model that related
nest occurrence from survey data with land covéype. The resulting model showed that combinations
of forested wetlands, flotant marsh, and open water habitats were most suitable for nesting bald
eagles. The 2023 fish, shrimp, and blue crab HSI models were developed using new approaches for
the formulation of the water quality and structural habitat Sls that compose the models. For the 2017
models, the water quality SI was derived using only generalized linear mixed models (GLMMs) to
estimate the relationship between salinity, water temperature, and speee s 86 cat c h. For the 20
models, however, multiple GLMMs and generalized additive models (GAMMSs) were created for each
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species or life stage. These alternative models were compared and a single model that performed well
statistically and was ecologicallyra s onabl e was sel ected for the species
structural habitat SI was developed using a metanalysis of published literature to estimate the

relative importance of various estuarine habitats to the fish and shellfish species. The resufgshis

analysis were then used to modify the 2017 structural habitat Sl relationship to account for the added

habitat value of submerged aquatic vegetation and oyster reefs, which are also important habitats for

juvenile fish and shellfish. Similar to th 2017 fish, shrimp, and blue crab models, the water quality

and structural habitat Sls were then combined to create the 2023 HSI models.

The 2023 Coastal Master Plan HSI models were integrated with the Integrated Compartment Model

(and are referred to adCMHSIs) and tested using environmental output from the 2017 Coastal

Master Plan Future Without Action scenario. The tests showed that, in general, the models produced
reasonabl e representations of speciesmhtshmadbtot at di st ri
the oyster, crayfish, fish, shrimp, and blue crab HSI models generally yielded more realistic results

compared to the 2017 HSI models.
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1.0 INTRODUCTION

Habitat suitability index (HSI) modeling has a long history in water resource and restoration planning
for predicting the effects of management actions on fisand wildlife habitat (United States Fish and
Wildlife Service [USFWS], 1981). HSI models consist of functions, called suitability indices (SI), that
relate key environmental variables to the quality or suitability of a habitat for a species. These Sés ar
developed using species life history information along with presenabsence or relative abundance
data collected over a range of environmental conditions. The indices are standardized to a 0 to 1 scale
(with 1 representing the most suitable conditionand then combined to produce an HSI score that
represents the capacity of a habitat to support a species. Although HSI models are often criticized
because they only quantify habitat conditions, which may not directly correlate to species abundance
(Weber ¢ al., 2016), they remain a practical and tractable way to assess changes in habitat quality for
species.

Habitat suitability index models have been used
evaluate the potential effects of coastal resti@tion and protection projects on habitat for key coastal
fish, shellfish, and wildlife species. For the 2012 Coastal Master Plan, the HSI models consisted of Slis
developed using published literature and best professional judgement of speciesbitat relationships
(Nyman et al., 2013). For the 2017 Coastal Master Plan, suggested improvements to the HSI models
included using statistical analyses of empirical datasets to estimate the specibabitat relationships
(Rose & Sable, 2013). Such an approach wouldlew for more defensible and rigorous HSI functions

to be developed. Consequently, the brown shrimp, white shrimp, blue crab, gulf menhaden, bay
anchovy, spotted seatrout, and largemouth bass HSI models included water quality Sis that
statistically relatespecies catchper-unit-effort (CPUE) data with corresponding salinity and water
temperature measurements collected by the Louisiana Department of Wildlife and Fisheries (LDWF).
This water quality SI was then combined with a literatubased structural habiat SI, and in some
cases a chlorophyl/ a SlI, to form the HSI mod el
2017 HSI models continued to be literature based because of the lack of suitable datasets from which
statistical relationships couldbe derived. These models were improved and refined by incorporating
new ecological knowledge from the literature. The improved 2017 HSI models were then integrated
with the 2017 Coast al Master Plands | nt e gutiget ed
of the larger model called ICNHSI (but hereafter referred to as just HSI). The IGi&] uses output

from the other ICM subroutines and calculates an annual suitability score for each 500 m x 500 m
vegetation subroutine grid cell (note: a 480 m x 48n grid cell size will be used for HSI calculations in
the 2023 Coastal Master Plan). A complete description of the 2017 models can be found in the 2017
Coastal Master Plan appendices, Attachments @3to C3-19, located at: https://coastal.la.gov/our-
plan/2017 -coastatmaster-plan/.

Recommendations for HSI model improvement were solicited following the 2017 Coastal Master Plan,
and further investigated in the technical memorandum: 2023 Coastal Master Plan Habitat Suitability

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
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Index Model Improvement Recommeradions (Sable et al., 2019). The final recommendations from
that effort included continuing the improvement and refinement of the literatudeased HSI models by
incorporating new ecological knowledge from recent literature. For the fish, shrimp, and blugbcHSI
models, a metaanalysis approach was proposed that would improve the structural habitat SI by using
empirical data from published studies to estimate the relative importance of aquatic habitats to each
species. In addition, a new modeling approaclias recommended for selecting the best and most
appropriate statistical models to use for the 2023 water quality Sls. Methods to detect and resolve
statistical issues and improve model fit were also proposed for the water quality Sl analyses. The
recommendations also included an updated list of species to be included in the master plan analyses
(Table 1). The species selected cover a range of taxonomic groups, life histories, trophic levels, and
habitats, and include two new species, seaside sparrow and Hatagle.

The purpose of this report is to document the methods used to refine, improve, and develop the HSI
models for the 2023 Coastal Master Plan, following the recommendations detailed in Sable et al.
(2019). The HSI models are categorized herein #sose that are primarily literaturebased, including
eastern oyster, crayfish, American alligator, gadwall, mottled duck, brown pelican, and seaside
sparrow, and those that are primarily statisticddased, including brown shrimp, white shrimp, blue
crab, qulf menhaden, spotted seatrout, largemouth bass, and bald eagle. For the fnesting
literature-based HSI models, this report focuses on changes made to the previous version of the
models and the rationale for the changes. For the other HSI models, iseaside sparrow, bald eagle,
and the fishes, shrimps, and blue crab, the methods used in model development are summarized in
the main body of this report with further detail provided as attachment$he full HSI model foall
speciesexcept fish, shrimp, ad crab are described here, and all models aravailable at:
https://github.com/CPRAMP/.

Table 1. Species included in the 2023 Coastal Master Plan HSI analyses, their
ecological or economic significance, and the source of the HSI model used for the
model improvement effort. X = separate HSI models for the small and large

juvenile life stages were developed. y = separate HSI models for juvenile and

adult life stages were developed.

SPECIES SPECIES SIGNIFICANCE MODEL SOURC

1 ESTUARINE, SEDENTARYANKTIVOROUS
EASTER OYSTER MOLLUSK 2012 COASTAL
(CRASSOSTREA VIRGINICJ § PROVIDES VALUABLEGYSTEM SERVICES MASTER PLAN
1 SUPPORTS IMPORTANOMMERCIAL FISHERIE(

BROWN SHRIME

1 BENTHIC CRUSTACEAMAT USES ESTUARIES | 017 COASTAL
(FARFANTEPENAEUS JUVENILE NURSERY HB&ST MASTER PLAN
AZTECUPS 1 SUPPORTS IMPORTANOMMERCIAL FISHERIE]
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SPECIES

SPECIES SIGNIFICANCE

MODEL SOURC

WHITE SHRIME
(LITOPENAEUS SETIFERU

1

BENTHIC CRUSTACEAMAT USES ESTUARIES
JUVENILE NURSERY HAST
SUPPORTS IMPORTANIMMERCIAL FISHERIES

2017 COASTAL
MASTER PLAN

BLUE CRAB
(CALLINECTES SAPIDUS

BENTHIC CRUSTACEADIUND IN ESTUARINE
HABITATS THROUGHQWAOST OF ITS LIFE @EC
SUPPORTS IMPORTANOMMERCIAL FISHERIES

2017 COASTAL
MASTER PLAN

CRAYFISH
(PROCAMBARUS CLARKII
AND P.ZONANGULUS

BENTHIC CRUSTACEARIRRARILY ASSOCIATED
WITH FRESHWATER HABTS
SUPPORTS IMPORTANIMMERCIAL FISHERIES

2017 COASTAL
MASTER PLAN

GULF MENHADEK
(BREVOORTIA PATRONUS

PLANKTIVOROUS FISHAIT USEESTUARIES AS
JUVENILE NURSERY HAST
SUPPORTS IMPORTANIMMERCIAL FISHERIES

2017 COASTAL
MASTER PLAN

SPOTTED SEATROUT
(CYNOSCION NEBULOSUS

PREDATORY FISH FOUNCESTUARINE HABI3\
THROUGHOUT MOST 056 LIFE CYCLE

2017 COASTAL
MASTER PLAN

OCCIDENTAL)S

NEED

1 POPULAR RECREATIONMAHERY SPECIES
LARGEMOUTH BASS 1 PREDATORY FISH PRRIAY ASSOCIATED WITH 2017 COASTAL
(MICROPTERUS FRESHWATER HABITATS MASTER PLAN
SALMOIDE}P 1 POPULAR RECREATIONMHERY SPECIES
AMERICAN ALLIGATOR 1 UPPER TROPHIC LEVEPTILE PRIMARILY 2017 COASTAL
(ALLIGATOR ASSOCIATED WITH FREEFATER HABITATS MASTER PLAN
MISSESIPPIENSIS 1 COMMERCIALENARVESED SPECIES
GADWALL 1T MIGRATORY WATERFOWHAT USES ESTUARIE 2017 COASTAL
(ANAS STREPERA AS WINTERING HABIT MASTER PLAN
1 POPULAR RECREATIONAHUNTED SPECIES
1T WATERFOWL THAT ISARROUND RESIDENT Ol
MOTTLED DUCK ESTUARIES 2017 COASTAL
(ANAS FULVIGUDA 1 STATHDENTIFIED SRHES OF CONSERVATION| MASTER PLAN
NEED
1 UPPER TROPHIC LEMEDASTAL SEABIRD THA
(BPRECI)_\I/EV(':\IAPN?JLSICAN NESTS PRIMARILY ORASTAL ISLANDS 2017 COASTAL
1 STATHDENTIFIED SRHES OF CONSERVATION| MASTER PLAN
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SPECIES SPECIES SIGNIFICANCE MODEL SOURC
SEASIDE SPARROW q :ig?;grL;ND RESIDENOF VEGETATED MARSH
(AMMOSPIZA MARITIMA | o o1\ TEDENTIFIED SREES OF CONSERVATION| NEW MODEL
FISHER)

NEED
BALD EAGLE T PRIMARILY IN WOODBERESHWATLR HABITAT
(HALIAEETUS. L STATEDENTIFIED SREES OF CONSRVATION | £V MODEL
LEUCOCEPHALYS T N,
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2.0 LITERATURE-BASED MOD ELS

The literaturebased HSI models for the 2023 Coastal Master Plan include those for eastern oyster,
crayfish, American alligator, gadwall, mottled duck, brown pelican, and seaside sparrow. Except for
seasidesparrow, HSI models for these species were also included in the 2017 Coastal Master Plan.
To improve the 2017 models, literature reviews were conducted for recent research on these species
that could be used to refine the existing Sls or develop new SleeTreview particularly focused on
locating research pertaining to the areas of potential model improvement identified by the 2017 HSI
model developers. The model developers, and other subject matter experts, were consulted to provide
guidance on relevant @esearch and input on possible model changes.

2.1 EASTERN OYSTER

The existing eastern oyster HSI model had not been updated since its development for the 2012
Coastal Master Plan (Soniat, 2012; Master Plan Appendix D13 located laitps://coastal.la.gov/our -
plan/2012 coastatmasterplan/cmp-appendices/). Since then, much research has been conducted on
the effects of environmental variables, such as salinity and temperaturen oyster populations. This
research was used to modify the three salindyased Sls in the oyster HSI model. In the previous
model, the O6Mean salinity during the spawning season/(
through September (Soniat, 2012). Thiime period is considered too narrow and misses significant
reproduction by oysters based on field data collected over the past decade (Casas et al., 2015).
Furthermore, LDWF monitoring data show that spat recruitment remains high and actually peaks in
Nowember (Dr. Megan La Peyré)SGSwritten communication, 4/17/2019). Consequently, for the

2023 oyster HSI model, the time period used for this Sl was expanded to April through November. The
suitability relationship used for the index, though, was unchanged

Thed Mi ni mu m mo n 8liwhigh takea ihtd atdountythie effects of freshwater inflow eventm
oysters consisted of a single relationship covering the entire year in the previous model (Sgniat
2012). However, the tolerance of oysters tthe inflow events isdependent on water temperature
Laboratory experiments and field studies have shown that oysters can survive several months in
salinities less than 3 parts per thousand (ppt) at low water temperatures (<25°C), whereas during
warmer periods bw salinities negatively impact spawning, recruitment, growth, and survi{lah Peye
et al.,, 2013; Rybovich et al.2016; Lowe et al, 2017). Denapolis (2018)used two minimum salinity
relationshipsin a modified HSI model to account for this temperatusgalinity interaction, one for cool
months (October through March) and one for warm mths (April through September)These
relationships were incorporated intdhe 2023 HSI modelwith slight modifications that increased
suitability at 5 ppt in accordancewith the aforementioned research showing oyster survivability at low
salinities; and increased optimal salinitiefrom a peak at 8 pptto a range from 8 to 10 pptbecause
there are no data to support maximum survival at 8 ppt
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The relationship used forthes | o6 Mean annual salinitydé was modi fied t
suitable for oysters in Louisiana. The previous relationship gave relatively high suitabilitesalinities

above 20 ppt (Soniat, 2012). This may reflect suitable conditions for oysteetsewhere in the Gulf of

Mexico or alang the Atlantic Coast but does rtaaccurately reflect conditions in Louisianastuaries,

where high rates of mortality from predation and disease occur at salinities greater than-26 ppt

(Lowe et al., 2017) Therefae, suitabilities were reduced at mean annual salinities greater than 15

ppt, and suitability was set to 0.0 at salinities above 25 ppt.

In addition to the modifications to existing Sls, several new Sls were considered fatugion in the

2023 oyster K51 model. A suitability index for water temperature was explored because G4s
considered a threshold for oyster feeding and mortalitizg Peyre et al., 2013 Rybovich et al., 2016).
However, this was determined to be unnecessary because water temperasigreater than 32°Cdo

not occuroften,andt he o mi ni mum mont hly salinitydéd relationships
mechanisms that affect oysters at summer temperatures. Suitability indices for dissolved oxygen and
bottom type were also considerg but not included because thdCMdoes not provide suitable output
for these parameters. An Sl describing the effects of sediment deposition on oystersiduded in the
2023 HSI model. This Sl was added because high levelssefliment depositionover time (>40-60

mm per year)can interfere with metabolic processes, bury oyster beds, amdsult in oyster mortality
(Colden & Lipcius, 2015. The new Sl included in the HSI model is appropriate for larger oyster life
stages. Oyster spat, by comparison, arede tolerant of sedimentation, particularly during settlement
(Thomsen & McGlatthery, 2006), but there vgaa lack of data with which to determing@recise

tolerance levels.The resulting 2023 oyster HSI model igsed to calculatethe annual habitat

suitability score of each model cell for possettlement life stages of eastern oyster in coastal
Louisiana. The model equation ig4SI= (Skx Sk x Sk x Sk x Sk x Sk)¥6.

Sh = Percent of cell covered by cultch Y This Sliremainsin the model to allowfor assessments of
impacts to current oyster grounds. For the 2028oastalMaster Plan analysesSh will be set to 1.0to
provide estimates of future oyster habitat suitability independent of current cultch conditions.

