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Project highlights

1 A suite of indicators was developed for Bay Anchovy (pelagic, forage fish) and
Polychaetes (benthic, forage invertebrate) in Chesapeake Bay

1 Indicator time series showed surveyd life-history dependent patterns within forage
taxa,demonstrahg the importace of considering multiple data sources when
guantifying forage conditions

1 Several variants dfvo climaterelatedindicators representative of water warming
phenology in Chesapeake Bay (degree day) and sea surface temperatuceasttie
Atlantic Ocea (Atlantic Multidecadal Oscillation) were developed and explored

1 ForageClimate modeling showed strong, nlmear relationships between forage and
climate indicators

1 Assignment of annual forage indicator value usingantilesclassification scheme
baed onabundancelistribution tercilegHigh, Medium, Low provided a potential
option for managemermbnsideration

Statement of Problem

Forage species are a critical component in ecosystam®ad fisheries management, linking lower

trophic levels of foodvebs to economically and ecologically valuable predators. Recognizing

this, the Forage Action Team of the Chesapeake Bay Program (CBP), a subunit of the
Sustainable Fisheries Goal Ideveldp amiretial sugtetof on Te a
indicatorsb assess the forage (ATR@20)i BuildihghofoutCdmess a p e a k
of a Forage Workshop sponsored by theeCBPO6s S
(Ihde et al. 2015)ecent research has documented: 1) diverse patterns in interannual abundance
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of forage taxa, including stochastic stapiand lowfrequency cycle$Woodland et al. 2017p)
spatiotemporal patterns in forage consumption by a suite of pre@tmisheister and Latour
2015, Buchheister and Houde 2018)d 3) forageenviromment relationships shared across a
range of taxonomically diverse forage gro@¥#odland et al. 2021Results have provided a
foundation of knowledge to support development of a suite of taxonomic and dliaszte
forage indicators, informing Management Actions 1.1, 2.1, and 3.1 as described in the Forage
Fish Logic and Action Pla(CBP, 2020) However, there remains a knowledge gap in
understanding how best to quantify abundance and variability in specific taxonomic forage
indicators and to understand how key forage population indicators covary with dtiasate
forageindicators, for example the 5°C degway indicatoDD; Woodland et al. 201 %r
Atlantic Multidecadal Oscillation (AMO).

We addressed needstb& CBP as described in the request for proposals (RFP) by relating
indices of abundance (Bay Anchosychoa mitchill) or biomass (Polychaetes) of two key
forage taxa tawo climate indicators (5°C DD index, AMO) in tributary and mainstem habitats
of Chesipeake Bay. We accomplished this by 1) calculating and providing forage population
indices, 2) further exploring new variants of the forage population indices (see below), and 3)
relating forage population indices to forage climate indices.

This report smmarizes our research on these objectives, providing the requested deliverables
(SeeTable ProjectTimeling end of document
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Indicator selection and rationale

Foragendicators

Bay Anchovy Figure 1A) has been identified as the most important forage fish in Chesapeake
Bay in terms of its abundance and biomass consumed annually by predatGiyrfgshnd

Houde 2004a, Buchheister and Latour 2015, Ihde et al. 2015, Buchheister and Houde 2016,
Woodland et al. 201 Figure 1A). As a zooplanktivore, this species serves an important
ecological role by linking planktonic food webs with higher nadevel predators that occupy
pelagic, demersal, and benthic habi{@aird and Ulanowicz 1989, Hartman and Brandt 1995,
Buchheister and Latour 2015jigh rates of natural mortality make Bay Anchovy essentially an
annual species with annual mortality of the recruited stock exceeding 90% in Chesapeake Bay
(Newberger and Houde 1998ay Anchovy is a batch spawner with individual females
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spawning epeatedly, often daily, over the course of the sun{imey and Musick 1991, Zastrow

et al. 1991) Spawning takes place during late spring to summer mantbksesapeake Bay, with

peak spawning activity typically occurring in raid-late July(Zastrow et al. 1991Fggs hatch

in ~1 day atypical summer water temperatu@sle and Fahay 199&)nd youngof-the-year

individuds grow and recruit during summer and fall months, overwinter, and mature during the
following spring. Individuals become sexually mature ati41@ mont hs of -l1age. Th
individuals dominate the adult spawning st@Zkstrow et al. 1991)

The life history of Bay Anchovyparticularly characteristics of an annual fisaggests that

recent and ongoing fisheri@sdependent survey®uld support the development of several

indicators for this forage species, based on relative abundance. Potential indicators include: (1)
an adult spawning stock indicator based on catches during spring months prior to peak spawning,
(2) an annuatecruitment indicator based on catcbhégyoungof-the-year individualsn the late

summer and fall after most spawning has ended, andc@nhined aggregate index of relative
abundance that includes adult and ycofithe year individuals. As proposedtese indices

could provide useful, lifsstagespecific information on trends in Bay Anchovy relative

abundance, recruitment variability, and relationships between this forage fish and regional
climate.

Figurel. Bay Anchovy (Aimoa mitchilli; A), and the Clam Worm (Alitta succinea; B), focal forage taxa for
this study, collected from the Rhode River, MD. Photos: Robert Aguilar, Smithsonian Environmental
Research Center (unaltered images;
https://www.flickr.com/photos/serc_biodersity/albums/with/72157642130185343).

Among benthic invertebrates, marine annelid worms (Class PolychBea)g1B) were

identified as major prey for demersal and berbtagic predators in Chesapeake Bay, for

example, Atlantic CroakeMicropogonias undulatysand Striped Basdvlorone saxatiliy

(Buchheister and Latour 2015, Ihde et al. 2015, Woodland et al..ZDie7 data (20022015)

from the Chesapeake Bay Multispecies Monitoring and Assessment Program
(https://www.vims.edu/research/departments/fisheries/programs/mrg_oldwebsite/chesmmap/inde
x.php) indicatethadBay Anchovy and an aggregate O0polycha
~13% and 16%, respectively, to the total stomach contents by weight averaged across Atlantic
Croaker, Striped Bass, White Perdhofone americang Spot [eiostomus xanthurjisand
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Summe Flounder Paralichthys dentatysPolychaetes are typically benthic although taxa
within this class display a wide range of habitat associations, with some species building and
residing within subsurface burrows or tubes at the sediment surface, hieits omtove more

freely about the surface of sediments or submerged stru¢tugesoyster reefs, seagrass beds,
artificial structures; Lippson andppson 2006) The association of polychaetes with bottom
habitats can expose them to episodes of bettater hypoxia; however, many polychaetes are
physiologically tolerant of low oxygen conditiofdaquerSunyer and Duarte 2008)

One of the most common taxonomic families of polychaetes encountered in the stomach contents
of predatory fish in Chesapeake Bay is the Nereididae (http://www.vims.edu/fisheries/fishfood;
this family includeghe Clam Worm Alitta succineaFigure 1B). Nereids are abundant and
widespread in Chesapeake Bay, ranging in occurrence from tidal freshwaters to the Bay mouth
(Lippson and Lippson 2006, Testa et al. 20db)e abundance and trophic importance of

Nereididae to Chesapeake Bay predators suggest that this taxonomic group is sufficiently
aburdant to support estimation of a biomass index. Annual indices of biomass per unit area for

1) an aggregate index of all polychaetes and 2) an index comprised solely of nereid polychaetes
could provide complementary information on the status of polychaetgd for a wide range of

fish predators in Chesapeake Bay.