Sh=0.04*Vi,whenM O 10 %
(0.02*V1) + 0.2, when 10<\{O 30
(0.01*V1) + 0.5, when 30 <O 50

02 1.0, when \{ > 50

Suitability
o
i

o] 10 20 30 40 50 60 70 80 90 100
Percent cover of cultch

Figure 1. Suitability relationship for oyster Sl 1, percent cultch.
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Sk = Mean salinity during the spawning season, April througdovember (¥):

Sk = 0.0, when \é <5 ppt

0.8 - (0.06*V2)30 . 3, why&tt0 5 O V
06 (0.07*V2)80 . 4, whe9l510 O V

%04_ (0.1167*V2)81 . 1, whe91815 O

@ 1.0, wheq2218 O V

27 (0.0875*V2) + 2. 925 ,,<80hen

°c & 10 1 20 25 830 @ 40 (0.04Vz) + 1.5, 2wBen 30

Mean Salinity (ppt), Apr through Nov (-0.02*V2) + 0.8, >wHOe n 35

Figure 2. Suitability relationship for oyster Sl
season.

2, mean salinity during spawning

Sk = Minimum monthly mean salinity (3). Two relationshipsare used one for cool months, October

through Mairch, and one for warm months, April through September. The Sl is derived by calculating

the suitability of the lowest monthly mean salinity for each of the two time periods using the
relationships described below; then the overall S| @alculated wsing the equation: S = (Sk cool x Si
warmj/2,

0.8 A S P
Skcoo=0.0,whenNO adr O 20 ppt
z %8 (0.1429*V3) 8 0.1429, when 1 < \< 8
£ o4 1.0, when 80Vs < 10
7o (0.16*Vs) + 2.6, swhin 10
. . . . . (0.04*vg) + 0.8, swB®en 15
0 5 10 15 20 25
Minimum Monthly Salinity (ppt), Oct through Mar
.
o8 B Skwarm=0.0,whenNO 2 or O 20 ppt
s (0.1668*V3) 8 0.33, when 2 < \4< 8
z 1.0, when 80V; < 10
S 04 (0.16*Vs) + 2.6, swh%n 10
0.2 (0.04*vs) + 0.8, swB®en 15
0

5 10 15 20 25
Minimum Monthly Salinity (ppt), Apr through Sep

o

Figure 3. Suitability relationship for oyster Sl
cool months and B) warm months.

3, minimum monthly salinity, for A)
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Sl = Mean annual salinity (¥):

08 Sk=0.0,whenM< 5 or O 25 ppt

_ o8 (0.2*V4)81. 0, whs0 5 O V

3 os 1.0, whe#9l510 O V

@ (0.16*V4) + 3. 4, swBOen 15 O V
oz (0.04*Vs) + 1.0, swB%en 20 O V
° 0 5 1IO 1I5 2IO 2I5 SIO 3I5 4IO

Mean Annual Salinity (ppt)
Figure 4. Suitability relationship for oyster Sl 4, mean annual salinity.

Sk = Percent of cell covered by land §Y. This Sl is included to restrict the oyster HSI output toodel
cells that are primarily open watehabitat (Soniat, 2012).

1
0.8 { Sk = (-0.01*Vs) + 1.0
056 -

0.4 A

Suitability

0.2 1

0 T T T T T T T T T "
0 10 20 30 40 50 60 70 80 90 100
Percent Land

Figure 5. Suitabilit y relationship for oyster Sl 5, percent land.

Sk = Cumulative sediment deposition ). The annual amount of sediment deposition for the open
water parts of a cell is calculated by summing mean monthly sedimesgposition, then the Sl is
derived using tte suitability relationship described below.
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1

o8 Sk = 1.0, when \& < 35 mm
=081 (02*Ve) + 8.0, owMEN 35
,‘2“04- 0.0,whenM O 40
” 02 4
0 T T T T T T T } 1
0 5 10 15 20 25 30 35 40 45

Cumulative Sediment Deposition (mm)

Figure 6. Suitability relationship for oyster Sl 6, sediment deposition.

2.2 CRAYFISH

Recommended impovements to the 2017 crayfish HSI model included making adjustments to the
time periods used for thetwo Slisthat describethe hydrology required for the crayfish life cycle
(Romaire, 2017) One Sl described suitable water depths for the higtater season,which was
defined as October through June; and the other described suitable water depths for the-leater
season, which was defined as July through September. The time periods used for these seasons,
however, did not accurately reflect the patterns of g and low watersobserved in the 2017 ICM
simulations. In particular, the July through September time period often coincided with peak water
levels in many swamp areas and only captured the beginningveéter level recessionEigure7).
Therefore,for the 2023 crayfish HSI model, the time period for thew-water seasonwas changed to
August through November, and the time period for the higtater season was changed to December
through July.These periods of wetland flooding and ging are consistent with that seen for the
Atchafalaya Basin swamp, which supports large populations of crayfish (Hupp et al., 2008; Bonvillain,
2012).

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
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Maurepas Swamp

& o
Atchafalaya Swamp <

Tes X

Barataria Swamp

I RE R :H\WJ.JU

Figure 7. Daily water surface elevations for year 4 of the 2017 Coastal Mast er
Plan ICM simulation for select swamp model compartments. The blue box
indicates the time period used for the low -water season suitability index of the
201 7 crayfish HSI model.

The 2017 crayfish HSI model also included @l related to the soil characteistics required for crayfish
burrow construction. This index, which was based on the percentage of sand in the soil, did not help
differentiate crayfish habitat because sand content simulated by the ICM was almost always optimal.
As an alternative, Romaé (2017) suggested an index based on the soil classification system used in
the United States Department of Agriculture Soil Surveys published for each Louisiana parish. The soil
classes for each coastal parish were evaluated for sand content and other giige unfavorable soil
characteristics for crayfish burrowing, such as permeability or available water capacity (a measure of

t he s oi | tdbkolduwatg).Sails witly a high percentage of sand (>50% by weight), rapid
permeability (>6.0 inches per hot), and low available water capacity (<0.10 inch per inch) were found
on barrier islands, cheniers, fastlands, and in marshes near the Gulf. These areas are either outside
the ICM domain or would not be considered suitable crayfish habitat due to high siiés or

unfavorable hydrology (i.e. they do ndlood regularly). Otherwise, it appears that the soils present in
Louisianad6s coastal wetlands are highly suitable for
2023 crayfish HSI model doesot include a soil Sl.

Except for theg changes, the 2023crayfish HSI model is the same as the 2017 model. The model is
used to calculate the annuahabitat suitability score of each model cell for alife stages of crayfish.
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Themodel equation is:HSI = (S X Sk pec through )6 X (SB)Y3 X (Sh aug through Noy3 . Similar to the 2017
model, the HSI model is comprised of three component indices that describe suitable water conditions
(Skand Sk), vegetated habitat types (S), and conditions needed foreproduction (S4).

Sh = Mean annual salinity (V):

o8 Sh=1,whenMO 1.5 ppt
z 06 1.5 8 (0.333*V1),when1.5<\O 3. 0
£ o4 1.0 8 (0.167*V1)when3.0<M O 6. 0

05 0.0, when M > 6.0

o] T T T T
(0] 1 2 3 4 5 6
Mean Annual Salinity (ppt)
Figure 8. Suitability relationship for crayfish Sl 1, mean annual salinity.

Sk = Mean water depth from December througBuly (¥):

1 A

0.8 4
Sk =0.0, when\¢ =0 or > 274 cm

. 0.02174*V 2, when 0 <O 4 6
2 0% 1.0,when46 <\ 0O 91

02 1 1.5 8 (0.00547*V 2), when 91 <O 27 4

¢ 0 23 46 61 76 91 137 183 229 274
Mean Water Depth (cm), Dec through Jul
Figure 9. Suitability relationship for crayfish Sl 2, water depth December to July.

Sk = Proportion of cell covered by habitat types {\

Sk =[(1.0 X \4a) + (0.85 x \4p) + (0.75 X \&c) + (0.6 X \da) + (0.2 X \de) + (0.0 X \&r) + (0.0 x \4g)]
Where: \a = the proportion of a model cell that is swampr bottomland hardwood

V3p = the proportion of a model cell that is fresh marsh

Ve = the proportion of a model cell that is open water

Va4 = the proportion of a model cell that is intermediate marsh

Vze = the proportion of a model cell that is brackish marsh

Vat = the proportion of a model cell that is saline marsh

Vag = the proportion of a model cell that is bare ground

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
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Sk = Mean water depth from August through November 4V

e Sk = 0.0, when Vi > 15 cm
z 06 1.0 8 (0.06667*V 4), when MO 15
£ 04 1.0,whenM =0
0.2
0 v
0] 5 10 15
Mean Water Depth (cm), Aug through Nov
Figure 10. Suitability relationship for crayfish SlI 4, water depth August to
November .

2.3 AMERICAN ALLIGATOR

A review of recent research did not yield any new information that could be used to improve the 2017
alligator HSI modelConsideat i on was given to modifyingbythe o0Salini-
increasingsuitability of saline habitats, based on a recent study by Nifong and Silliman (2017) that

showedfrequent utilization of such habitats in Georgia. Howevemhe previous HSI rodel was

developedto considerwhether the entire alligator life cycle could be supported by a habitat; and

although alligators may periodically utilize saline habitats, they usually have lower body condition and

are unable to successfullyeproduce in these habitats (Dr. Hardin Waddle, USGS, written

communication, 2/18/2020) . Ther ef ore, the o0Salinitnged,andnd OHabit at
the 2023 alligator HSI model is the same as the 2017 model (Waddl2017). The model is used to

calculate the annual habitat suitability score of a model cell for alligator in coastal Louisiana, and

takes into account factors important for nesting, foraging, physiology, and predator avoidance. The

model equation is:HSI= (Sk x Sk x Sk x Sk x Sk)15.
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Sh = Percent of cell that is open water

1 4

0.8 | Sh = ((4.5*V1)/100) + 0.1, when V1 < 20%
. 06 A 1.0, whe® 20 O V
s ((1.667*V1/100) + 1.667, when Vi > 40
w

02

0 T T T T T T T T T \
0 10 20 30 40 50 60 70 80 90 100
Percent Open Water

Figure 11. Suitability relationship for alligator Sl 1, percent open water.

Sk = Mean annual water depth relative to the marsh surface )/

1 4

08 | Sk=0.1, whenO0. 55 or O 0.25 m
_ 06 (2.25*V2) + 1.3375, when-0.55 < V> < -0.15
% ool 1.0, when \4 =-0.15
3 (-2.25*V2) + 0.6625, when-0.15 <V2<0.25
0.2 4
0 T T T T T \
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4
Mean Annual Water Depth (m), rel to marsh surface
Figure 12. Suitability relationship for alligator Sl 2, water depth relative to marsh
surface.

Sk = Proportion of cell covered by habitat types {)/Habitat types other than swamp, fresh marsh,
intermediate marsh, and brackish marsh are given a suitability score of 0.0.

Sk =[(0.551 x \sa) + (0.713 X \4b) + (1.0 X \éc) + (0.408 X \4a)]

Where: \a = the proportion of a model cell that is swampr bottomland hardwood
Vap = the proportion of a model cell that is fresh marsh
Vac = the proportion of a model cell that is intermediate marsh
Vza = the proportion of a model cell that is brackish marsh

Sk = Edge (M). This Sl is based on output produced from the ICMorphology subroutine, which
scales estimated edge such that the median value has an Sl value of 0.5 and values at thé"90
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percentile and above have a value of 1.0.

o8 Sk =0.05 + (0.95%(V4/22.0), whenO02D V
=z %% 1.0, when 4 > 22
% 0.4
0.2
0 T T T T T T T "
0 4 8 12 16 20 24 28 32

Edge Parameter

Figure 13. Suitability relationship for alligator Sl 4, edge .

Sk = Mean annual salinity (¥):

0.8 - Sk=(0.1*Vs) + 1.0, sQvhleth @WptO V
. 06 0.0, when \4> 10
;§04
w
0.2
0 T g T ]
0] 5 10 15 20

Mean Annual Salinity (ppt)

Figure 14 . Suitability relationship for alligator Sl 5, mean annual salinity.

2.1 GADWALL

One of the recommended improvements to the 2017 gadwall HSI model was to incorporate more data

and research on gadwall use of forested wetlands (Leberg, 2017a). Becausf a lack of empirical

data, the 2017 model assumed a suitability score of 0.25 for both swamp forests and bottomland

hardwood forests. However, recent field surveys conducted by Hucks (2017) found that gadwall rarely

used forested wetland habitats. Thefore, for the 2023 gadwall HSI model, the suitability score for

swamp forests and bottomland hardwood forests in the
0.25 to 0.05 based on the recommendation of the 2017 HSI model developer (Dr. Paul Leberg,

University of Louisiana at Lafayette, oral communication, 3/2/2020). Otherwise, the 2023 gadwall HSI

model is the same as the 2017 model (Leberg, 2017a). The model is used to calculate the annual

habitat suitability score of a model cell for gadwall wintexj in coastal Louisiana from October through

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
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April. The model equation isHSI= (Sk x Sk x Sk)¥3.

Sh = Proportion of cell covered by habitat types and associated open water)(When there is no
emergent vegetation in a cell, the cell should be agged to one of following habitat types based on
average annual salinityfresh marsh <1.5 ppt; intermediate marste> 1.5 to < 4.5 ppt; brackish marsh

> 4.5 to < 9.5 ppt; and saline marsh> 9.5 ppt.

Sh =[(0.68 x Ma) + (1.0 x \Mb) + (0.5 X \c) + (0.09 xVig) + (0.05 x Me) + (0.0 x \r)]
Where: \{a = the proportion of a model cell that is fresh attached or fresh floating marsh
Vib = the proportion of a model cell that is intermediate marsh
Vic = the proportion of a model cell that is brackish marsh
Vid = the proportion of a model cell that is saline marsh
Vie = the proportion of a model cell that is swamp or bottomland hardwood
Vit = the proportion of a model cell that is nomvetland habitat

Sk = Proportion of cell with submerged aquatic vegetation (SAV)):

o
@

Sk = 0.08, when \4 <0.30
(2.3*V2)30. 61, whexx0m. 30 O V

1.0,whensO0 . 70

Suitability
o o
A (o)

©
N

0O 01 02 03 04 05 06 0.7 08 09 1.00
Proportion of cell with SAV

Figure 15. Suitability relationship for gadwall Sl 2, percent SAV.

Sk = Mean water depths from October through Aprild/This Sl is derived by calculating the mean
water depth for each 38meter pixel of a model cell, estimating the proportion diie model cell
covered by each depth categorthen plugging these estimates into the following equation:

Sk = [(0.05*V 3a) + (0.15*Vsb) + (0.35*Vsc) + (0.60*Vad) + (0.83*Vse) + (1.0*Vsf) + (0.86*Vag) +
(0.61*V3h) + (0.37*Vsi) + (0.20*V3j) + (0.10%Vsk) + (0.05*Val)]

Where:a= t he proportion of cell with mean water depth
Vab= t he proportion of <cell with mean water depth
Vae= t he proportion of cell with mean water depth
Vaa= t he proportion of cell with mean water depth
Vze=thepropa t i on of <cell with mean water depth >18 t
Vasi= t he proportion of cell with mean water depth
Vag= t he proportion of cell with mean water depth
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Vahn= t he proportion of cell with mean water depth

Vs = the proporticn of cel | with mean water depth >36 to O
Vsij= t he proportion of cell with mean water depth
Vek= t he proportion of cell with mean water depth
Vaai= the proportion of cell with mean water depth

2.2 MOTTLED DUCK

Areviewof recent research and literaturedid not yield any information that could be used to improve
or modify the2017 mottled duck HSImodel. Therefore, the 2023 mottled duck HSI model is the same
as the 2017 model (Leberg2017b). The model is used to calcula the annualhabitat suitability

score of a model cell fopostfledglingjuvenile and adult mottled duck in coastal LouisiandNesting
habitat is not considered by the model because nesting occurs in naetland habitats that are not
simulated by the ICMThe model equation isHSI= (Shk x Sk x Skx Sh)¥4.

Sh = Proportion of cell covered by habitat types and associated open watet)(When there is no
emergent vegetation in a cell, the cell should be assigned to one of following habitat types lthea
average annual salinityfresh marsh <1.5 ppt; intermediate marst» 1.5 to < 4.5 ppt; brackish marsh
> 4.5 to < 9.5 ppt; and saline marsh> 9.5 ppt.

Sh =[(1.0 X Ma) + (0.67 X Mb) + (0.55 X Mc) + (0.23 X Md) + (0.0 X Me) + (0.0 X \ir)]
Where: \{a = the proportion of a model cell that is fresh attached or fresh floating marsh
Vip = the proportion of a model cell that is intermediate marsh
Vic = the proportion of a model cell that is brackish marsh
Via = the proportion of a model cell that is safie marsh
Vie = the proportion of a model cell that is swamp or bottomland hardwood
Vi = the proportion of a model cell that is nomvetland habitat

Sk = Proportion of cell that is emergent marsh 6¥

1 4

081 Sk = (2.81%V2) + 0.1, when \ <0.32
L 06 1.0,when032 DOV 70
8 o | (3.0*V2) + 3.1, when \¥ >0.70
” 0.2 4

0O 01 02 03 04 05 06 07 08 09 1.0
Proportion of cell that is marsh

Figure 16. Suitability relationship for mottled duck SI 2, percent marsh.
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Sk = Mean annual water depthThis Sl is derived by calculating the mean water depth for each-30
meter pixelof a model cell, estimating the proportion ahe model cell covered by each depth
category, then plugging these estimates into the following equation:

Sk = [(0.6*V3a) + (1.0*Vap) + (0.83*Vac) + (0.57*Vaq) + (0.35*Vae) + (0.22*Va1) + (0.09*Va) +
(0.0*V3n)]

Where:da= t he proportion of cell with mean water depth
Vab= t he proportion of cell with mean water depth
Vee= the proportion of cell with mean water depth
Vaa= t he proportion of cell with mean water depth
Veze=the proportion of cell with mean water depth >
Vasi= the proportion of cell with mean water depth
Vag= t he proportion of cell with mean water depth

Van = the proportion of cell with mean water depth >56

Sk = Mean salinity during brood rearing, April through July:

SL=1.0,whenMO 9 ppt
o8 (0.11*V4) + 1.98, when 9< MO 1 8
z 0.0, when 4 >18
§ 0.4
»
0.2
0 2 4 6 8 10 12 14 16 18
Mean Salinity (ppt), Apr through Jul
Figure 17. Suitability relationship for mottled duck SI 4, mean salinity April to
July .

2.3 BROWN PELI CAN

Themost relevant recent research on brown pelican nesting habitat requirements was from the
RESTORE Act, Center of Excelleficeded project: Assessment of coastal island restoration practices
for the creation of brown pelican nesting habitahttps://thewaterinstitute.org/la -coe/funded-
research). Thisproject assessed the effects of various environmental, ecological, and island

geomorphological factors on the nesting successofpadims on Loui si anReguls barri er

suggest that island elevatioris an important factor in pelican nesting succeséDr. Paul Leberg,
University of Louisiana at Lafayette, oral communication, 3/2/2020)In addition,results from the

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model

Improvements 28

S


https://thewaterinstitute.org/la-coe/funded-research
https://thewaterinstitute.org/la-coe/funded-research

projectcouldle used to refine the ODiistlamdes 6t €1t hd&dnhairnd luaad
and analysesfrom the projectwere not available in time to make model improvements for the 2023

Coastal Master Plan; therefore, these improvements should be considér®r the next master plan

modeling effort. he 2023 brown pelican HSimodel is the same as the 2017 model (Leberg2017c).

The model is used tacalculate the annualhabitat suitability score of a model ell for nesting brown

pelican. The modekquation is HSI = (Sl x Sk x Skx Sk xSk xSk)/6 .

Sh = Area of island including the cell of interest (¥ This Sl only considers small islands to be suitable
for nesting pelicans. Small islands are defined asontiguousmodel cells comprising a land massdss
than 200 hectares in area that issurrounded by cells that are 100% open water.

1 4

081 Sh = 0.0, when M < 25 or >200 ha
z 961 1.0, whe® 28300 V
£ 0.4 10 8 (0.05*V1), when 180<M O 200

0.2 1

0 T T T T T T T T ' T 1
0 20 40 60 80 100 120 140 160 180 200 220 240
Island Area (ha)

Figure 18. Suitability relationship for brown pe lican Sl 1, island area.

Sk = Distance to the mainland or large island &Y. This Slis the minimum distance from the center of
the contiguous cells comprising a small island, including the focal cell, to the center of any cell con-
taining land that doesnot meet the definition of a small island as described for SI

1 4

0.8 - Sk = 0.0, when \6<1.0 km
o6 (0.5*v2)60 . 5, wher30L.0 O V
£ 1.0,whenMO 3. 0
.-‘-3" 0.4
0.2
0 f T T T Y
0 1 2 3 4 5
Distance (km) to mainland or large islands
Figure 19. Suitability relationship for brown pelican Sl 2, distance to mainland.
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Sk = Proportion of cell with black mangroveAvicennia germinans and/or marsh elder, lva frutescens

(\5):

-
:

0.8 Sk=0.2, when\4{=0.0
_ 06 (1.6%V3) + 0.2, when 0.0< \§ <0.5
= 1.0,whenO 0. 5
= 0.4
0.2
0

0O 01 02 03 04 05 06 07 08 09 1.0
Proportion of cell with mangrove and/or marsh elder

Figure 20. Suitability relationship for brown pelican SI3, percent mangrove
and/or marsh elder.

Sk = Distance to human ativity (M). This Sl is the minimum distance fronthe edge of a human
activity area to the edge of the contiguous cells forming the island containing tfoeal cell

08 Sk = 0.0, when M4 <0.1 km
(333*V4)30. 33, whe<0.40 .
z0° 1.0,whenViO 0. 4
% 0.4
0.2
0

0O 01 02 03 04 05 06 07 08 09 1.0
Distance (km) to human activity

Figure 21. Suitability relationship for brown pelican Sl 4, distance to human
activity.
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Sk = Mean gulf menhaden HSI score §Y. This Sl is the mean menhaden HSI score of cells within a 20
km radius of a cell where S1>0.0.

0.8 1 Sk = 1.667*V s, when \4 <0.60
. 06 1.0,when¥O 0. 60
;‘%04-
w
0.2 1
0 T T T T 1
0 0.2 0.4 0.6 0.8 1.0

Average Menhaden HSI Value

Figure 22. Suitability relationship for brown pelican Sl 5, menhaden HSI score.

Sk = Dominant habitat type in cellSaline marsh receives a score of 1.0, whereas other habitat types
receive a score of 0.0.

2.4 SEASIDE S PARROW

Seaside sparrow was included in the 2023 Coastal Master Plan HSI analyses to increase the diversity
of bird species and bird habitats represented. Furthermore, because it is a marsh dependent species,
seaside sparrow will likely be sensitive to futa marsh loss due to erosion and sea level rise (National
Audubon Society, 2014). To evaluate the effects of future landscape changes on seaside sparrow, an
HSI model was developed usingublished literature to identify important environmental variables ah
formulate Sls describing the effed of these variables orsparrow habitat utilization.Model

development focused orincorporatingvariables for which the ICM could supply input data. Further
information of seaside sparrow life history, the model develogent process, and the Slis included in

the model can be found inAttachment1.

The resulting HSI model for seaside sparrow includes threksShabitat type, emergentiegetation
coverage, and marsh elevation. Habitat type is included in the model becausaside sparrow
abundancehas been shown to vary among emergent marsh types in lisiana and elsewhere along
the northern Gulf of Mexico Emergent vegetation coverage is included because dense vegetation
reduces the risk of predation on sparrow nests. Siraily, marsh elevation is included because nests
built in higher elevation marshes are less prone to loss from floodiribherefore the HSI model is most
applicable for calculating the annuahabitat suitability score of a model cell for nesting seaside
sparrows in coastal Louisiana. The model equation ilSI= (Skx Sk x Sk)13.
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Sh = Proportion ofmodel cell covered by habitat types (Y. Habitat types other than intermediate
marsh, brackish marsh, and saline marsh are given a suitability score of 0.0.

Sh =[(1.0 X Ma) + (0.7 X \b) + (0.3 X \c)]
Where: \{a = the proportion of a model cell that is saline marsh
Vip = the proportion of a model cell that is brackish marsh
Vic = the proportion of a model cell that is intermediate marsh

Sk = Percentof model cell covered bwetland vegetation (¥). This Sl is the ratio of vegetated marsh
to nonvegetaed habitat (i.e., open waterbare ground etc.) in a model cell.

Sk = 0.0154*V 2, when \¢ <65%
0.8 1.0,whenO 65
= 0.6
§ 0.4
0.2
0

0 10 20 30 40 50 60 70 80 90 100
Percent Wetland Vegetation

Figure 23. Suitability relationship for seaside sparrow Sl 2, percent wetland.

Sk = Mean devation of marsh relative to meanannual water level (\é).

o8 Sk=0.0,whenO 0. 09 m
(5.025*V/3) 8 0.452, when 0.09< \s <0.285
z0° 1.0,when O 0. 285
% 0.4
0.2
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Marsh Elevation (m)

Figure 24 . Suitability relationship for seaside sparrow Sl 3, marsh elevation.
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3.0 STATISTICAL -BASED MODELS

The statisticatbased HSI models for the 2023 Coastal Master Plan include those for brown shrimp
(small and large juvenile stages), white shripn(small and large juvenile stages), blue crab (juvenile
stage), gulf menhaden (juvenile and adult stages), spotted seatrout (juvenile and adult stages),
largemouth bass, and bald eagle. The 2023 fish, shrimp, and blue crab HSI models are replacements
for the 2017 versions of these models because recent data and a new modeling approach were used
in their development. The bald eagle HSI model is new for the 2023 Coastal Master Plan and was
developed by adapting a bald eagle nest probability of occurrence nebdreated by Audubon

Louisiana.

3.1 BALD EAGLE

Similar to seaside sparrow, bald eagle was included in the 2023 Coastal Master Plan HSI analyses to
increase the diversity of bird species and bird habitats represented. Bald eagles are generally
associated withpalustrine forested wetlands and typically nest in large, mature trees (Buehler, 2020);
therefore, they are considered representative of upper estuary habitat. In Louisiana, forested wetlands
are being impacted by saltwater intrusion and other stressorsnd future sea level rise is expected to
have large negative effects on these habitats and consequently bald eagle populations. Therefore, an
HSI model was developed to evaluate the effects of future landscape changes on nesting bald eagle
habitat. Detailsof bald eagle life history and HSI model development can be found in Attachment 2.

The bald eagle HSI model was based on a statistical model that relates bald eagle nest probability of
occurrence with land cover type. Nest data from coastwide aerial surseyonducted by LDWF during
the 2014-2015 breeding season were summarized by a grid of 36 khcells. This cell size was

selected following a comparison of models constructed using various estimates of nesting eagle home
ranges and core use areas (Smith etla2017; Buehler, 2020). Using 2014 land cover data, the
percent cover of nine land cover classes: agriculture, developed and upland, forested wetland, flotant
marsh, fresh marsh, intermediate marsh, brackish marsh, saline marsh, and open water was also
calculated for each 36 kn# cell. Cells with >95% open water were excluded from the analyses. The
relationship between land cover class and nest probability of occurrence across the cells was then
modeled using boosted regression trees. Because boosted regsen trees use an iterative machine
learning algorithm, each model produces slightly different results. Therefore, the analysis was run for
1,000 iterations and model parameters were averaged across all iterations. The effect of the land
cover classes omest occurrence was evaluated by calculating the relative importance of each land
cover predictor to the model. In addition, the probability of nest occurrence for each land cover class
was plotted across a range of possible percent cover values (withather land cover classes held to
their average) to visually assess the trend. The results showed that forested wetland, flotant marsh,
and open water explained the most variation in the model and had the greatest effect on nest
occurrence Figure25). Fresh marsh, intermediate marsh, and developed and upland classes had
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minor effects on nest occurrence and each explained between 1 and 3.5% of the variation.

The nesting bald eagle HSI was created using the modeled relationshiiggween probability of nest
occurrence and the six land cover classes: forested wetland, flotant marsh, fresh marsh, intermediate
marsh, open water, and developed and upland. An SI was created for each land cover class by fitting
various functions to scadd versions of the relationships shown ifigure25. Coefficients from the best
fitting function were used to develop equations that represent the Sl for each land cover class (see
following descriptions of each Sl). For the finalSI model equation, each S| was weighted by raising
the Sl to the power of the relative importance of that land cover class. The six weighted Sls were
multiplied, then raised by the sum of the six relative importance measures to calculate a geometric
mean of the six SIs. The resulting equation is: HSI = (8104 x (Sk)°-3715 x (Sk)°04743 x (Sh)0-0330 x
(Sk)0-0353 x (S§)0-0669)0.991 The model excludes cells that are >95% open water, thus these cells are
assigned an HSI score of 0. The HSI modelapplicable for calculating the annual habitat suitability
score of a cell for adult bald eagle nesting in coastal Louisiana
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Figure 25. Marginal effects of land cover classes on probability of bald eagle nest
occurrence, with  95% confidence intervals for: (A) bare ground or agriculture,
(B) brackish marsh, (C) developed or upland, (D) flotant, (E) forested wetland,

(F) fresh marsh, (G)
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Sh = Percent of cell covered by developed and uplandijMf there is no developed landr upland in a
cell, an Sl score of 0.01 is assigned. Otherwise, the Sl is calculated using a natural log function:

3) My td b

Sk = Percent of cell covered by flotant marsh £} The Sl is calculated using a quartic function:

3) MYcmit RO pdTA B  pph B ook B

Sk = Percent of cell covered by forested wetland{MThe Sl is calculated using a quartic function:

3) MipumdiT 6D pd XA B pd ol B v XA B

Sk = Percent of cell covered by fresh marsh {)/ The Sl is calculated using a quartic function:

3) My Nt BT ¢ VA B o® wh ® o& h &

Sk = Percent of cell covered by intermediate marsh{)/The Slis calculated using a cubic function:

3) Moo A B v ok B o pA B

Sk = Percent of cell covered by open water{)/If there is no open water in a cell, an Skcore of 0.01
is assigned. Otherwise, the Sl alculated using an inverse function:

3) moyud muPg

3.2 FISH, SHRIMP, AND BL UE CRAB

The 2023 fish, shrimp, and blue crab HSI models consist of two Slis: a water quality SI, which
describes the suitability of varying salinity and water tempaure to the species or life stage; and a
structural habitat SI, which describes the suitability of aquatic habitat composition. The 2017 models
also included a chlorophyll a Sl to account for the effects of planktonic prey and primary productivity
on habiat quality for gulf menhaden and largemouth bass, respectively. However, the chlorophyll a Sls
were removed from the models because the 2023 Coastal Master Plan ICM does not provide
chlorophyll a output. Turbidity was also removed from the largemouth bagater quality SI because
inconsistencies and uncertainties in the units reported in the dataset prevented the development of
reliable turbidityCPUE relationships. The following summarizes the development of the water quality
and structural habitat Sls; @irther detail may be found in Attachments 3 and 4, respectively.