Climate indicators

The Atlantic Multidecadal Oscillation (AMO) is an index derived from sea surface temperature
in the BG60°N latitude range of the Atlantic Oceg@ye et al. 2014)As reviewed by Nye et al.

(2014) the AMO displays a multidecadal cycle that oscilldtetsveen positive and negative

phases with a period of ~6I0 years. In the midtlantic region, positive AMO phases are
associated with relatively warm, dry conditions while negative AMO phases are associated with
cool, wet condition. The AMO is corretat with interannual patterns in the abundance of both
fished species and forage groups, as well as
community(Wood and Austin 2009, Buchheister et al. 2013, Nye et al. 2014, Woodland et al.
2021) AMO data are available for download from the NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/data/timeseries/AMO/) as a detrended, standardizesg:tiese(i.e., mean

= 0 and unit variance).

Water temperature ctmols or modulates most biological and biogeochemical rate processes in
aguatic ecosystems, including (but not limited to) metabolism and metabolic demand,
reproductive phenology, primary and secondary production, and animal migrations. Water
temperaturedefined by degree day (DD,; i.e., the mean daily water temperature residual above a
minimum threshold temperature) has often been related tasage or sizatday in fishes or
invertebrates, many of which have documented a positive effect betweeh gatestand DD

based indiceWard and Stanford 1982, Bunnell and Miller 2005, Neuheimer and Taggart 2007,
Humphrey et al. 2014)While positive biological rate responses are often associated with
increased DD conditions, Woodland et(20D21)documented an inverse relationship between

the annual summertime abundances of many taxa within a diverse taagnunity in

Chesapeake Bay and the rate of water warming during spring demonstrated by a 5°C DD
phenology index. Subsequent research indicated a complex relationship between the 5°C DD
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phenology index and benthic invertebrate biodiversity in Chesajzaka which curvilinear

interactions were identified between the phenology of water temperature DD and the cumulative

amount of warming occurring during the fissk monthsof the yeai(Woodland and Testa 2020)

Methods
Data sources

Data were obtained through direct download from online data hubs or by email correspondence

with data managerg éble 1). Original versions of all obtaed data have been archived and are
available in a zipped file upon request. Minimally processed data have been aggregated into a
single Excel workbook with each worksheet containing an individual data file. Metadata have
been collated from each datasetluding standardized metadata provided during data

downloads or by data managers. In some instances, additional metadata (e.g., date downloaded)
have been added by the project team. The aggregated Excel file has been previously sabmitted

CBT as a deliverable for this project.

Tablel. Summary of data used to develop and calculate forage and climate indicators for this project.

Data type/cateqgory

| Dates available

| Source

| Notes

Forage data

Polychaetes

Sampling Events 19952019 Versar MD and VA data
Biomass 19952019 Versar MD and VA data
Bay Anchovy
TIES/CHESFIMS 20012007 ChesFIMS/TIES Mainstem data
Maryland DNR Juvenile | 19662020 Eric Durrelli MD DNR Email
Striped Bass Seine Surv correspondence
Virginia DNR Juvenile 19672019 Troy Tuckeyi VIMS Email
Striped Bass Seine Surve correspondence
VIMS Juvenile Fish and | 19882019 Troy Tuckeyi VIMS Email
Blue Crab Trawl Survey correspondence
Climate Data
Regional climate
AMO 19482020 NOAA Monthly & yearly
data; unsmoothed,
short, detrended

Water Temperature
Solomons SLIM2 20052020 NOAA NBDC 6-minuteinterval
CBL Pier 19382016 CBL Pier monitoring Daily interval
York River YKTV2 20052020 NOAA NBDC 6-minute interval
VIMS Ferry Pier 19472003 (daily); W&M ScholarWorks 6-minute interval;

19862003 (6 W&M ScholarWorks daily

minute)
NERRS sitd mouth of 19972021 NERRS Centralized Data | Data link broken
York River Management Office



file:///C:/Users/HOUDE/Downloads/baybenthos.versar.com/data.htm
file:///C:/Users/HOUDE/Downloads/baybenthos.versar.com/data.htm
https://hjort.cbl.umces.edu/chesfims
https://psl.noaa.gov/data/timeseries/AMO/
https://www.ndbc.noaa.gov/station_page.php?station=slim2
https://cblmonitoring.umces.edu/Data/DataSet/Summary/Location/CBLPIER/DataSet/Water%20Temperature/Long%20Term%20Historic/Interval/Latest
https://www.ndbc.noaa.gov/station_page.php?station=yktv2
https://scholarworks.wm.edu/data/437/
https://scholarworks.wm.edu/data/436/
http://cdmo.baruch.sc.edu/dges/
http://cdmo.baruch.sc.edu/dges/
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Polychaete survey

Polychaete presen@bsence and biomass data were obtained from the benthic survey data
collected as part of the USEPA Chesapeake Bay-temy Benthic Monitoring and Assessment
Program (1992019;baybenthos.versar.com/default.hifflethods for the survey are published
(e.g., Seitz et al. 2009 escribed in deta{Dauer 2011, Versar 201,8ndare briefly

summarized here. A total of 250 sampling stations are selected each year from a grid of potential
sampling locations using a stratified random sampling plan that assigns 28sstatach of 10
surveystrata(Figure 2). The sampling is conducted during the summer from late July through
September, but logistical and weatielated constraints lead to occasional sampling from early
July to early October. A single deployment of a 448 bamthic Young Grab collects a sampl

of epibenthic and benthic fauna at each station. Samples are sieved througima$6en and
organisms preserved in 10% formalin with Rose Bengal. All organisms are identified to the
finest possible taxonomic resolution and then processed in a rwffece for 4 hrs at 500°C to
obtain askree dry weight (AFDW). AsHree dry weights of taxa are scaled to a normalized
sampling area of 1 fiprior to analysis. We selected Polychaete taxa and their biomasses from
the dataset and created two separatesdtgaone that included all Polychaete taxa (Total
Polychaetes) and one that included only nereid Polychaetes (Nereididae Polychaetes).
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Figure2. Spatial distribution of survey strata for annual site selection by the Chesapeake Bay Program
Benthic Monitoring Survey. Image from http://www.baybenthos.versar.com/docs/LTBStrata.pdf.
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Bay Anchovy surveys