Water Quality Suitability Index

A new modeling approach was implemented for the development of the water quality Sls, based on
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feedback received about the 2017 HSI models. The water qualitisSncluded in the 2017 fish,

shrimp, and blue crab HSIs were developed using only generalized linear mixed models (GLMMSs).
However, several other statistical modeling approaches are available, and it was recommended that
these approaches be investigateddr the development of the water quality Sls (Callaway et al., 2017).
As a result, Sable et al. (2019) revaluated the modeling approach and identified three components

to improve the model development and selection process: 1) detect and resolve data atdtistical
issues, 2) identify and implement alternative models, and 3) evaluate model fit and performance. This
more rigorous approach was implemented for the 2023 Coastal Master Plan, with the goal to compare
alternative water quality models and seledhe best for use in the water quality Sls.

The water quality models were based on staeam stical ar
fisheries independent monitoring programs. These programs use a variety of gear types to target
different species and life stages. Because of this, only data from the gear type that most efficiently
collected the species or life stage of interest were used in the respective analyses: seine data were
used for small juvenile brown shrimp, small juvenile white shrimjoivenile blue crab, juvenile gulf
menhaden, and juvenile spotted seatrout; 18oot trawl data were used for large juvenile brown
shrimp and large juvenile white shrimp; gillnet data were used for adult gulf menhaden and adult
spotted seatrout; and electrdishing data were used for largemouth bass. The datasets for each gear
type were subset by the months of highest catch for each species or life stage so that models were
developed for when they were present in the estuaries. The datasets were then examifeediata
outliers and other statistical issues, and randomly partitioned across all years of the datasets, with
70% being used for model training and 30% used for model validation.

Using the model training data, two types of statistical models were credtfor each species or life

stage to estimate the effect that water temperature and salinity had on CPUE. These models were
GLMMs (updated and improved for the 2023 Coastal Master Plan) and generalized additive mixed
models (GAMMSs), which were recommenddxcause they allow for nodinear relationships between

the response and predictor. The GLMMs and GAMMs were developed using four different error
distributions, i.e., Gaussian, Poisson, zeinflated Poisson, and negative binomial, so that a total of
eight alternative water quality models were created for each species or life stage. The response
variable in these models was CPUE, except for the Gaussian models where CPUE was transformed to
natur al l og + 1 to meet that onoPdddiodwarialbles oruapt i on of nc
models were water temperature, salinity, and Julian date. Random effects were included in the models
to account for the occurrence of repeated samples within the same month and year in the dataset.

A number of criteria weraused to select the best water quality model of the eight alternatives to use

for a species or life stage. Plots of the modeled relationships between CPUE and each individual
predictor variable, and heat maps showing the combined effect of salinity and tperature on CPUE,
were examined to determine if the relationships were ecologically reasonable. In addition, several
different performance metrics were calculated during model training, includingsBuared, root mean
squared error, and (for GAMMSs) the amati of deviance explained, to assess the fit of the model to

the observed data and the amount of variance explained by the model. Performance metrics were also
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calculated during model validation to assess how accurately the model predicted CPUE of a pseudo
independent dataset. In most cases the metrics were similar among models, so the model considered
the most ecologically reasonable relative to the other models was usually the one selected (see
Attachment 3). As a result of this process, GAMBRussian modés were determined to be the best fit
statistically and ecologically for blue crab, gulf menhaden, and spotted seatrout, whereas GLMMs
were the best fit for brown shrimp, white shrimp, and largemouth bass.

The selected water quality models were then consted into water quality Sls for use in the 2023 fish,
shrimp, and blue crab HSI models. To do this, model equations were generated with random effects
set at zero and Julian date set to its average value. The equations were then standardizedto a 0 to 1
scale by dividing by the maximum predicted CPUE, which was generated by running the models
through all combinations of salinity and water temperature across the ranges observed in the dataset.
Therefore, the salinities and water temperatures in which the spies or life stage most commonly
occur are considered to be the most suitable. The resulting water quality Sl for selected GLMMs is a
linear equation that can be used to calculate the water quality suitability score. However, because the
GAMM equationsaré ar ge and compl ex, theypwéanbledonvbateprioni d
suitability scores for combinations of salinity and water temperaturBecause of their size the water
quality Sls ae not included in this reportout are availableat: https://github.com/CPRAMP/.

Structural Habitat Suitability Index

The approach usedo develop the structural habitat Sl for juvenile fish, shrimp, and blue crab was

also improved for the 2023 Coastal Master Plan. For the 2017 HSI models, the S| wagresented by

a single relationship that was used to describe the suitability of margéb-open water ratios simulated

for each model cell Figure26). This relationship was based on research conducted by Minello and
Rozas (2002) and reflects the observed increase in juvenile fish, shrimp, and crab densities in
fragmented marshes with a large amount of marsh edge nursery habitat. However, the relationship
does not take into account the effects of other estuarine halaits, such as submerged aquatic
vegetation (SAV) or oyster reefs, that are also important nursery habitats for juvenile fish and shellfish.

Suitability
o
i

o] 20 40 60 80 100
Percent marsh

Figure 26. Structural habitat Sl relationship used in the 2017 juvenile fish,
shri mp, and blue crab HSI models
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The relative value of estuarine habitats to fish and shellfish was determined using a matzalysis
approach similar to that used by Minello (1999) and Minello et al. (2003). A total of 36 studies were
identified (primarily fom Louisiana and Texas) that compared juvenile fish and shellfish abundances
among different habitats. The habitats of interest included: marsh edge (defined as vegetated marsh
within 1 meter of the marshwater interface); marsh interior (vegetated marshl m from the marsh
edge); shallow nonsegetated water bottoms (open waters within 5 m of the marsh edge or with water
depths <1 m); deep norvegetated water bottoms (open waters >5 m from the marsh edge or with
water depths >1 m); SAV; and oyster reefsp&cies catch data within each study were averaged for
each habitat and time period sampled. The habitat averages were then standardized to a 0 to 1 scale
by dividing by the maximum habitat average for each time period within the study. The standardized
scores were then averaged across studies for each habitat and converted into a suitability score by
using aconstant multiplierto bring the maximum habitat suitability score ta value of1.0 for each
species (see Appendix 4).

The suitability scores were thn used to modify the 2017 structural habitat Sl relationshiggure26)

to better reflect the relative value of the estuarine habitats to juvenile fish, shrimp, and blue crab.
Specifically, the yintercept of the relationship, wich represents model cells of 100% open water, was
lowered for all species, except gulf menhaden, in accordance with the low suitability scores calculated
for open water habitats (deep nowegetated water bottom scores were used because this category
best reflects open water habitats in the ICM). The remainder of the relationship was unchanged
because the 2580% marsh landscape configuration was still considered optimal for juveniles as it
contains the maximum amount of valuable marsh edge habitat (MinedoRozas, 2002). The resulting
modi fied relationship was termed the oObaseline
and was used for most model cells. Additional relationships were developed to account for the added
habitat value of SAV andyster reef occurring in open water cells. Thus, thentercepts of the

baseline relationship were increased in accordance with the higher suitability scores for these habitats
(Figure 27c and 27d). The SAV relationship was used when SAV coverage comp@s2d % of a
cell, with this threshold value subjectively chosen based on the ICM SAV output data distribution. The
oyster reef relationship was used when the average decadal oyster HSI score for a model cell was
00.50. Oy st er HSI rosydooayser reeh mbitat beeadise the ICM does not simulate
changes in reef (i.e., cultch) coverage. Model tests showed that areas of existing oyster reefs and

r el

mo d e |

oyster production had HSI scores OO0.50; italiizyref or e

scores would continue to support oyster reef habitat throughout the ICM simulations. An average
decadal value was used to prevent interannual variability in oyster HSI scores from causing large
swings in reef habitat availability (i.e. reef wouléémain even if HSI scores were occasionally lowered).

The metaanalysis approach was not used to develop updated structural habitat Sls for larger juvenile
shrimp, adult gulf menhaden, adult spotted seatrout, and largemouth bass. Compared to the juleni
stages, there were fewer studies available that investigated habitat selection for the older life stages
and bass. Furthermore, estuarine distribution and movement of older life stages is driven more by
prey availability, water quality conditions, andosswning considerations than by the occurrence of

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
Improvements 38

ati

it



particular structural habitats Gulf States Marine Fisheries Commissio2001 ; Gulf States Marine
Fisheries Commission, 2015)However, astructural habitat relationshipwas neededto place the HSI
results in the proper geographic contextTherefore, the 2017 structural habitat Sls for the older life
stages and largemouth bass were rased for the 2023 Coastal Master Plan (Figures 280).
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Figure 27. Structural habitat Sl relationships for small juvenile shrimp, blue crab,
and juvenile fish.  A) shrimp and crab baseline relationship, B) spotted seatrout
baseline relations hip, C) gulf menhaden baseline relationship, and shrimp and
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Figure 28. Structural habitat Sl relationship for larger juvenile brown shrimp,
larger juvenile white shrimp, and adult gulf menhaden.
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Figure 29. Structural habitat Sl relationship for adult spotted seatrout.
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Figure 30. Structural habitat Sl relationship for largemouth bass.

Small Juvenile Brown Shrimp HSI model

This HSI model is applicableo small juvenile brown shrimp (median total length (TE 53 mm) that
have recently settled to estuaries and are most common between April and July. The model equation
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is HSI = (Sl x Sk)¥2, where Si is the water quality suitability index and Sis the structural habitat

suitability index. The water qualy Sl is based orthe GLMMGaussian model, which islepicted in

Figure31, and uses average salinitand water temperaturefrom April through July as model input.

The oObaselinedéd structural h a bré nmodd cellS haveias averdg® wn i n Fi g
decadal oyster HSI score O0.50 or SAV coverage 020% 't
27d, respectively, should be used instead.
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Figure 31. GLMM-Gaussian predicted response of small juvenile brown shrimp

CPUE to salinity (ppt) and water temperature (°C).

Large Juvenile Brown Shrimp HSI model

This HSI modeis applicable to larger juvenile/sukadult brown shrimp (median TL = 72 mm) that
occur in deeper parts of the estuarine basins pnarily between April and July. The model equation is
HSI = (Si x Sk)¥2, where Si is the water quality suitability index and $is the structural habitat
suitability index. The water quality Sl is based dhe GLMMGaussian model, which islepicted in
Figure32, and uses average salinity and water temperatufeom April through July as model input.
The structural habitat Sl is shown ikigure28.
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Figure 32. GLMM-Gaussian pr edicted response of large juvenile brown shrimp
CPUE to salinity (ppt) and water temperature (°C).
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Small Juvenile White Shrimp HSI model

This HSImodel is applicable to small juvenile white shrimp (median total length (TL) = 43 mm) that

have recently setttd to estuaries and are most common between June and December. The model

equation is HSI = (SIx Sk)¥2, where Si is the water quality suitability index and Sis the structural

habitat suitability index. The water quality Sl isased on the GLMMsaussan model, which isdepicted

in Figure33, and uses average salinity and water temperatufeom June through December as model

input. The Obaselined6 structural habitat Sl is shown
averag decadal oyster HSI score O00.50 or SAV coverage C
27c or 27d, respectively, should be used instead.

30 CPUE
10.0

7.5

5.0

25

Temperature
N
o

-
o

0.0

0
0 10 20 30 40

Salinity
Figure 33. GLMM-Gaussian predicted response of small juvenile white shrimp
CPUE to sal inity (ppt) and water temperature (°C).

Large Juvenile White Shrimp HSI model

This HSI models applicable to larger juvenile/sukadult white shrimp (median TL = 82 mm) that occur
in deeper parts of the estuarine basins throughout the year. The model edion is HSI = (SIx Sk)Y2,
where Sl is the water quality suitability index and 3is the structural habitat suitability index. The
water quality Sl is lased on the GLMM5aussian model, which islepicted inFigure34, and uses
average salinityand water temperatureover the entire year as model input. The structural habitat Sl is
shown inFigure28.
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Figure 34. GLMM-Gaussian predicted response of large juvenile white shrimp
CPUE to salinity (ppt) and water temperature (°C).

Juvenile Blue Crab HSI model

This HSI models applicable to juvenile blue crab (carapace width <60 mm) that have recently settled

to estuaries and are common throughout the year (note: there were insafént data to develop an HSI

model for adult crabs). The model equation is HSI = {SISk)¥2, where Si is the water quality

suitability index and Slis the structural habitat suitability index. The water quality Sl is based on the

GAMMGaussian modelwhich is depicted in Figure 35and uses average salinity and water

temperature over the entire year as model i nput. The
Figure 27a, but where cells have an average decadal oyster4St or e O0. 50 or SAV cover ac(
the Sl relationships shown in Figures 27c or 27d, respectively, should be used instead.
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Figure 35. GAMM- Gaussian predicted response of juvenile blue crab CPUE to
salinity (ppt) and water temperat ure (°C).

Juvenile Gulf Menhaden HSI model

This HSI model is applicable tuvenile gulf menhaden (median TL = 35 mm) that have recently
settled to estuaries and are most common between January and August. The model equatidtS&=
(Sh x Sk)¥2, where Sk is the water quality suitability index and $is the structural habitat suitability
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index. The water quality Sl is based on the GAMBAussian modelwhich is depicted in Figure 36and
uses average salinity and water temperature from January througligust as model input. The
structural habitat Sl is shown in Figure 27c. Although the meganalysis indicated thafuvenile gulf
menhaden are mostprevalentover shallow nonvegetated water bottoms these habitats primarily
occur in association with marshe. Therefore, the structural habitat Sl for juvenile gulf menhaden is
similar to the other juvenile species, with optimum habitat conditions occurring where marsh
comprises between 2580% of a model cell, though the-intercept is higher for menhaden dued the
greater suitability of open waters.

CPUE
30

Temperature

0 10 20 30 40
Salinity

Figure 36. GAMM- Gaussian predicted response of juvenile gulf menhaden CPUE
to salinity (ppt) and water temperature (°C).

Adult Gulf Menhaden HSI model

This HSImodel is applicable to @ult gulf menhaden (median TL = 175 mm) that occur in open waters
of estuarine basins primarily between March and November. The model equation is HSI £XSk)¥2,
where Sl is the water quality suitability index and Sis the structural habitat suitability index. The

water quality Sl is based on the GAMaussian modelwhich is depicted in Figure 37and uses
average salinity and water temperature from March through November as model input. The structural
habitat Sl is shown inFigure28.
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Figure 37. GAMM-Gaussian predicted response of adult gulf menhaden CPUE to
salinity (ppt) and water temperature (°C).

Juvenile Spotted Seatrout HSI model

This HSImodel is applicable to juvenile spotted seatrouimedian TL = 60 mm) that have recently

settled to estuaries and are most common between September and November. The model equation is
HSI = (Si x Sk)¥2, where Si is the water quality suitability index and $is the structural habitat

suitability index. The water quality Sl is based on the GAMBAussian modelwhich is depicted in

Figure 38,and uses average salinity and water temperature from September through November as
model input. The Obaselined structewradhave8A/i t at
coverage 020% the relationship shown damlysBi gur e
showed that juvenile spotted seatrout were uncommon over oyster reef, so a Sl relationship for this
habitat was not developed.
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Figure 38. GAMM- Gaussian predicted response of juvenile spotted seatrout CPUE

to salinity (ppt) and water temperature (°C).

Adult Spotted Seatrout HSI model

This HSImodel is applicable to adult spotted seatrout (median TL >200 mm) that occumrbughout
the estuarine basins yearound. The model equation is HSI = (St Sk)¥2, where Sl is the water
quality suitability index and Slis the structural habitat suitability index. The water quality Sl is based
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on the GAMMGaussian modelwhich isdepicted in Figure 39,and uses average salinity and water
temperature over the entire year as model input. The structural habitat Sl is showrFigure29.
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Figure 39. GAMM-Gaussian predicted response o  f adult spotted seatrout CPUE to
salinity (ppt) and water temperature (°C).

Largemouth Bass HSI model

This HSI models applicable to juvenile and adult largemouth bass (median TL = 200 mm) that occur
primarily in the freshwater parts of the estuarine bass throughout the year. The model equation is
HSI= (Sk x Sk)¥2, where Si is the water quality suitability index and $is the structural habitat
suitability index. The water quality Sl tsased on the GLMMPoisson model, which islepicted inFigure
40, and uses average salinitpnd water temperatue over the entire year as model input. The
structural habitat Sl is shown irFigure30.
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Figure 40. GLMM-Poisson predicted re sponse of largemouth bass CPUE to salinity
(ppt) and water temperature (°C).

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
Improvements 46



4.0 INTEGRATION AND TEST ING

The 2023 Coast al Master Plan HSI models described her
Integrated Compartment Model (ICM) so that the effects aduedidate restoration and protection

projects on species habitat could be evaluated. The HSI code from the 2017 Coastal Master Plan was

updated to reflect the changes made to the prexisting Sls, and new code was incorporated for the

new Sls and the new I-HSI models (seaside sparrow and bald eagle). The ICM code also was

updated to provide output for the new Sl calculations. Specifically, code was incorporated to create

new data dictionaries for open water sediment deposition (for the oyster model), mardavation

(seaside sparrow model), and decadal oyster HSI scores (fish, shrimp, and blue crab models).

Slight changes to the HSI model setps were required so that the ICM could more efficiently and
effectively make the required calculations. During th2017 Coastal Master Plan, the ICM utilized
ArcGIS to make the geographic calculations required for the brown pelican HSI model, i.e., for the

0i sland areaé, odistance to mainlandé6é, and o0distance
was subseaiently removed to improve ICM computation speed and efficiency. Therefore, for the 2023
Coastal Master Plan, the GIS calculations for the brown pelican model will be performed outside the
ICM framework as an additional pogtrocessing step. In addition, tt GAMM lookup tables were
originally generated with the salinity and water temperature input data expressed to two decimals
places (i.e., x.xx), which resulted in millions of rows of salinity and temperature combinations. To save
computational memory andun time, the salinity and temperature input data was reduced to one
decimal place (x.x). This reduction in data precision did not have a significant effect on the CPUE
predictions, as the maximum difference in normalized CPUE was only 0.02.

The 2023 HSI models were tested using ICM environmental output from the 2017 Coastal Master
Plan future without action scenario, and the results were compared to the 2017 HSI results for each
species to evaluate the efficacy of the model improvements. For the mostrp the 2023 HSI models
produced realistic representations of speciesd habite
Suitability scores for adult spotted seatrout and adult gulf menhaden were relatively low (<0.75)
because the simulated temperature were lower than the optimum temperatures identified by the
models; however, the spatial patterns of habitat suitability were reasonable. The large juvenile white
shrimp HSI model was the only model to produce unreasonable results, with high suitabilitgres

(>0.9) calculated for nearly the entire ICM domain. A revised large juvenile white shrimp HSI model
was created that included Julian date in the water quality Sl, because the original model may not
adequately capture the effects of intraannual watertemperature variability, which influences when
white shrimp emigrate from estuaries. However, this revision did not improve the results, as suitability
scores were lower but still relatively uniform across the coast. Consequently, it is recommended that
the large juvenile white shrimp HSI model not be used for the 2023 Coastal Master Plan.
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ATTACHMENT 1: SEASIDE
SPARROW HSI MODEL
DEVELOPMENT

Elizabeth M. Robinso® Louisiana State University AgCenter

1.0 SPECIES PROFILE

The seaside parrow,Ammospiza maritima fisherijs a yearround resicent (honmigratory) and eco-
system specialist commonly found in coastal marshédeom Pensacola, Florida to San Antonio Bay,
Texas.Seaside sparrows in Louisiana account for 69% of tmerthern Gulf of Mexico abundance and
approximately55% of the global abmdance Remsenet al., 2019). It has been estimated that the
Louisiana breeding populatiorconsists of 3.57 million birds (Remsenet al., 2019). The seaside par-
row is |isted by the National Audubon Sodtvitgty
to marsh deterioration and sedevel rise(National Audubon Society, 2014)Thelnternational Union

for Conservation of NaturglUCN) Red List classifies the seasid@arrow as a species of least concern
although their populations are decreasing.

Basic life history ifiormation is available for the seaside sparrow. Seasidg@arrows have an estimated
maximum life span ofeight to nine years, although most do not live that longseaside sparrowsspend
their entire life cycle in coastal marshes forag@gon insects and seeds. Seasidearrows nest in late
spring and early smmer months Male sparrows are territorial and mated pairs can remain socially
monogamous from year to yealremales build the nests and incubate the eggs alone. A nest typically
includestwo to five eggs(Post & Greenlaw, 2018; Post, 1974)

Predation and tidal flooding drive habitselection for nesting seaside parrows (Reinert, 2006; Storey
et al., 1988; Greenberg, et al., 2006) Intermediate, brackish, and saline marshes, dominatl by
Spartinaspp., are preferred habitats by seasideparrows (Gabrey et al. 2001). Sparrows prefer
marshes with vegetation cover between 65.8 87.5% of an area(Gabrey & Afton, 2000) This re-
duces thethreat of predation uponnests. Common predator®f sparrowsinclude rice rats and mink
(Hart, 2017). Sparrow nests withirmarsh habitats are not constructed directly onto substrate surfaces
and are often elevated 520 cm aboveground to balance the effects of flooding along with predation
(Post & Greenlav, 2018; Gjerdrum et al, 2005). Marsh elevation reduces flooding risk and nests have
been observed at elevations between 0.08nd 0.659 m (Cooper et al. 2016; Lehmicke, 2014).

Table 2. Characteristics associated with seaside sparr ow habitatu sedin the HSI
m odel

Characteristic Optimum Suboptimum

Vegetation Type ? Intermediate, brackish and Open water
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saline marsh ( Spartina spp.
dominated)
\F;ercent_Emirgent 65 -100% Marsh with less emergent
egetation marsh
Elevation 3 >0.09 m relative to mean Open water _
annual water level Land that floods daily

1Based onCooper et al, 2016; Lehmicke 2014; Gabrey et al, 2001
2 Based onGabrey & Afton, 2000; Gabrey et al2001
3 Based onCooper et al, 2016; Lehmicke 2014

2.0 APPROACH

Model variables were selected as a result of a literature review, which attempted to identify important
variables associate with habitat used by nesting seasidearrows. Habitat characteristics were as-
signed values from 0 to 1, with a value of 1 being assigned the most preferred habitat state (United
States Fish and Wildlife Service [USFWS], 1981). Quantitative measures of habitat use for an environ-
mental variable were divided byhe highestvalue for the variable state. This placed all the values of

the vatiable on a scale from 0 to 1where 1 is the most suitable or optimal habitat conditiorAddi-

tional procedures are discussed for the individual variables. The HSI index values were obtained by
taking geometric means of the suitability indices of the inddaal variables (USFWS, 1981).

3.0 HABITAT SUITABILITY INDEX MODEL FOR SEAS IDE SPARROW

The HSImodel is applicable to nesting seasideparrows breeding in coastal Louisiana’he HSI model
for the seaside sparrow is the geometric mean of three suitabilitydices (Sls): habitat type, emergent
wetland vegetationcoverage, and marsh elevatioriThe model equation isHSI = (Six Sk x Sk)¥3.

Sh = Proportion ofmodel cell covered by habitat types .

Sh =[(1.0 X Ma) + (0.7 x \b) + (0.3 x \{c)]
Where: \{a = the proportion of a model cell that is saline marsh
Vib = the proportion of a model cell that is brackish marsh
Vic = the proportion of a model cell that is intermediate marsh

Seaside parrow abundance has been shown to vary among emergent marsh tyjre$ ousiana and
elsewhere along the orthern Gulf of Mexico. For marsh types, this index is based on surveys con-
ducted in Louisiana, Mississippi, and Alabama by Cooper et al. (2016), Gabrey and Afton (2000), Rush
et al. (2009), and Gabrey et al. (2001). igual observations in these studies indicate that brackish and
saline marshes,dominated bySpartina alternifloria, Spartina patens Juncus roemerianus and Dis-

tichlis spicata, are utilized by sparrows. Since the community composition of these plants refla sa-

linity gradient, the relative Sl values were gradated such that &l 1 for saline marshes, Sl= 0.7 for
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brackish marshes, and SlI= 0.3 for intermediate marshes. Other emergent hatzits and open water
habitats haveSI values equal to 0.

Sk = Perent of model cell covered byvetland vegetation (Y).

1 A

0.8 1 Sk = 0.0154*V 2, when \ <65%
5 06 ] 1.0,whenMO 65
é 0.4 4
” 0.2 4

0 10 20 30 40 50 60 70 80 90 100
Percent Wetland Vegetation

Figure 1. Suitability relationship for seaside sparrow Sl 2, percent wetland.

Seaside sparrows have been shown to nest in dense, herbaceous vegetatio increase nest conceal-
ment and reduce nest predatior(Lehmicke, 2014, Gjerdrum et al, 2005; Marshall & Reinert, 1990)
Sparrovs in the Rockefeller Wildlife Refuge in southwest Louisiamgere found tobuild nestsin 6.25
hectare coastal marsh sites wh 65 to 100% vegetative cove(Gabrey & Afta, 2000; Gabrey et al,
2001). This range of percent vegetation coverage was considered optimal for the HSI model and was
assigned a value of 1 for Sl The risk of nest depredation increases with decreases ingetative

cover, thus the value of this index decreases to 0 as percent cover decreases to 0.

Sk = Mean devation of marsh relative to meanannual water level ().

1 4

0.8 Sk=0.0,whenMO 0. 09 m

Coe (5.025*V3) 8 0.452, when 0.09< \5 <0.285

= 1.0, when \6 00.285

=2 04

” 0.2
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Figure 2. Suitability relationship for seaside sparrow Sl 3, marsh elevation.

Building nests h marshes with higher elevation reduces nest loss due to tidal flooding. Thlkbows
sparrows to focus @ minimizing predation by buildingnests closerto the ground, making them better
concealed.Though there are no studies in Louisiana describing sparrow nesting relationship to marsh
elevation, studies inMississippi haveshown that nests are builin marshes with elevations between
0.09 and 0.680 m relative to mean water levelwith a 95% confidence interval (Chetween 0.285

and 0.659 m (Lehmicke, 214; Cooper et al, 2016). Thus,Sk was assigned a value of 1 based on the
95% CI for marsh elevation seen iMississippi sparrows The risk of marsh floding increases with a
decrease in marsh elevation, thus the value of this index decreases@at 0.09 m.
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ATTACHMENT 2: BALD EAGLE HSI
MODEL DEVELOPMENT

Katie Percy, Nicole L. Michel, Lindsay Nakashima, and Erik I. John8oaudubon Louisiana

1.0 SPECIES PROFILE

The bald eagle flaliaeetus leucocephalu$ is the second lagest bird of prey in North America,
exceeded only by the California condoGymnogyps californianusBuehler, 2020). Adult bald eagles

are easily recognized by their allhite head and tail, which is not acquired until four to five years of
age, and darkbrown body and wings. The species is an opportunistic forager that favors fish (Sherrod
1978; Watson et al, 1991; Brown et al, 1991; Grubb, 1995). Hence, they are seldom far from water
and primarily associated with palustrine forested wetlands (Seymo&iCoulson 2019; Buehler,

2020). The bald eagle is endemic to North America, but its range is vésincluding northern Mexico,

all of the contiguous United States, Alaska and most of Canada (Fink et 2020).

Movement and timing of breeding varies grely with latitude. Northern populations of bald eagles
breed during summer months and migrate south in winter. Conversely, the southern subspecies
(southern bald eagleH. . leucocephalu3 & including those across the Gulf Coast are primarily

winter breeders that migrate north as far as Canada in spring after nesting (Figure 1; BrolE347;
Stalmaster, 1987; Mandernack et al, 2012; Smith et al, 2017a; Seymour& Coulson 2019; Buehler,
2020). However, a small proportion of southern bald eagle appearb@ nonmigratory and can be
found along the Gulf Coast yeaound (Stalmaster 1987; Fink et al,, 2020; Seymour& Coulson

2019). Juvenile eagles and subadults may wander more than adults, traveling farther and in a rather
nomadic fashion (Stalmaster1987).

Migration
Figure 1. Seasonal activities of the southern bald eagle along the Northern Gulf
of Mexico . White cells indicate the life stage/ activi ty is generally not present.

Gray cells indicate life stage activity.

Southern bald eagles are not uncommon in Louisiana, but the population has experienced extreme
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fluctuations within the state, just as it has across most of its range over the pasto centuries (Smith
et al., 2016; Buehler,2020). In 1782, there may have been as many as 100,000 nesting eagles in the
continental United States, excluding Alaska. Yet by 1963, only 417 nesting pairs remaingdited
States Fish and Wildlife ServicdJSAVY, 2007a; USFWS, 200B; Buehler, 2020). In Louisiana, bald
eagles were described as moderately common into the early to r1ifl00s (Beyer, 1900; Beyer et al,
1908; Bailey, 1919; Lowery 1955). But by the early 1970s, the species had become rare with only
approximately five nests known within the state (Lowerd974; Seymour& Coulson 2019). The

leading causes of population decline included habitat destruction and degradation, illegal shooting,
and contamination of its primary food source (fish) with hyatrarbons, primarily by DDT (dichloro
diphenyHrichloroethane) and its derivatives (Broleyl947; Stalmaster, 1987; USFW$20073;

Buehler, 2020). By 1967, the bald eagle population south of the 40th parallel was listed in the United
States as endangered, ad, subsequently, received protection undehe Endangered Species Aaif
1973 (USFW$1967; USFWS$2007a; USFWS, 200B). By 1978, the endangered listing status was
expanded throughout the conterminous United States, except in Washington, Oregon, Minnesota
Wisconsin, and Michigan, where the species was listed as threatened (USF1@38).

In 1972, the U.S.Environmental Protection AgencfEPA)anned the agricultural useof DDT in the
United States EPA 2014) and the bald eagle populatiorsubsequently rebainded. Smith et al. (2016)
guantified the exponential growth in Louisiana of active nests (11.1% per year), number of successful
nests (9.8% per year)and number of young produced (11.4% per year) using aerial nest survey data
collected annually from 1975to 2008. Recovery goals of the Southeastern States Bald Eagle
Recovery Plan werexceeded by 1990 (Murphy1989; Smith et al,, 2016). No longer at immediate

risk to extinction, the bald eagle was removed from the &) endangered species list in August ¢007
(USFWS2007a). Continued stability and growth of the population may depend on the ability of bald
eagles to cope with increasing levels of human activjtyuch asland development, habitat
fragmentation, and to a lesser extent persecutiorAdditionaly, protection and availability of current

and future nesting habitats, as well as the careless and illegal use of pesticides, will influence ongoing
bald eagle population stability (Smith et §l2016; Seymour& Coulson 2019; Ebersoleg 2020).