A comprehensive, lonrterm trawl survey that sgmtes smaller foragéshes such as Bay

Anchovy throughout the mainstem of Chesapeake Bay does not exist. To creatsexiBsiee
combined two historical surveys conducted by the University of Maryland Center for

Environmental Scienee the Trophic Inéractions in Estuarine Systems (TIES) and Chesapeake

Bay Fisherylndependent Multispecies Survey (ChesFIMS) programs. Those programs were
conducted throughout the mainstem liagure 3A) in theperiod 19952007 using a

standardized gear (482 mouth opening midwater trawl withr@m codend mesh) and

deployment methods (20 min surfacebottom stepped tows [minimum depth #¥) in the

mai nstem of Chesapeake Bay. Sampl esi38k4®Nj)xol l
mi ddl e i838B8HBjNj andi3l7cAerN)) ( ¥ 72eA5 ONjs(Jundand he bay
Houde 2003, Jung and Houde 2Q0%ampling was conducted seasonally during the spring
(April-May), summer (JuBAugust) and fal[Septembectober). All fish were identified to

species and catch numbers (counts pem20tow) were estimated directty estimated using

volumetric subsampling. The TIES and ChesFIMS data were downloaded from the data portal
hjort.cbl.umces.edu/chesfims.htand from survey records held by-Bb Houde.

Two seinesurvey datasets were selected to estimate Bay Anchovy indices of relative abundance
from bay tributaries in MD and VA: (1) the Marylabeépartment of Natural Resources Juvenile
Striped Bass Seine Survey (MJS, 105919; data provided by E. Durell personal

communication) which samples the Potomac, Patuxent, Nanticoke, and Choptank rivers, as well
as stations in upper Chesapeake Bay, anth€Yirginia Institute of Marine Science Juvenile
Striped Bass Seine Survey (VJS, 108873 & 19802019) that is conducted in the

Rappahannock, York and James riVéigure 3B, C). Both surveys deploy a beach seine
perpendicular to shore to ¢.112 m depth, quantify the actual length of deployment (if less than
the full net length), then retrieve the seine in a quantelsweep back to shore. Gear dimensions
are identical in theato surveys (wooden brails, 30.5 m x 1.2 m beach seinenédbar mesh).

The MD and VA surveys conduct duplicate seine hauls at each station; however, welysed

the first haul in our analyses to avoid bias due to potential effects of repeated sampling.

Postprocessed Bay Anchowannual Spawning Stock and Recruitment indigese obtained
from the VIMS Juvenile Fish and Blue Crab Trawl Surfaythe VA portion of Chesapeake
Bayds mainstem
(https://www.vims.edu/research/departments/fisheries/programs/juvenile_surveys/inflex.php
Briefly, amonthly size threshold value was applied to the lefigipuency information collected
for Bay Anchovy to partitiorthe catch data intspawning stock and recruiisr index
calculation(Colvocoesses and Geer 199Annual Spawning Stock and Recruit indices were
calculated by VIMS colleagudsy calculating straturspecific means and variances and
combining stratunspecific estimates using weights based on stratum(seeal uckey and
Fabrizio 2021 for additional information on trawl survey design, stratum area, and weighted
index calculation method)
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Figure3. Spatial distribution of survey extents and regions included in the TIES/ChesFIMS trawl dataset

(A, region breaks for Upper, Middle, Lower areas given with dashed lines), the Maryland Department of
Natural Resources Juvenile Striped Bass Seine Sunayd(Bje Virginia Institute of Marine Science

(VIMS) Juvenile Striped Bass Seine Survey (C). The sampling domain of an ancillary trawl dataset
associated with the VIMS Juvenile Finfish and Blue Crab Survey (black rectangle, A) shown. Maps B and C
downloadedrom https://dnr.maryland.gov/fisheries/pages/stripeaass/juvenilendex.aspx and
https://www.vims.edu/research/departments/fisheries/programs/juvenile_striped_bass/stations/index.

php, respectively.

Atlantic Multidecadal Oscillation

Detrended, monthlyalues(January to Decembeof the AMO indicator wer@btained from

1988 to 2019. Thes&MO valuesweredownloaded directly from the NOAA Physical Sciences
Laboratory (NOAA/PSLttps://psl.noaa.go)/
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Degree Day daily temperaturesite descriptions

Three central monitoring sites were selected based on spatial location and the availability of
daily water temperature records. These sites included the Solomons, MD monitoring station
(SLIM2; located along the mainstemrofd-Chesapeake Bay), the VIMS Ferry Pier monitoring
location (Gloucester Point in the lower Bay, VA), and the Goodwin Islands monitoring station at
the mouth of the York River (VA). There is a strong relationship between air and water
temperatures in Chapeake BayDing and Elmore 2015nd Woodland et ajWoodland et al.
2017)demonstrated a positive, linear relationship between pairedrairwatettemperature data

at SLIM2. Accordingly, air temperature data from SLIM2oaléere downloaded to impute

missing daily water temperatures.

Indicator calculations

Forage indicator wdeling framework
Prior to conducting the statistical model selection process, two preliminary steps were taken
during model development:

1. Assessment of data distributiong\ visual analysis of th&tequencydistributions of
Polychaete biomass and Bay Anchovy relative abundance data was conducted to identify
the need for data transformations prior to indicator estimation.

2. Evaluation of dataggregation effects on final model estimdt&his preliminary
modeling step focused on testing whether or not model predictions and performance were
affected by data aggregation. To test for aggregation effects we compared the statistical
performance omodels that used mean annual biomass or relative abundance for each
regional stratum as observatitavel data (aggregated prior to modeling) or models that
used sitdevel observations within strata (disaggregated approach).

Following these preliminarytaps, a suite of statistical models was evaluated, depending on the
structure of the data, to identify an optimal estimation model for each forage indicator. These
models include@ generalized additive modéEAMs; Wood 2017) generalized linear model
(GLM), deltageneralized linear model (Del@aLM), deltageneralized additive model (Delta
GAM), and a random forest model (RF).

GAMs allow a nomormal distribution of the response variable, such as aiai#ated Poisson
distribution, to account for a large proportion of zeros in the data. The additive structure in
GAM s allows smooth nonlinear relationships between variables todaleled in a datdriven
way. GAM-estimated curves can be used to identify thresholds in environmental conditions
associated with biotic response variables. GAMs can be extended to include effects of
autocorrelation that are often present in environniéme series (i.e., extend to models with
mixed effects, GAMM). When a relationship is described best by a straight line, GAMs are
automatically reduced to generalized linear models (GLMs).

The deltaGAM (or deltaGLM) is a twastep modeling approach, which the first component
models preseneabsence, and second component uses a GAM (or GLM) only fezeron

10
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cases. A logistic model is used in the first component to model probability estimates of
occurrence (all observations included) for a given fertagon, and the second GAM (or GLM)
component estimates relative abundance when pr@sarmih et al. 2012)These two estimates
are then combined to yield a single annual estimate of the biotic response variable.

The randonforest (RF) approach was used as an alternative nonparametric method for modeling
the indicator responses. RF is one of the-pestorming machine learning techniguetastie et

al. 2009) hence serves as a valuable benchmark for validating the resultssaREtiof

regression trees, where each tree is trained on a bootstrap sample of the original data, and only a
random subset of covariates is assessed at each tree split. The splits allow a RF to model non
smooth relationships (compared to esiypooth reldonships in GLM and GAM), which can be
visualized through partial dependence plots showing marginal changes in the response due to the
changes in each covariate (all other covariates in the RF are fixed at their observed levels).

Each model applied to afage indicator was fitted to a subset of data, then-sad&tation

appliedto test model performance for eaft-sample predictions. Faine Polychaeteand

Nereididae polychaetadicators observations were weighted by the proportion of area they
represent (areaeighted estimation; observations from larger strata were weighted more heavily
than smaller stratalror the Bay Anchovy models using TIES/ChesFIMS data, observations were
weightel by the proportional volume of water column habitat present in Upper, Middle, and
Lower regions of Chesapeake B@ung and Houde 20044y eighting was noappliedin the

fitting of the MD and VA seine survey Bay Anchovy indickstheinstance®f dataweighting

during model fitting, the weighting was also used in the calculafiomdel evaluation metrics
Fitted data were compared to model estimates to evaluatd-eaimple model accuracy and

select the begterforming models for each forage indicator. The selected model was used to fit
the whole dataset to produce indicatoimeates.The final results from the forage indicator
modeling were annual estimates of biomass (Polychaetes) or relative abundance (Bay Anchovy)
for each applicablspatial subunibased on the survey typead for the integrated Chesapeake

Bay (weighted aslescribed aboveseeAppendix 1. Polychaete indicataadAppendix 2. Bay
Anchovy indicator$or detailed output and associatecode).

Climate indicatomodeling

Atlantic Multidecadal Oscillation

Annual values of the AMO indicator were calculatedabgraging monthly AMO values from
JanuaryDecember of each yedfigure 4). In addition to an annual AMO index spanning a
standard calendar year, wadertook a preliminary data exploration to evaluate the effect of
recalculating the AMO index to better reflect the interval of time between intervening forage
sampling years. We did this for both the benthic survey as well as the fish sinateysusel

to calculate Polychaete and Bay Anchovy indicators, respectively. The benthic survey is
conducted annually during the summer months; however, the AMO is typically calculated for a
given calendar year (January to December). This discrepancy meansdiiahtilly calculated,
annual AMO values include climate conditions (specificallys@dace temperature conditions)
present 15 months after benthic surveying was completed for a given year. Similarly, the
intervals over which Bay Anchovy spawning st@eld recruitment indicators are calculated

align most closely with climate conditions present early or late in a given year. Thus, to explore

11
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alternative AMO calculations, we explored the use of monthly AMO values that were averaged
over the full range ofg@ssible monthly combinations during the Jugcember period of the
previous year (i.e., lagged 1 year, hereafter AMO_L1) and during the Jadwigrgeriod of the
sampling year (i.e., current year, hereafter AMO). Spearman correlation analysis wasezbnduct
to determine the optimal period(s) over which to relate the partial year AMO_L1 and AMO, or
the standard JanuaBecember annual AMO to the forage indicators.

\

0.2

0.0

Atlantic Multidecadal
Oscillation index (Jan-Dec)
—

-0.2

1990 2000 2010 2020

Year

Figure4. Timeseries of the annual Atlantic Multidecadal Oscillation indicator (AMO) calculategtesirl
calendar intervals from Januapecember.

Degree Day

Daily water temperature records from all monitoring sites were included to calculate DD indices.
Missingdaily temperature records were reconstructed using the following protocol (see
Appendix3. Forageclimate modelindor detailed information):

17 application of previously published regression models relating observed water temperatures
at one location to water temperatures at the other loc@tioondland et al. 2023yhere at least
one empirical daily measurement is present,

21 use of an autoregressive model to impute temperature values for each station within 5 days of
an empirical measuremem.g.,Figure 5), and

31 for any remaining data gaps, application of a mackiaening algorithm (random forest) to
estimate daily water temperature.

12
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Figureb5. Timeseries of observed (blue) and a partial representation of imputed (red; autoregressive
model only) daily water temperature data for the lower Patuxent River (A; SLIM2 NOAA station) and the
lower York River (B; VIM&rfy Pier water temperature dataset).

From the complete records of daily water temperature at the mouths of the Patuxent and York
rivers, an average of these two datasets was calculated to yield aagogégatedmean daily

water temperature time sesi. Thisaggregateddaily water temperature time series was used to
calculate the 5°C DD temperature threshold index (OEXure 6) following themethod

described by Woodland et al. (2021). In addition to the DD5 index, we calculated a similar index
using 10°C as a DD temperature threshold to explore the potential utility of an alternative DD
threshold Figure 6). Briefly, the DD ind& derivationinvolves calculating the daily temperature
anomaly as the difference between observed temperature and the specified threshold, either 5 or
10°C. Anomaliedess than zero are assigned a value of O (i.e., threshold). For example, when
calculating the DD5 indicator, a daily water temperature of 4°C would yield a daily anomaly =
0°C, but a daily water temperature of 8°C would yield a daily anomaly = 3°C. §tartin
January 1 of each year, the daily anomali es
DD has been accrued. The day of the year at which the 500 5°C DD occurs is the DD5 indicator
value for that year. The DD10 indicator is calculated the saaye but assigning a 10°C

threshold for the daily temperature anomaly calculation.