The recenty published Strategic Bird Monitoring Guidelines for the Northern Gulf of Mexico (Wilson et
al., 2019) recognized that sea level rise may impact the quality and quantity of eagle nesting and
foraging habitat in the northern Gulf of Mexico because of salter-induced loss of nesting trees and

a change in fish assemblages. In the Chesapeake Bay, for example, bald eagle recoveries were
substantially slower in saltwater wetlands than in freshwater wetlands, indicating a habitat preference
for freshwater systens, as well as possible sensitivities to the conversion of freshwater to saltwater
wetlands (Watts et al.2006). Watts et al. (2006) suggestd that fisheries and the spawning runs of
anadromous species along the Atlantic Coast may partially explain thdisigy effects. Even so, bald
eagles may also do well in intermediate salinities, up to about 10 ppt, with chicks experiencing
particularly rapid growth in these wetlands in the Chesapeake B&Wgrkham & Watts, 2008. Higher
salinities may reduce the avadbility or suitability of preferred forage fish and may negatively impact
nesting trees (Seymou& Coulson 2019). Because of the speciesd preference
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and potential sensitivities to saltwater intrusion, continued monitoring and prediive modeling of bald
eagle populations is essential, as this species is an apex predator that can be an indicator of
ecosystem health.

Bald eagles display a high degree of fidelity to breeding home ranges (Harris etl#l87; Jenkins &
Jackman 1993; Smith et al., 2017a). Nests are typically located near the top of mature, dominant
trees capable of supporting large, heavy nests (Stalmastd987; Gerrard & Bortolotti, 1988; Buehler,
2020). Invariably, nests are located in close proximity to water (Stalstar, 1987; Gerrard & Bortolotti,
1988; Buehler, 2020). Territory size varies greatly and is based on food supply and nesting density
(Staltmaster, 1987; Gerrard & Bortolotti, 1988). Frequently, there are alternate nests within a territory,
and because ness are susceptible to severe weather, rebuilding is common (Harris et, 4987).

In Louisiana,southernbald eagles establish breeding territories and begin nesting in the fall (Smith et
al., 2016). Of 23 nests surveyed in Louisiana from 1977 to 1980, 9% were in bald cypress trees
(Taxodium distichun) (Harris et al, 1987), but nests have also been documented in pine and
hardwood trees, as well as atop mamade structures like cell towers and electrical pylons (lles

2018). Smith et al. (2017b) analyzedbald eagle nestsite selection and success in relation to
geographic variables in Louisiana. They categorized 23,897 kiais suitable bald eagle nesting habitat
(i.e., within 1 km of a large body of ater, and in a forested wetlancdr emergent herbaceous weand
with trees capable of supporting a nest). One third of this suitable habitat was within the sca#ntral
and southeastern portion of the staténcludingthe Atchafalaya, Terrebonne, Barataria, and
Pontchartrain Basinsd whereland coveris dominatedby inland swamps, deltaic coastal marshes

and barrier islands.Despite it covering just 18% of the statethis areacontained the highest bald

eagle nesting density at that time (81% of active nests in 2062008; Smith et al,, 2017b). Although
nest success was not significantly associated with the landscagevel variables around a site, initial
selection of a site did appear to be influenced by some landscafevel factors (Smith et al.2017b).

All active nests during the 20072008 season were within 3km of a large body of water (average
distance = 466 m), and wooded wetlands made up the largest proportionlahd covertypes within 3
km of nests (mean = 44.1%), followed by emergent herbaceous wetland (mean = 26.0%; Smith et al.
2017b). Wooded areas povide essential platforms for nest structures, and emergent herbaceous
wetlands d which can support large numbers of both fish and waterfowl! in Louisiafgprovide

foraging opportunities (Dugonét al., 1986; Remsen et al, 2019; Seymour& Coulson 2019).

A Habitat Suitability Index (HSI) model was published for the northern bald eagle (Peter$d86), but
becausethe modelwas based on summebreeding populations early in the podDDT era recovery, we

felt that this may have limited applicabilitytopop| at i ons i n Lliwetlandsi A5 suahdvee c oast a

developeda new HSI for the southern bald eagle based on data collected in Louisiana. Because bald
eaglesare representative of upper estuary habitatye believe the southern bald eagleerves asan

appr opri ate species for HSI modeling. Furthermore, we

wetlands over the next 50 years will negatively impact bald eagle populations. This model will provide
the opportunity to test two hypotheses: 1) thatchanggso Loui si anads coast al
discernible impact on bald eagle nestindnabitat, and 2) that restoration action will provide benefits to
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bald eaglehabitats compared to a future without restoration action.

2.0 METHODS

Approach
Aerial surveydata for known bald eagle nests were collected annually in Louisiana from 1975 to

2008, initially by USFWS and later lthe Louisiana Department of Wildlife and Fisheries (LDWF)
(Smith et al, 2016; Holcomb et al, 2015). After 2008, the next statewide suvey occurred during the
2014 -2015 breeding season, and subsequent periodic surveys have only covered the southeastern
portion of the state. No other comprehensive survey data exists for the bald eagle population in
Louisiana.

To developan HS] we used bdd eagle nest location data from the last statewide survey (2032015),
but restricted the dataset to include only nests occurring withihe Louisiana Coastal Zone boundary.
Land coverdata from 2014 (Couvillion, 2017) was also usedo develop birdhabitat relationships. The
LDWEF aerial surveys were conducted between December 2014 and March 2015 by helicopter,
focusing on known nest locations from previous surveys, and other records from the LDWF ifeildI
Diversity Program (formerly th&latural Heritage Pogram) database. Most nests were visited twia®
once to gauge the presence or absence of nesting behaviors, and a return weeks later to gauge
nesting productivity. See Holcomb et al. (2015) for more details.

Weincludelonl 'y t hose nestisedl dssiofuirednaad ysdacst, which resul
bald eagle nests. Because the spatial scale of bald eagle nesting habitat selection in southern
Louisiana is unclear, we built models using data summarized at four grid cell sizes based on published
home range and core use area estimates (Smith et @2017a; Buehler, 2020): 3x3 km (9 km?), 4x4

km (16 km?), 5x5 km (25 kn?), and 6x6 km (36 kn%). Within each cell, we calculated the percent

cover of nineland coverclasses: agriculture, developed and uplah forested wetlands, fresh marsh,
brackish marsh, intermediate marsh, salt marsh, flotant marsh, and open water. Because these
datasets included many grid cells with complete, or nearly complete, surface water cover, we explored
the effects of excluding gd cells with water cover greater than a predefined threshold. For each of the
four datasets, we explored two thresholds: 95% water cover and a proportion just greater than the
maximum water cover in that datasetwhich we determined by rounding up to theearest integer
Maximum water cover proportions in a grid cell containing a bald eagle nest were 87.4% for km
91.6% for 16 kn?, 97.5% for 25 kn¥, and 88.5% for 36 kn#. Therefore, we used water cover

thresholds of 88% for 9 krd, 92% for 16 kn?, 98% fa 25 km2, and 89% for 36 kn#, in addition to the
predetermined 95% threshold.

The eight datasets included between 1,214 (36 k&) and 4,836 (9 km¥?) grid cells, of which 1350

205 cells contained one or more nests. Because of the small proportion of gridlsawith nests, the
count data were strongly skewed with many zeroes. This skew violated the assumptions of traditional
countbased distributions used in modeling (e.g., Gaussian, Poisson), and a log transformation was
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insufficient to reduce this lack of it. Therefore, we developed models based on occurrence probability
rather than count. These models relate the probability of occurrence of one or more bald eagle nests
within a grid cell with theland coverin that grid cell.

Modeling echnigue

We modeledthe relationship between bald eagle nest occurrence ardnd coverusing boosted
regression trees (BRTs). BRTs aaemachine learning approach that is ideal for modelintpe kind of
complex curvilinear relationships with multiple and often correlated eneitmental variablesthat are
pervasive when modeling wildlife response to land covéklith et al, 2008). Models were fit using
packages dismo (Hijmans et gl2015) and gbm (Ridgeway2010) in R version 3.5.1 (R Core Team
2018). The response variable wagresence (1) or absence (0) of one or more bald eagle nests.

BRT models use three parametefdearning rate, bag fraction, and model tree complexityo shrink
the number of terms in the final model and thus avoid overfitting. Learning rate shrinks the
contribution of eachmodeltree in the boosted model; bag fraction specifies the proportion of data to
be selected from the training set at each step; and model tree complexity determines the number of
nodes and, consequently, level of interactions between piigetors. We iteratively tuned these
parameters to optimize model fit while ensuring a minimum of 1,00 odel trees using default
parameter ranges recommended by Elith et al. (2008): learning rate 0.0060.1, bag fraction 0.559
0.75, and model tree complexig 183. At each step, we used 18@old crossvalidated area under the
receiver operating characteristic curve (AU@nd deviance explainedo select the optimal parameter
value. AUC is a measure of discriminatory capacity, and deviance explained providésrination
regarding how much variance in bald eagle nest occurrence was explained by the motielreduce
bias due to spatial aubcorrelation, we used spatialbgtratified crossvalidation. We accomplished this
by dividing the dataet into 11 bins by latiude and longitude and withholding one latitudinal bin for
testing at each fold (Roberts et al2017). Our final model used the following tuning parameters:
learning rate of 0.001, a bag fraction of 0.50and a model tree complexity of 1.

Model Performane

Because BRTs use an iterative machine learning algorithm, each model produces slightly different
results. Therefore, we ran the model for,Q00 iterations and calculated multimodel averages for all
parameters. Final model performance of the complete sef eight models (four grid cell sizes, each
with two water cover thresholds) was evaluated using three croegalidated model performance
measures: deviance explained, correlation, and AUC. Deviance explaiard AUC were explained
previously Correlation $ a measure of predictive accuracy, evaluating the correlation between
predicted and observed nest occurrence. For all model performance measures, higher values indicate
better model fit. In the bestfit model, the effects ofland coveron probability of rest occurrence were
evaluated in three ways. First, the relative importance of eatdnd coverpredictor in the model was
calculated and scaled so that all importance values sum to 100. Second, the relationship between
eachland covertype and probabilityof nest occurrence was plotted as a marginal effect, meaning the
probability of bald eagle nest occurrence was estimated across a range of possible coverage values
with all otherland covertypes held to their means. Nest occurrence probability estimatesre
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generated as predictions from the BRT model at each of theDDO iterations, and standard errors
were derived from these bootstrap samples. Finally, the plotted relationships were examined and
classified as oOpositive,d oOoneutral, 6 or Onegativeod ef

Model Rediction

BRT models can also be used to generate predictions given a set of covariate values. For each of the
1,000 model iterations, we generated predicted nest occurrence probability for all grid cells from the
observedland covervalues. We catulated mean nest occurrence probability across the,d00 model
iterations, and used that to map predicted bald eagle nest occurrence across the study area.

Data Exploration
Prior to buildingBRT models, we investigated correlations among predictor variedl Though BRTs are

relatively robust to correlated predictors, variabl es
spurious results (Elith et al.2008). No variables had correlations stronger than |0.50], so alland
covervariables were includedn each model.

3.0 RESULTS

The dataset with 36 kn? grid cells and a 95% water cover threshold produced the befting model
(Table 1). This dataset included 1,214 grid cells, of which 957 cells met the 95% water cover
threshold (i.e., included <95% war cover). All further results are drawn from this model.

Forested wetlandand coverexplained the greatest variation in probability of bald eagle nest
occurrence, followed by flotant marshrad open water (Table 2 The remainingsix land covertypes
each explained <5% of the model variatio(B.73% combined) with bare ground and agriculture,
brackish marsh, and salt marsh each explaining <1% of nest occurrence.

Table 1. Model performance statistics for the set of eight models evaluated for
southern bald eagle nest occurrence inthe Coastal Zone of Louisiana . The best -
fitting model is shown in bold.

Grid Cell | % Water Deviance Correlation AUC
Size Threshold | Explained

9 km 2 95% 0.32 0.24 0.82
9 km 2 88% 0.31 0.23 0.81
16 km 2 95% 0.38 0.37 0.79
16 km 2 92% 0.37 0.37 0.79
25 km ? 95% 0.43 0.36 0.79
25 km ? 98% 0.42 0.36 0.89
36 km 2 | 95% 0.43 0.40 0.80
36 km 2 89% 0.38 0.38 0.79
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Table 2. Variable importance and direction of relationship between

classes and probability of
error.

southern bald eagle nest

Land cover class Variable Importance
Mean | SE Direction
Agriculture 0.82 0.01 | Negative
Brackish marsh 0.02 0.00 | Neutral
Developed and upland 1.04 0.02 | Positive
Flotant marsh 37.15 | 0.07 | Positive
Forested wetland 47.4 3 | 0.06 | Positive
Fresh marsh 3.30 0.03 | Positive
Intermediate marsh 3.53 0.03 | Positive
Salt marsh 0.02 0.00 | Neutral
Open water 6.69 0.03 | Positive

land cover
occurrence . SE = standard

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model

Improvements

62



Probability of bald eagle nest occurrence wasronglypositively related to flotantmarsh, forested
wetland, and open water, and weakly related timtermediate marsh, fresh marshand developed and
upland land cover(Figure 3). Meanwhile, bald eagle nest occurrence showed a weak negative
response to agriculture, and was neutral to brackish marsh and salt nsarland cover Probability of
bald eagle nest occurrence was highest isoutheastLouisiana, between the Atchafalaya and
Mississippi Rivers (Figure ¥
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Figure 3. Marginal effects of nine land cover classes on probability of southern
bald eagle nest occurre  nce, with 95% confidence intervals , in the Coastal Zone
of Louisiana : agriculture (A), brackish marsh (B), developed and upland (C),

flotant marsh (D), forested wetland (E), fresh marsh (F), intermediate marsh

(G), salt marsh (H), and open water (I).
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Figure 4. Predicted southern bald eagle nest occurrence across the Coastal Zone

of Louisiana, averaged across 1000 model iterations.

4.0 SOUTHERN BALD EA GLE HABITAT SUITABIL ITY INDEX MODEL

We created a Habitat Suitability Index (HSI) from the &&xd covervariables that explained >1% of the
variation in probability of bald eagle nest occurrence: developed and upland, flotant marsh, forested
wetland, fresh marsh, intermediate marsh, and open wateA 1% threshold offered a useful balance
for including relevarh model parameters and reducing model complexity by removing land cover
variables that explained negligible variation in bald eagle habitat suitabilifyor eachland cover
variable we created a Suitability Index (SI) based on the relationship between beddgyle nest
occurrence probability and the proportion of eacland covertype in a 36 kn? cell (methods per Tirpak
et al., 2009). Predicted nest occurrence probability values for the range of possible coveragel (%)
of the land cover type (from Sectior2.2; Figure 3) were rescaled to span a range of 0 to 1,
representing the full range of suitability indices. We then fit a series of curves to the rescaled data,
and usedAkaike information criterion(AIQ model selectionmethodsto identify the formula tha
produced the best fit. Specifically, we fit the following curves: figtder polynomial (linear), second
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order polynomial (quadratic), thirebrder polynomial (cubic), fourtforder polynomial (quartic), inverse,
natural log, and exponential. To avoid isgs with dividing by or taking the log of 0, a constant of 0.1
was added as needed to rescaled occurrence probability (exponential) or percent cover (inverse,
natural log). Model coefficients were derivcefrom the selected model, and we used to populatethe
equation presented for eacHand covervariable as itsSl. Finally, the oveall HSI was calculated as a
weighted geometric mean of the individual Sis for each of the $&nd covervariables that explained
>1% of the variation in bald eagle nest occuence probability. Each SI was weighted by raising the Sl
to the power of the proportion of variance explained by thitnd covertype (i.e., relative importance
divided by 100; Table 2). The six weighted SIs were multiplied, then raised by the invers&efsum of
the six proportions of variance to calculate a geometric mean of the six Sls falfows:

‘0Y'0 "YO® z "YO® z YO8 =z 'YO® z 'YO® z "yO® 8

Where:
Sh = Sl based on percent cover developed and uplandifV
Sk = Sl based on percent cover flotant march £y
Sk = Sl based on percent cover forested wetland {
Sk = Sl based on percent cover fresh marsh £/
Sk = Sl based on percent cover intermediate marsh {\/
Sk = Sl based on percent cover open water )/
Note that we restricted our modeltogri¢ e | | s wi th 0O95% water, as bald eag]l

grid cells without emergenvegetation. Therefore, fogrid cells with >95% open water, the &l should

be defined as: HSE 0. The HSI modeis used tocalculate the annual habitat suitability indx score of

a model cell foradult southern bald eagles nesting in coastal Louisiana. Although the model was built
using data from the Louisiana Coastal Zone, the relationships developed area also applicable to the
slightly larger ICM model domain.