13
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Figure6. Timeseries of the 5°C (DD5) and 10°C (DD10) detpeéndicators

Forage and climatadicatoranalyses

Indicator status

Several classification schemes were explored to assign annual forage and climate indicator
observations into categories based on their relative value among the recent observations (i.e.,
within the time series available for this study). The number of cetegwas identified based on
data distributions anfibllowing consultation with project partners and decision makers. In
particular, we considered the potential application of several quantitative approaches for
determining categories: 1) quantiles, irtthg terciles and quartiles of observed dataj2)
semisupervisek-means clustering, where the number of cludtevas selectetb replicate the
number of quantiles for an exploratory assessifiahop 2006, Manning et al. 200&)nally,

we applied a colorimetric scheme representing categories for indicator values, fraravgdo(
yellow (Medium) to green idigh).

ForageClimate models

Three models were evaluated to relate forage indicators to climate predictors, including a GAM,
GLM, and RF model. Each model was fitted to a subset of data, theroleawvet cross
validationwas used to test model performance forafusample predictions.

For the Polychaete indicators, correlations for the AMO_L1 variants were strongest from
midsummeiwinter of the previous year (positively correlated) and correlations for AMO
variants rangig from wintef midsummer of the current year (negatively correlafgglre?).

These opposing correlations were our justification for including both AMO_Li[Delyember)
and AMO (Januarfiyduly) as potential predictors in the models. In addition to the AMO_LI(July
December) and AMO (Januaduly) indices, both DD indicators and detded versions of the

DD indicators were evaluated as predictors. Unlike the AMO_L1 and AMO variables (which

14
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were not correlated), separate model runs were conducted for each DD indicator to avoid
multicollinearity due to presence of strong correlatidse@rman rankrder correlationts O
0.57,p << 0.05) among DD5, DD10, and the detrended versions of these indicators.
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Figure7. Spearman ranforder correlations (rS) between the total Polychaete biomass forage indicator
(A) and lagged and current sampling year AMO variants (AMO_L1, AMO), and between the Nereididae
Polychaete biomass forage indicator (B) and the AMO_L1 and AMO variants. Numbers following the

second underscore in AMO_L1 and AMO variants indicate months ofathewss which a given variant
was calculated. Highlighted correlations indicate AMO_L1 and AMO variants selected for inclusion in
statistical models.

For the Bay Anchovy indicators estimated using the TIES/ChesFIMS dataset, correlations of
AMO_L1 variantswere strongest from Augtigbecember for BApawning and from January
December for BAota (Figure 8A, C). AMO variants that correlated most strongly with
BAspawningand BArota Wwere AMO JanuaiiyFebruary and AMO Mayduly, respectively. There

was no strong relationshiptweenrAMO_L1 and BArecits therefore, two AMO variants were
included in the BAecriitsclimate model: AMO January, and AMO Januaway. For the
BARrecruitsand BArota indicatorsthat wereestimated using the MD/VA Seine survey datasets, the
strongest, negative correlationscurred fothe AMO JanuarfiyfFebruaryindex (Figure 9).
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Figure8. Spearman ranlorder correlations g between therlES/ChesFIMS trawl Bay Anchovy spawning
stock (BApawning A), recruits (Bhcrits B), and total population (B&w, C) indicators and lagged and
current sampling year AMO variants (AMO_L1, AMO). Numbers following the second underscore in
AMO_L1 and AR variants indicate months of the year over which a given variant was calculated.

Highlighted correlations indicate AMO_L1 and AMO variants selected for inclusion in statistical models.
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Figure9. Spearman ranlorder correlations g between the Maryland & Virginia seine survey Bay
Anchovy recruits (Bferits A) and total population (Béw, B) indicators and lagged and current sampling
year AMO variants (AMO_L1, AMO). Numbers following thenskgnderscore in AMO_L1 and AMO
variants indicate months of the year over which a given variant was calculated. Highlighted correlations
indicate AMO_L1 and AMO variants selected for inclusion in statistical models.

Results

Forage indicators

Polychaetes

Total Polychaete and Nereididae Polychaete biomass distributions were strongbkeigbt,
requiring log-transformation to approach normal{figure 10). Preliminary testing showed that
model predictions and performance were better using disaggregatkvsitebservations of
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Polychaetes biomass within strata rather tharaggregated, mesannual Polychaete biomass

for each stratum. Therefore, all models reported and described below were fitted using individual
site-level total or nereid Polychaete biomass {ask dry weight [AFDW], mg / f) as

observational units.

MD observed Polychaete VA observed Polychaete
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Figurel0. Observed total Polychaete biomass at survey sites from sampling strata in the Maryland (MD;
A), and Virginia (VA; B) portions of Chesapeake Bay. Total Polychaete biomass distributions shown on
observed (C) and logeansformed (D) scales. Sampling strata: MET¢ Maryland Eastern Tributaries,
MMS ¢ Maryland Mainstem, MWE Maryland Western Tributaries, PMAPotomac River, PXR
Patuxent River, URBUpper Mainstem, JAMJames River, R&MRappahannock River, VBYirginia
(Lower) Mainstem, YRKYorkRiver.

Results from the model fitting showed very similar performdrncesvo models for each
Polychaetendex (Table 2). In the case of total Polych&st the RF and DeH@AM approaches

were the best performing models with lower associated model errors andRfighgres.

Results from the Nereididae modelling were similar, with RF and GAM approaches having
lower associated error metrics and higher coefficient of determin&fprdlues, although

model performance was relatively poor for both models. Based anrtbgdts, the Dek&AM

was selected as the best model for the total Polychaete index and the GAM model was selected
as the best model for the Nereididae Polychaete index.
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Table2. Crossvalidation (outof-sample) model performancgaetrics for Total and Nereididae
Polychaete biomass indices. Model error metrics include MAE (mean absolute error) and RMSE (root
mean square error);Js coefficient of determination (all metrics are computed using weights associated
with survey samplig strata areas). Yellow highlighted cells associated with the best performing models
for each performance metric, green cells indicate the sebeastl performance metric.

MAE RMSE R2

GAM 25.54872 47.48895 0.1456766
= | Delta-GLM 25.90639 47.95317 0.1301086
S | Delta-GAM 25.35281 47.30858 0.1529223

RF 24.98643 47.17995 0.1621094
S | cam 4.672366 12.59160 0.02152202
5 | Delta-GLM 4.947856 12.96985 —0.06161526
5 | Delta-GAM 4.775525 12.85549 -0.02221711
2 | wF 4.713843 12.55976 0.02077619

Depth of the sampling site was a significant covariate in each of the final moteRolychaete
biomass showing a curvilinear relationship with respect to samgéipth Eigure 11). In-
sample predictions of Polychaete biomass showed aprgEment for the total Polychaete
biomass index in both geographically large and small stregare 12A). In-sample predictions
for the Nereididae index were less accurate, with the model showing a trend towards
underestimating high observed biomas$egure 12B).
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Figurell. DeltaGAM fitted smooth term for Total Polychaete (A) and GAM fitted smooth term of
Nereididae (B) log(biomass) partial residuals to station depth. The inner tickmarex@ndenote
observed depths; the-gxis is the value of the smoothed functiontud toge(biomass) partial residuals
across depths. Estimated degrees of freedom of the smooths are 3.38 and 1.97, respectively.
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Figurel2. Predicted versus observed biomass for the selected best model for Total Polychaete biomass
(A) and Nereididae Polychaete biomass (B). Symbols arecodled by statistical weighting based on
geographical area of sampling strata. Straight black lines represent the case of ideal prediction accuracy.