Sh = Percent cover ofdeveloped and upland habita{\i).

V1 is the proportion of a 36 knd cell that is coveredby developed or upland habitatThe model that

best fit the relationship between probability of bald eagle nest occurrence and developed and upland
land cover(Figure3C), rescaled to range from @ 1, was the natural log(Table 3. TheSlfor

developed and uplandand covershould be calculated as followsif Vi = 0, Sk = 0.01; otherwise

YO mny rtel b
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Table 3. Model selection table for developed and upland land cover as nesting

habitat for the southern bald eagle . AIC and delta AIC are presented for each
Suitability Index model fit to the relationship between probability of southern
bald eagle nest occurrence and proportion dev eloped and upland land cover .
Model Name | AIC JAIC
Natural log -213.39| 0.00
Quartic -179.05| 34.34
Cubic -162.32| 51.07
Quadratic -144.92| 68.46
Linear -108.45| 104.94
Inverse -106.93| 106.46
Exponential | 78.23 | 291.61

Sk = Percent cover oflotant marsh habitat (\5).

V2 is the proportion of a 36 kn? cell that is covered by flotantnarsh habitat. The model that best fit
the relationship between probability of bald eagle nest occurrence and flotant marsimd cover
(Figure3D), rescaled to range from ® 1, was the quartic (Table 4). Th&lfor flotant marshland
covershould be calculated as follows:

YO T8 PCmBITX®W PP MR 2w PRATP 20 oY Zw

Table 4. Model selection table for flotant marsh land cover as nesting habitat for
the southern bald eagle . AIC and delta AIC are presented for each Suitabil ity
Index model fit to the relationship between probability of southern bald eagle
nest occurrence and proportion flotant marsh land cover .

Model Name | AIC qAIC

Quartic -312.15| 0.00

Cubic -298.91| 13.24

Natural log -262.26| 49.89
Quadratic -216.69| 95.47
Linear -119.15| 193.00
Inverse -98.31 | 213.84
Exponential | 7.13 319.28

Sk = Percent cover oforested wetland habitat(\5).

Vs is the proportion of a 36 kn& cell that is covered by forested wetlandhabitat. The model that best
fit the relationship betwean probability of bald eagle nest occurrence and forested wetlatahd cover
(Figure3E), rescaled to range from ® 1, was the quartic (Table 5). Th8Ifor forested wetlandland
covershould be calculated as follows:

YO MtpuTSIT PO PP XW 20 pPpFOPQ z2 LvHXD zZw

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
Improvements 66



Table 5. Model selection table for forested wetland land cover as nesting habitat

for the southern bald eagle . AIC and delta AIC are presented for each Suita bility
Index model fit to the relationship between probability of southern bald eagle
nest occurrence and proportion forested wetland land cover .

Model Name | AIC JAIC

Quartic -333.25| 0.00

Cubic -300.50| 32.75

Quadratic -246.00| 87.26
Natural log -202.91| 130.34
Linear -162.95| 170.30
Inverse -2.60 330.66
Exponential | 30.23 | 363.49

Sk = Percent cover ofresh marsh habitat(Va).

V4 is the proportion of a 36 kng cell that iscovered by fresh marsh habitatThe model that best fit the
relationship between pobability of bald eagle nest occurrence and fresh marsgand cover(Figure3F),
rescaled to range from @ 1, was the quartic (Table 6). Th&lfor fresh marshland covershould be
calculated as follows

YO ™M@ X TT8I X 3w CHULVD 20 0H WP Zw P TP zZw

Table 6. Model selection table for fresh marsh land cover as nesting habitat for
the southern bald eagle . AIC and delta AIC are presented for each Su itability
Index model fit to the relationship between probability of southern bald eagle
nest occurrence and proportion fresh marsh land cover .

Model Name | AIC JAIC

Quartic -158.75| 0.00

Inverse -139.62| 19.13

Natural log | -124.60| 34.15

Cubic -109.80| 48.%

Quadratic -95.36 | 63.39

Linear -92.54 | 66.21

Exponential | 49.18 | 207.93

Sk = Percent cover ofntermediate marsh habitat(\s).
Vs is the proportion of a 36 kni cell that is covered byintermediate marsh habitat. The model that
best fit the relationshipbetween probability of bald eagle nest occurrence and intermediate marsh
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land cover(Figure3G), rescaled to range from & 1, was the cubic (Table 7). Th&lfor intermediate
marsh land covershould be calculated as follows:

YO T Qo M 20 LV 0Q 2w OoHPYP Zw

Table 7. Model selection table for intermediate marsh land cover as nesting
habitat for the southern bald eagle . AIC and delta AIC are presented for each
Suitability Index mo  del fit to the relationship between probability of southern
bald eagle nest occurrence and proportion intermediate marsh land cover .

Model Name | AIC JAIC

Cubic -282.39| 0.00

Quartic -281.17| 1.22

Quadratic -183.94| 98.45

Linear -180.33| 102.06

Exponential | -50.92 | 231.47
Natural log -39.27 | 243.12
Inverse 55.69 | 338.08

Sk = Percent cover obpen water habitat(\).

Vs is the proportion of a 36 kn? cell that iscovered by open water habitatThe model that best fit the
relationship between probability ofouthern bald eagle nest occurrence and open water cover (Figure
31), rescaled to range from @ 1, was the inverse (Table 8). Th8lfor open water cover should be
calculated as followsif V6 = 0, Sk = 0.01; otherwise

YO mopump no P

Table 8. Model selection table for open water land cover as nesting habitat for
the southern bald eagle . AIC and delta AIC are presented for each Suitability

Index model fit to the relationship between probability of southe rn bald eagle
nest occurrence and proportion open water cover

Model Name | AIC QAIC

Inverse -270.82| 0.00

Quartic -247.20| 23.62
Natural log -246.90| 23.92
Cubic -211.63| 59.19
Quadratic -178.64| 92.18
Linear -152.36| 118.45
Exponential | 3.23 274.05
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5.0 MODEL VERIFICATION

We verified the model by estimating four model fit statistics: crosslidated deviance explained,

crossvalidated correlation,crossy al i dat ed AUC, and Morands | . We cal cul
the 1,000 model iterations. We sed 10-fold crossvalidation, in which 90% of the data are designated

training data and used to build the model, while 10% of the data were withheld to use for testing. To

reduce bias due to spatial autocorrelation, we used spatially stratified cregalidation by dividing the

data set into 11 bins by latitude and longitude and withholding one latitudinal bin for testing at each

fold (Roberts et al., 2017). We tested for residual spatial autocorrelation in the final model using

Morands |, c adeape(Parade dt ali, 2004p @he kodel fit statistics all indicated good

fit between the model and the observed data. The BRT model explained 43% of the deviance (SE:

0.13) in southern bald eagle nest occurrence across the study area, the crasdidated correlation

was 0.38 (SE: 0.06), and the crossalidated AUC was 0.80 (SE: 0.04; AUC scores >0.80 indicate good

model fit). Morands | values were 0.02 (SE: 0.001) ir
autocorrelation in the model.

We furtherverified the HSI model created using the Sis derived from the BRT model. We calculated

the HSI score for each of the 957 grid cells in the 36 kirdataset using the formula presented in

section 4.0, and calcul at ed t Hip beRveen thes guideGesHSEC or r el at i or
scores and predicted nest occurrence probabilities. HSI scores were significantly (P < 0.0001) and

strongly correlated with predicted nest occurrence probabilities (r = 0.87; Figure 5).
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Figure 5 . Relationship between HSI sc ~ ore and BRT model -estimated probability of
southern bald eagle nest occurrence for the Coastal Zone of Louisiana, with 1:1
line shown (r = 0.87, P < 0.0001).
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ATTACHMENT 3: FISH, SHRIMP,
AND CRAB WATER QUALI TY
SUITABILITY INDEX

Ann C. Hijuel os dlda Geobgical SwaveWdilahd and Agoatic Research Center

1.0 INTRODUCTION

Habitat suitability index(HSI)models have been used in mvious master plan modeling efforts to eval-
uate the potential effects of coastal restoration and protection projects on habitat for key coastal fish,
shellfish, and wildlife speciesin the 2017 Coastal Master Plan, HSI models for blue crab, brown
shrimp, white shrimp, gulf menhaden, spotted seatrout, and largemouth bass included a statistical
based water quality suitability index (SlI). A subsequent review of the models (Callaway et al., 2017)
indicated that the approach used to develop the Sl should be iisited and alternate modeling ap-
proaches should be explored. To address this comment, we reviewed the habitat suitability model de-
velopment literature and considered each of the general steps of model development, from data prep-
aration and model fitting tomodel evaluation, while considering the ecological justification and ration-
alization through every step. In keeping with widely accepted principles of model development (e.g.,
Guisan & Thuiller, 2005) and working within the framework of available tdathe 2023 Coastal Mas-

ter Plan HSI team identified and executed three components for model improvemeritsdetect and
resolvedata and statistical issues, 2)identify andimplement alternative modes, and 3) evaluate

model fit and performance Our goaffor this model improvement exercise was teelect a single water
quality model for the HSIs; one that performs well statistically and is ecologically reasonabighe
following sections, we describe the implementation of each of these improvements andyide a brief
summary of the results. For each species, we also indicate which modeling approach was selected for
incorporation into the final HSI equation.

2.0 METHODS

Preparation of Environmental Data

Salinity and temperature measurements for seines, tvds, and gill nets were investigated for potential
outliers by examining the frequency distribution of the raw data and using expert judgement of what
was considered reasonable for the areas being sampled. All years of available data were examined:
1967 to 2019 for trawl, 1986 to 2019 for gillnet and seine, 1998 to 2019 for electrofishing. Outliers
were defined as those larger than the 78 percentile by at least 1.5 times the interquartile range (IQR)
(IQR = 7% percentile 8 25t percentile), or smaller than the 25t percentile by at least 1.5 times the
IQR for each month. Water temperature outliers were verified against air temperature data collected
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by the National Oceanic and Atmospheric Administration at the New Orleanasd Lake Charle3 air-
ports. Ifthe outlier fell outside of the range of the data at either airport on that day, the outlier was
considered a confirmed outlier and was removed from the dataset. If the outlier did fall within the
range, the outlier was kept in the dataset to be includeith subsequent analyses. For salinity data, no
additional data over the full time period of the dataset were available to confirm outliers and as such,
a conservative approach was taken to remove outliers identified in the boxplots from the dataset, for
the seine, trawl, and gillnet gear types. Salinity measurements removed were generally values greater
than 36 ppt and less than 0 ppt. In some cases, two measurements were taken at each site: one at
the bottom of the water column and one at the top. Once oigfs were removed, these measurements
were averaged. Salinity and temperature boxplots, with and without outliers removed, are provided for
seines (Figure 1, Figure 2), oot trawls (Figure 3, Figure 4), and gillnets (Figure 5, Figure 6).
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Figure 1. Water temperature from the seine dataset collected at the top and
bottom of the water column (top and bottom panels, respectively); raw data (left
panels) and with outliers removed (right panels).

! https://www.ncdc.noaa.gov/cdeveb/datasets/GHCND/stations/GHCND:USWO00012916/detail
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Figure 2. Salinity from the seine dataset collect ed at the top and bottom of the

water column (top and bottom panels, respectively); raw data (left panels) and
with outliers removed (right panels).
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Figure 3. Water temperature from the 16 -foot trawl dataset collected at the top

and bottom of t he water column (top and bottom panels, respectively); raw data

(left panels) and with outliers removed (right panels). Note change iny -axes on
left and right panels.

2023 COASTAL MASTER PLAN. Habitat Suitability Index Model
Improvements 77



o g -
T - | 7T
2 Q Vo - 7T T [
@ T - T 7T i o
o o | H :EE:'E
@ A T
o | A
@ A
o A
a [ T .
B & 1 [
=) ° |
Tl Tty e B w77 :
R S A
A
P o |
o I -
=_++++;5¢;++++ P N T S S T S S S A R
1 1 1 T T T T T T T T 1 T T T T T T T T T 7T
1 2 3 4 5 6 7 8 9 10 11 12 1. 2 3 4 5 6 7 8 9 10 11 12
g o g T
-~ - T
T T e T T 0 o4 b
o | HE [
@ ° - Lo [ T
@ |1\:::::
° © [ S T A
8 R
3 A
g ‘ao . 8 o 9 iiil‘
o | o !
M O N G A
A A A A A O
J00 T N T U N N O O S :
B o e
o 8 6 e BEEE
et e S A S T
od L I I T T IR S E
il O T A
T Tr—1T—T1T 1T 1T 1T 71T 1T "1T".°7 T T 1T 71T 71T T T T T "T1T"77
1.2 3 4 5 6 7 8 8 10 11 12 12 3 4 5 6 7 8 9 10 11 12
Month Month

Figure 4. Salinity from the 16  -foot trawl dataset collected at the top and bott om
of the water column (top and bottom panels, respectively); raw data (left panels)

and with outliers removed (right panels). Note change iny -axes on left and right
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Figure 5. Water temperature from the gillnet dataset collected at the top and
bottom of the water column (top and bottom panels, respectively); raw data (left

panels) and with outliers removed (right panels). Note change iny -axes on left
and right panels.
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Figure 6. Salinity from the gillnet dataset collected at the to p and bottom of the
water column (top and bottom panels, respectively); raw data (left panels) and
with outliers removed (right panels). Note change iny -axes.

Water temperature outliers in the electrofishing dataset were identified and removed using geme
approach described for the seines, trawls, and gill nets. Outliers from the historical dataset (1990
2013) were analyzed separately from the presertay dataset (20142019) because of differences in
the structure and organization of the datasets (Fige 7, Figure 8). The datasets were then merged
once all outliers were removed. The salinity outlier approach differed from the seine, trawl, and gillnet
gear types. The electrofishing sampling program mainly samples freshwater habitats, but brackish
conditions are not uncommon. As a result, outliers detected in the boxplots were often brackish
conditions that were considered ecologically reasonable for this sampling regime (Figure 9). As a
result, these data points were not removed. Turbidity data in theeetrofishing gear type were also
examined for outliers, however numerous turbidity equipment types were reported in the dataset with
different units used among them. It was not clear whether the correct unit of measure was assigned to
the values, and as sgh, conversion from one unit to another became questionable. As a result, we
determined that the turbidity data were not suitable for the purposes of model development, and this
parameter was not used in the largemouth bass model.
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Figure 7. Water tempe rature from the electrofishing dataset collected at a single
depth in the water column from 1990 -2013; raw data (left panel) and with
outliers removed (right panel).
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Figure 8. Water temperature from the electrofishing dataset collected at the top
and bottom of the water column (top and bottom panels, respectively) from
2014 -2019; raw data (left panels) and with outliers removed (right panels).
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Figure 9. Salinity from the electrofishing dataset collected at the top and bottom
of the water colum n (left and right panels, respectively) from 1990 -2019.