Final Polychaete indices based ondk&ected models show strong interannual variability across
strata, similar to patterns observed in the raw dé@taufe 13). Interannual fluctuations aless
correlated among regional and system strata in the Total Polychaete index than in the Nereididae
only index. This outcome likely is attributable to the wide range of environmental tolerances
among all Polychaete taxa relative to tolerances of theitNdae family) and their

corresponding abilities to respond independently to annual environmental conditions in each
stratum.
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Figurel3. Final timeseries of Total Polychaete biomass (A) and Nereididae Polychaete biomass (B) from
selected best models for each taxonomic group. Heavy black lines areeigrded, Chesapeake Bay
wide annual index values.

Our analysis of Total and Nereididae Polychaete biomass indicators did not lead us to reject the
hypothesis of normality of the distributions (Shapitilk normality testp = 0.90 for total

Polychaete and = 0.26 for Nereididae biomasgwdicators;Figure 14). As such, quantiles may
represent a useful approach for delineating qualitative ranges of the indicator values. Terciles
were selected to provide #e distinct biomass categories for each Polychaete indicator, with the
upper, middle, and lower terciles including the upper, middle and lower 1/3 edtiheated
biomassefrom each dataseFigure 14).

During the late 1990s and 2000s, the Total Polychaete indicator varied appreciably with annual
values falling within each of the identified tercil€sgure 14). After 2007, the Total Polychaete
indicator has been above the lower tercile and within the middle and upper tercile space since
that year. Unlike the Total Polychaete indicatoe, Wereididae indicator does not show an

obvious trend over the analyzed periéth(re 14). There do appear to be two periods of high
interannual varialbty in the time series, the first occurring from the r1i€I90s to the early

2000s and the second occurring during the 2010s. The intervening period, consisting of the
middle to late 2000s, was characterized by relatively stable, but declining, nereakbiwithin

the middle and lower terciles.
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Figurel4. Total Polychaete (A) and Nereididae (B) biomass indicators for the 2@P%time series with

associated colecoded terciles representing upper (green), middle (yellow), and lower (red) thirds of the

indicator distributions. To the right, frequency distitions with superimposed normal density curves are
shown for each indicator.

Bay Anchovy

We conducted an extensive evaluation of Bay Anchovy length data to assess the potential of
using available length data to separate larger, mature individual®thptise the spawning

stock from smaller, youngf-the-year recruits produced in the same year. Bay Anchovy length
data were available for 32 years in the standardized VA Juvenile Striped Bass Seine Survey
(19882019). The MD Juvenile Striped Bass SeinevBysamplingsitesrecorded only

minimum and maximum lengths of Bay Anchovy in survey years prior to 1991. Subsequently,
no length data were collected in the MD seine survey. Accordinglinitialy focused on the
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VA seine data to explore length thregtethatcoulddefine youngpf-the-year (YOY) Bay
Anchovy (i.e., recruits).

We elected to use the same method of separating Bay Anchovy intaaiss that was used by
Jung and Houd@004b) This method is based on representing the length distribution as a
mixture of Gaussian distributioriBhattacharya 1967}or our purposes we specifiedIBsters

to represent recruits and spawning stock individuals, then fit the Gaussian distributions to
aggregated monthly and total length distributions. Thresholds separating the modes were
determined using two approaches. The first was a signal detdwiary approach (TH)
described by Little et a{2013) and thesecond identified the lower 5% quantile of the adult
mode (TH) to statistically assign smaller individuals to tkeruit classKigure 15). The
separéion methods yielded similar, although not identical, results. In the illustrated example, the
signal detection approach indicated a threshold length (TB5 ofm while the 5% quantile
approach (Thh) indicated a threshold &0 mm.

TH

THsy,

Proportional density

m— Age-1+age-class
YOY age-class

<L |

Length (mm)

Figurel5. Smoothed total sizetructure of all Bay Anchovy measured in the VA Juvenile Striped Bass
Seine Survey from 19@®19 during Junduly (shaded area). Gaussian distributions are fitted to
aggregate sizestructure. Examples of ¢hrecruit¢ spawning stock length thresholds for the two

approaches are indicated (signal decomposition [TH]; 5% quantile of the adult mode [TH5%]).

Based on our exploration and evaluation of these |elgsled threshold approaches for

separating spawnirgfock from recruitsgee Appendi. Bay Anchovy indicatoysthe evidence
suggested that thresholds based on seasonal survey catches will likely yield better results (i.e.,
less uncertainty in lifstage classification}zurther, the absence of compl&tagth data records

for the MD seine survey was an additional barrier to using lelnggled approachd3ased on

the sampling months of the available trant seinesurvey datasets, the best estimates of recruit
abundance were judged to come from AugOstober survey samples while estimates of
spawning stock were best represehin Aprili May survey sample® total Bay Anchovy index
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(i.e., recruis plus spawning stock) was calculafeoim the ApritOctober collections in the
respectivdrawl and seine surveys

TIES/CHESFIMS TRAWL SURVEY
In the combined TIES/ChesFIMS trawl survey, Bay Anchovy spawning stoci§Bg,
recruits (BArecruity, and total population (BAva), the catch frequency distributions were
strongly rightskewed, equiring log-transformation to approactormality Figure 16).
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Figurel6. Bay Anchovy spawning stock (A, B), recruits (C, D), and total population (E, F) counts (scaled to

counts per 100 m2) distributions on observed (A, C, E) andrioggormed (B, D, F) scales.