Preparation of Biological Data

Catch per unit effort (CPUE) data were examined monthly using boxplots for all gear types. These plots
allowed for identifying which months, over all years, had congst catch relative to months that had
variable or no catch. Patterns were then verified with life history of species to ensure the analysis was
focused on those times of the year that the species were in the estuary (for migratory species). These
plots canbe found in the Section 3.0 Results for each species.

Modeling Approach

For each species and gear type, we ran a series of generalized linear mixed models (GLMM) and a sec-
ond series of generalized additive mixed models (GAMM) to estimate the effect thatev tempera-

ture and salinity had on CPUE. For all models, we first cleaned the associated datasets to ensure no
outliers or spurious data points occurred (see Section 1.1). We then standardized each predictor varia-
ble to a mean of 0 and a standard deviabin of 1 to ensure proper convergence across all models. In

the following sections, we describe each model that was fit, how we assessed whether the data met
model assumptions, and how we assessed model performance and accuracy. Before each model was
fit, we split the speciesandgeas peci fi ¢ datasets into 6trainingd and 6
lected 70% of the data to be our training set, while the remaining 30% was set aside as the testing set
for model validation purposes.

Generalized linear mixedanodels were fit using Program R (R Core Team, 2019) and the packages

6l me4dd (Bates et al., 2015) and 6gl mmTMBO6 (Brooks et
structure: a Gaussian, Poisson, negative binomial, and zenflated Poisson modé All models used

CPUE as the response variable, but CPUE was transformed to a natural log + 1 in the Gaussian model

to meet that model 6s assumption of normally distribut
the interaction between temperatue and salinity were predictor variables within the models. Because

we recognized that the relationships may be nonlinear, we also included a quadratic effect of tempera-
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ture, salinity, and Julian date in the models. Finally, we included a random effectbneé model 6s i nter -
cept of month nested within year to account for the occurrence of repeated samples within the same

month and year within the dataset. The model call into R was thus: gimmTMB(CPUE ~ Salinity + Tem-

perature + Salinity + Temperaturé + Salinity*Temperature + Julian date + Julian dafe+

(1] Year/Month)).

Generalized additive models were fit using Program R
(Wood et al., 2016). We fit four models that varied in error structure: a Gaussian, Poisson, negat

binomial, and zeranflated Poisson model. All models used CPUE as the response variable, but CPUE

was transformed to a natur al l og + 1 in the Gaussian
mally distributed errors. Salinity, temperature, and Jah date were predictor variables within the mod-

els and modeled using a splindased smoothing function. We also included a random effect modeled

as a splinebased smoothing function of month nested within year to account for the occurrence of re-

peated sanples within the same month and year within the dataset. The model call into R was thus:

gam(CPUE ~ s(Salinity) + s(Temperature) + s(Julian de

Spatial autocorrelation, or the tendency for data closer together in space to be maimilar, is a wel

known phenomenon in ecology (Legendre, 1993) and its presence within the data can influence the

fitted model. The presence of spatial autocorrelation can both impact the coefficient estimates and

the strength of the relationships witin a model (Lichstein et al., 2002). In models of habitat suitability

or species distribution, accounting for spatial autocorrelation within the observation data can change

predictor variable importance and improve the fit (or reduce levels of uncertainBormann, 2007).

We conducted a preliminary analysis to examine whether spatial autocorrelation is present within

models by generating correlograms of the Morands | st
tances (Bjornstad & Falk, 2001; Dormann 2007) wusing the O6ncfd package in
the seine data. Our preliminary results revealed very little evidence of spatial autocorrelation present

within the residuals of the model for the seine data. During this exercise, it also becanpparent

there was considerable uncertainty in the accuracy of sample site coordinates, which meant we would

not be fully confident in our autocorrelation analysis. Because of this uncertainty, we did not attempt

to assess spatial autocorrelation in the moels for this iteration of model improvements.

Model Selection

We examined several metrics with which to compare the performance of each model to one another.

First, we plotted the response of CPUE to changes in salinity and temperature as predicted by each

model while holding all other predictor variables at their mean. By examining the response and associ-

ated 95% confidence intervals, we could determine the amount of uncertainty associated with the

model s predictions and whbnshipbthat madehbologwa sease. Agqd- e di ct ed
tionally, we constructed heat maps to examine the relationship between salinity and temperature on

CPUE for each model. Similarly, we used these plots to determine whether the relationships derived

from the fitted madels made biological sense and could reasonably be used to construct a habitat

suitability model. Second, we calculated modePR al ues using the 6MuMInd packag:
R to determine how much of the var predictorgaridbles CPUE was ¢
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and random effects. In mixed models, we can calculate a marginal and conditionéaMalue. The mar-
ginal R provides an indication of the variance explained by only the fixed effects in the model, while
the conditional R provides an irdication of the variance explained by the entire modg&fixed and ran-
dom effects (Nakagawa & Schielzeth, 2013).%Ralues range from 0 to 1, with values closer to 1 indi-
cating a model with more explanatory power (a value of 1 indicates a perfect modeljs important to
note that for zerginflated Poisson models, there is not a straightforward way to calculatétRat is
comparable to the other models we ran, thus we did not report Ralues for models run with a zero
inflated Poisson error structure. Thil, we calculated the root mean squared error (RMSE) for each
model to compare how close, on average, the fitted values from the model were to the data used to
train the model. Relative to other models run with the same data, a smaller RMSE value indicates
more accurate fitted values (Gotelli & Ellison, 2004). For GAMMSs, we also report the deviance ex-
plained by the model, which is sometimes preferred t?Ralues for models that do not use a Gauss-
ian error structure. The deviance explained can be interpretén the same way as R a value closer to
100% represents a model that explains more of the variance within CPUE (Gotelli & Ellison, 2004).

Sometimes, models fail to converge to reasonable estimates due to problems with model specification
or the nature d the data used to fit the model. In these situations, a model that fails to converge could
produce nonsensical estimates or no estimates at all. In these cases, the R packages used to fit the
models will throw a norconvergence warning or error indicatinthat the model could not converge

and that output from these models should not be used for inference.

We validated each model using several metrics and diagnostic plots. First, for each model, we re-
gressed the observed CPUE in the testing dataset agaipsédicted CPUE using the fitted model of in-
terest. Then, we calculated Rand RMSE values against this new regression under the assumption
that the predicted and observed CPUE using the testing dataset should have a strong relationship if
the model predics well (Gotelli & Ellison, 2004). Thus, a hightRalue and low RMSE value during vali-
dation indicate a model that more accurately predicts CPUE on psetiddependent data. Additionally,
we calculated the correlation coefficient between observed and pretid CPUE as an additional met-
ric of how closely the two values are related. The closer the correlation coefficient was to 1, the better
the model was at predicting CPUE of the testing dataset. Finally, we plotted predicted CPUE against
actual CPUE using tatesting dataset as an additional visual diagnostic.

We collectively used the performance metrics, response curves, and validation results to eliminate

models for consideration that did not perform statistically well (e.g., lowe,RRigh RMSE) or did nate-

sult in response curves that were ecologically reasonable. When the model performance metrics were

similar among models, we selected the model whose response curves were most ecologically reasona-

ble (i .e., consi stent weihistbry, spatiél distriiididn andrsalioitf and he s peci e s
temperature tolerances). These decisions were based on expert opinion by collaborators familiar with

the species and underlying datasets. Future efforts may consider a model ensemble approach where

multiple competing models are averaged to produce a robust model that incorporates the strengths of

all modeling approaches.
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For the final selected model, we reviewed a series of diagnostic plots to determine whether the
model ds mai n as s umpne plateddhe Rearsoa (infbaussian faddelsd dr deviance
(in nonGaussian models) residuals against the fitted values to look for unexplainable patterns. An
ideal residual plot should show a random spread of residuals around the zero line (Gotelli & Ellison
2004). Second, we examined whether the choice of error structure was appropriate for the model by
examining normal quantilequantile (QQ) plots and the distributions of the response variables via his-
tograms. In a Gaussian model, the data quantiles shaltemain close to the @ line within the plot.

For other error structures, the data should not follow the line within the@plot, but histograms of the
CPUE variable should reveal a shape akin to the distribution used within the model (e.g. Poisson; zer
inflated Poisson, or negative binomial). For models run as GAMMs, we also checked the basis dimen-
sion values for each smooth term to ensure the correct number of knots were present. This is done by
comparing the estimated degrees of freedom (edf) to thmumber of knots used in modeling and gen-
erating a pvalue from this comparison. If the alue is nonsignificant, this is an indication that the
number of knots selected for the smooth term is adequate (Wood, 2017).

3.0 RESULTS

Model results for each spcies are presented below. Gear type is referenced to facilitate crosswalk

between Section 2.0 Methods and Section 3.0 Results and to differentiate species where two models

were developed. A brief overview of dedhfalomedbbgae | 6 s per f c
series of graphs and tables that provide opportunities for additional interpretation and inspection of

results, where desired by the reader. Lastly, we identify which model was ultimately selected for

inclusion in the final HSI equatiorior the species. Although all response curves use the same ranges

of salinity and temperature on their axes, models should only be applied to the data range used in

each of the analyses, as shown in the figures provided in the Preparation of EnvironmeDbiatia

subsection.

Small Juvenile Brown Shrimp (Seines)

Examination of mean CPUE by month, averaged over all years of availablee data, indicated that

small juvenile brown shrimp wee collected in highest numbers from April through July (Figure 10).
These months are consistent with the time period when recentbettled juvenile brown shrimp are
utilizing shallow estuarine habitats as a nursery. The environmental and biological data were subset to
include the months of April through July, resulting 5108 unique data points; 70% of the data points
were used for model development and 30% were used for model validation.

ThePoisson andZeraolinflated PoissonGLMMresulted in higher R than any other model, followed by
Gaussian GAMM (Table 1). Zetoflated Poisson GAMM had the highest deviance explained relative to
other error structures. RMSE were generally similar among the GAMM and GLMM error structures.
Examination ofthe response curvesindicate the Gaussian GLMM and Poisson GLMM captured the
expected esponse to salinity and temperature in a biologically defensible way, more so than the other
models (Figure 11 through Figure 16Model validation resultsreveal high R and correlation values
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for Gaussian GAMM and Gaussian GLMM, while RMSE were genesatijlar among modelgTable 2
Figure 17, Figure 18)Given these results, theGaussian GLMMvas selected for inclusion in the
overall HSI model fosmall juvenilebrown shrimpbecause the response curves were biologically
feasible and validation resultgperformed generally wll, relative to other models. Diagnostiplots for
the selected model are provided ifFigure 19for reference purposes.
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Figure 10. Small juvenile brown shrimp CPUE in seines; raw scale (left panel),
natural log scale (righ  t panel)
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Table 1. Summary of model fit metrics for small juvenile brown shrimp. *Denotes
selected model.
Model Approach Error Structure Adjusted R De\zgzﬁjﬁell%l)ned RMSE
GAMM Gaussian 0.30 31.7% 91.06
Poisson 0.15 32% 81.91
Zerolnflated Poisson . 96.1% 82.32
Negative Binomial 0.09 28.5% 85.05
GLMM * Gaussian 0.25 . 91.62
Poisson 0.98 . 82.77
ZeroInflated Poisson 0.58 . 83.79
Negative Binomial 0.06 . 84.03
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Figure 13. GAMM predicted response of small juvenile brown shrimp CPUE to

salinity, with other variables held consta nt. Shaded gray area represents 95%
confidence interval.
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Figure 14. GLMM predicted response of small juvenile brown shrimp CPUE to
salinity, with other variables held constant. Shaded gray area represents 95%
confidence interval.
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Figure 17. GAMM predicted small juvenile brown shrimp CPUE plotted against
observed CPUE using the 30% randomly selected testing dataset. Dashed line
provided for reference pur  poses of 1:1 relationship. Blue line indicates linear
relationship between predicted and observed.
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prov ided for reference purposes of 1:1 relationship. Blue line indicates linear
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Table 2. Summary of model validation metrics for small juvenile brown shrimp.
*Denotes selected model.

Model Approach Error Structure Adjusted R Correlation | RMSE
GAMM Gaussian 0.30 0.55 94.15
Poisson 0.10 0.32 88.70
Zerolnflated Poisson 0.10 0.31 89.25
Negative Binomial 0.07 0.26 92.08
GLMM * Gaussian 0.25 0.50 94.80
Poisson 0.09 0.30 89.66
ZerolInflated Poisson 0.09 0.30 88.86
Negative Binomial 0.10 0.31 88.39
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Figure 19. Gaussian GLMM diagnostic plots for small juvenile brown shrimp.
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Large Juvenile Brown Shrimp (Hdot Trawls)

Examination of mean CPUE by month, averaged over all years of availabléoot trawl data, indicated
that brown shrimpwere collected in highest numbers fromApril through July (Figure 20). These
collections represent larger juveniles that moved from shallow habitats into deeper estuarine habitats
prior to emigration offshore. The 18oot trawl environmental and biological data were subset to
include the months of April through July, resulting 82,241 unique data points; 70% of the data

points wereused for model development and 30% were used for model validation.

ThePoisson GLMMesultedin higher R, followed by Zerdnflated Poisson GLMM and Gaussian
GAMM (Table 3). Zermflated Poisson GAMM had highest deviance explained, while RMSE was
similar among all of the modelsExamination ofthe response curvesndicate the Gaussian GLMM
captured the expected response to salinity and temperature in a biologically defensible way, more so
than any other model (Figure 21 through Figure 26). Although the shape of the response curves within
the GLMMs were similar (Figure 24 and Figure 26), the inéeting effect of salinity and temperature in
the Gaussian GLMM was considered biological defensible (Figure 2apdel validation results

indicated highest R and correlation values for Gaussian GAMM and Gaussian GLMM relative to other
models (Table 4, Figre 27, Figure 28).Given these results, theGaussian GLMMvas selected for
inclusion in the overall HSI model fdarge juvenilebrown shrimp. Diagnostiglots for the selected

model are provided inFigure 29for reference purposes.
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Figure 20. Large juvenile brown shrimp CPUE in 16
panel), natural log scale (right panel).

Table 3. Summary of model fit metrics for

selected model.

.

3

:

4 5 8 7 8 @
Month

-foot trawl; raw scale (left

large juvenile brown shrimp. *Denotes

Deviance explained

Model Approach Error Structure Adjusted R (GAMM only) RMSE
GAMM Gaussian 0.33 34% 159.04
Poisson 0.14 29.1% 145.61
Zerolinflated Poisson . 100% 145.72
Negative Binomial 0.11 23.8% 148.45
GLMM * Gaussian 0.28 159.62
Poisson 0.98 145.25
Zerolnflated Poisson 0.36 146.33
Negative Binomial 0.09 146.40
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Figure 21. GAMM predicted response of large juvenile brown shrimp CPUE to
salinity and temperature.

Figure 22. GLMM predicted response of large juvenile brown shrimp CPUE to
salinity and temperature.
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