Three models were evaluated for developing indices of relabivadance for Bévawning

BARecruits and BArotal in the TIES/ChesFIMS dataset. These included a GLM, R#lltisl, and

RF model. Model fitting and evaluation (e.g., creafidation) followed the same protocols
described above for Polychaetes. Observations were weighted by the habitat volume of the
mainsten area represerdd (volumeweighted estimation; observations from larger mainstem
areas were weighted more heavily than smaller areas); the weighting was also applied in
calculating modekvaluation metrics. Results from the model fitting indicated RFetsod
outperformed GLM and Dek&LM modelsfor the Bay Anchovy lifestagegroups Table 3). In

all cases, the RF model was associated with the lowest mwdes and highe$® values.
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Table3. Crossvalidation (outof-sample) model performance metrics for Bay Anchovy spawning stock
(BASpawning), recruits (BARecruits), and total population (BATotal) indices. Model error metrics include
MAE (mean absolute error) and RMSE (root mean square €Redi3;coefficient of determination. All
metrics were computed using weights associated with mainstem region volumes. Yellow highlighted cells
indicate the besperforming models for each metric; green cells indicate the selsestdperformance

metric.

MAE RMSE R2
.é” GLM 148.0490 255.3285 0.10733873
; Delta-GLM 146.5676 255.3279 0.08864828
g RF 140.5446 246.1819 0.15684995
é GLM 1474 .637 2212.391 0.05623064
5 Delta-GLM 1475.005 2211.617 0.05701652
EE RF 1284.825 1951.971 0.27424106
s | GLM 1078.382 2036.798 -0.01233780
5 Delta-GLM 1078.387 [2036.352 -0.01177806
M | RF 1029.034 1963.187 0.05586577

In-sample predictions of Bay Anchovy relative abundances indigated agreement with
observed abundancésigure 17A). In-sample predictions for the Bfeawnignand BArecruits

indices weresomewhatess accuratthan the BAota indices with thesemodelsshowing a slight
tendency tmverestimag catch at lov observed valued-{gure 17B, C). The BATotal showed no
evidence of bias in terms of under overestimation of abundance at low or high values.
Occurrences of model undemd overestimation of relative abundances were most prevalent
from the upper bay mainstem region that had the sstadreaveighting(Figure 17A, B).

Final Bay Anchovy abundance indices based on the RF models show strong interannual
variability across regional steg similar to patterns observed in the raw daigure 18). Rank

order of regional annual index values were relatively consistent within life stages but differed
between life stages. The annual 8awingindex was typically highest in the Lower Balge

Middle Bay usually had intermediate annual index values, and the Upper Bay consistently had
the lowest annual index valudsigure 18A). In contrastvith the BAgpawningindeX, the BAecruits
index was highest in the Middle Bay, with the Upper and Lower Bay regions having similar
index values that varied in their rank order from year to y@gu(e 18B). Regional patterns in
rankorder of the BAota index were a composite of the BAwningand BArecriisindices, with
different regions having highest index values in the bay mainstem acrossFygars 1 8C).
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Figurel?. Predicted versus observed abundance for the selected best model for Bay Anchovy spawning
stock (BApawning A), recruits (Bhcris B), and total population (B&e;, C). Symbols are colooded by

statistical weighting based on bathymetric volume of three mainstem regions. Straight black lines
represent the case of ideal prediction accuracy.
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Figure 18. Timeseries of Bay Anchovy spawning stocksgBAng A), recruits (B&cuis B), and total
population (BAwa;, C) relative abundances. Because Ayl sampling was not conducted by ChesFIMS
in 2006 & 2007, estimationf @AspawningdNd BAotal indicator values was not possible for those years.

Heavy black lines are the volumeighted, Chesapeake Bayde annual index values.

Our analysis of TIES/ChesFIMS Bpawning BArecruits and BArotal relative abundancesdicated
general support for thessignment of indicator values to classes based on terciles. The
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distribution of BArecruitsShowed some evidence of nnarmality (Shapirewilk normality testp

= 0.03) but both the Bgéyawningand BArotal distributions wee normally distributed (Shapi/ilk
normality tesp O 0 FiQuée:19). To examine the effect of an alternative classification method
on the BArecruitsindicator,k-means clustermpwas used to classify indicator values into 3

groups Figure 20). Although threshold#&r High, Medium, and Lo group assignments were
similar between the tercile akemeans approaches, the two approadmsesult in slightly
different classifications for 3 yeairs1999 2002 and 2004.
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Figure19. Bay Anchovy Spawning Stock (Spawners, A), Recruits (B) and Total (C) indicators fogthe 1995
2005 time series (Spawners, Total) and the 192607 time series (Recruits) with associated eolor
coded terciles representing High (green), Medium (yellow)Land(red) values of the indicator
distributions. To the right, probability distributions with superimposed normal density curves are shown
for each indicator.
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A Quantile thresholds: 370.5, 792.7 K-means thresholds: 332.8, 757.9
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Figure20. Bay Anchovy Recruits indicator for the 1€2807 time series with associated cetmded
terciles (A) and-kneans clustering groups (B) representing High (green), Medium (yellow), and Low (red)
values of the indicator distributions. To the right, the @doibty distribution with superimposed normal
density curve is shown for the indicator.

Higher than average Bfcitsvalues were observed from 1998 to 2001 in the TIES/ChesFIMS
indicator seriegFigure 20). Theseyears followed a high Bgyawningyear in 1997, with BApawning
remaining in the High to Medium indicator value range from 1998 to 2000 before dropping to
one of the lowest observed values of the time series in 2001. Recruitment remained Low to
Medium throughout the neainderof the time serieauntil 2007 when BAecuits increased to a

High ranking inthe final year othe surveyInterannual patterns of the B#w indicator were

similar to BArecnits in part because of the relatively high abundances and contributions of YOY
individuals to the BAota index

MD/VASEINE SURVEY

In the combinedID and VA seinesurve)s, the BArecruitsaNdBATotal Catchfrequency
distributions were strongly rigigkewed, requiring lagtransformation to approach normality
(Figure 21).

Three statistical models were evaluated to develop indices of relative abundancedari8A
and BArota in the MD and VA seine survey datasets. These included a GLM-GENg and

RF model. Model fitting and evaluation (e.g., creafidation) followed the same protocols
described above for Polychaetes and for TIES/ChesFIMS Bay Anchovy. A categoridéieident
for State (MD, VA) and a State x Year interaction term were included in the models, allowing
model fitting to use data from both seine surveys while also allowing-§iatgfic model

output. Results from the model fitting indicated that the RF nsanlgtperformed GLM and
DeltaGLM models for the two Bay Anchovy lifstage groupsT@ble 4). In bothcases, the RF
model was associated with the lowesidal errors. All modelR? values were negative for the
BARrecruismodels while the highest (and only positi®&)value for the BAota data was
associated with the RF model.
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Figure21. Frequency distributions of observed Bay Anchovy recruit (A, B) and total (C, D) counts per 100
m? on the observed (A, C) and legansformed (B, D) scales.

Table4. Crossvalidation (outof-sample) model performance metrics for Bay Anchovy recruits(BA
and total population (BAw) indices. Model error metrics include MAE (mean absolute error) and RMSE
(root mean square error);2i& the coefficient of detenination. All metrics were computed using weights
associated with mainstem region volumes. Yellow highlighted cells indicate thpdr&siming models

for each metric; green cells indicate the secbedt performance metric.

BA Recruits

BA Total

MAE RMSE R2
GLM 2.146887 6.568838 -0.004021980
Delta-GLM 2.144938 6.566233 -0.002889325
RF 2.100419 6.562114 -0.003235273
GLM 1.660756 5.410478 -0.000880687
Delta-GLM 1.659923 5.409403 -0.000476068
RF 1.616987 5.388567 0.007814419
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In-sample predictions fdhe RF models applied the BArecritsand BArotalindices were
accurate, with thétted modelssuggeshg some evidence alverfitting (Figure 22). There were
no obvious trends in undasr overestimation.

BA Recnuts

Predicted relative abundance / 100 m?

0 2 4 6 8

Observed relative abundance / 100 m?

10

BA Total
Predicted relative abundance / 100 m?
-

0.0 2.5 5.0 1.5 10.0 12.5

Observed relative abundance / 100 m?

Figure22. Predicted versus observed abundance (counts per #pfbonthe selected best model for Bay

Anchovy recruits (Berits A), and total population (Béw; B). Maryland and Virginia seine survey data

are included in the estimation of these indices. Straight black lines represent the case of ideal prediction
accuracy.

Final Bay Anchovyabundancg/100 nf) indices based on the RF models show stron
interannual variability between stai@sgure 23). The mankorder of annuaBARecruitsaNdBATotal
index values fronMD and VA shifted over time but MD estimates (and associated 95% CIs)
wereoften substantiallyrigherthan the VA estimate$§Vithin statesthere was atrong
correlationin interannual patterns amankorderbetween th@ARrecriitsand BArotal indices
(Figure 23).
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Figure23. Timeseries of Bay Anchovy recruits §BAis A), and total population (B, B) relative
abundances (counts per 10¢ m95% CI) from the Maryland (MD) and Virginia (VA) seine surveys.
Estimates of BA indices are excluded from the 41988. VA timeseries because data on the offshore
extension of the seine net were not available in those years.

The MD and VA seine survaistributions 0BARecriitsand BArota Were not normally
distributed (ShapirdVilk normality tessp O 0 ); thereBore, all seinbased indicators were
classified using-meansclustering Figure 24). In MD, the BArecruitsindicator peaked during
two periods, 19901991 and in 2012. These peadriods were preceded and succeeded by
several years of moderate and variable&sBAisvalues, with an extended period of logcruit
indicator values from 1995 to 2005. The MD BA indicatortime series was similar to the
recruitment indicator du® absence of springponthssampling andhe resultinglominant effect
of recruitmenduring late summeon BArotal €Stimates.
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Figure24. Maryland Bay Anchovy recruits (MD&BAis A), and total population (MD Béy; B)
indicators from the seine survey for the 188819 time series with associatedrieansclustering
groups representing High (green), Medium (yellow), and Low (red) values of the indicator distributions.
To the right, probability distributions with superimposed normal density curves are shown for each
indicator.

In VA, the seingime series fothe BArecruitsindicator was less structured than the corresponding
MD time seriesKigure 25). The VA BArecriitsindicator was classified as High in 192906,

2008, and 2009. Years with high BAwitsvalues were interspersed with years of Medium and
Low classifications. In severaistances, High recruitment indicator years were immediately
followed by Lowor Mediumrecruitmentindicator yearge.g., 19992000,20022003, 2006

2007) Early in the time series, the VA Béuisindicator declined from moderate to consistently
Low for five yearsuntil 1999.In the final year®f the time series, the B&citsindicatoralso
wasconsistently LowAs inthe MD seine indicators, the VBATotal time series was similar to

the VA BA recruitstime seriedbecausepring samplinghat wouldhave primarily captured

spawners was not included in the time series
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Figure25. Virginia Bay Anchovy recruits (VARBAs A), and total population (VA B B) indicators
from the seine survey for the 191019 timeseries with associatedrkeans clustering groups
representing High (green), Medium (yellow), and Low (red) values of the indicator distributions. Net
extension data from 1988991 were unavailable, making arearrected estimates of BA abundance not
possile for those years. To the right, probability distributions with superimposed normal density curves
are shown for each indicator.

VIMS TRAWL SURVEY

Annual indices oBay Anchovyspawning stock and recruitment provided by project
collaboratordor the LowerChesapeakBay mainstem showed strong yearyear variability
(Figure 26). Our index based on thdMS Spawning Stocklat(median = 5.7 + 4.5 SDyas
approximately €old lower than the VIMS Recruit Indg81.0 + 65.5) and the two indices were
not correlatedre = 0.07,p > 0.05) Peak index yearf®r Spawning Stock and Recruit indices
differed with a maximum Spawning Stock index occurring in 2004,aanthximum Recruit
index occurring irR010(Figure 26).

34



Woodland et al(19260) Forage patterns in Chesapeake Bay

17 600

60 r
— Spawners
% 50 —Recnits 1500 <
& 4
ch w2
.g 40 4 400 o
a N
= =
: _u-: 30 - 4 300 =
@ = z
b (=}
; 20 F 4 200 é
n =3
E 10 | 1 100 ;%
>
0 0
“ \] ) N & Q 5 N
& o o N N ~
N N N S DU S o4

Figure26. Timeseries of annual Bay Anchovy spawning stock (Spawners, priragiy)yand recruit
(Recruits, secondaryaxis) indices (£ 95% ClI), derived from Yirginia Institute of Marine Science
(VIMS) trawl survey data in the Lower Chesapeake Bay mainstem.

The VIMS Trawl SpawnindStock index was positively correlated with the lower Bay
TIES/ChesFIMS BApawningindex (1 =11,rp = 0.71,p = 0.014); however, the VIMS trawl

Recruit index was not correlated with the lower Bay TIES/ChesFIM&&aindex 1 =11,rp =
0.49,p = 0.126;Figure 27). The 2005 datum for the lower Bay TIES/ChesFIMSsB#ning

index (= 405.5) and the VIMS Spawning Stock index value (= 4.09) was an obvious outlier
(Figure 27B). Removing the 2005 outlier increased the correlation between the two Spawning
Stock indices top = 0.97 6= 10,p < 0.0001). The 2004pawning cohonivas the most

abundant in both the TIES/ChesFIMS lower Bay surve\diM5 Spawning Stock index

(Figure 27B).

A B
1400 700
s
g 1200 L . g 600 | .
. ® .= s
= 1000 . 5 500
;ag "’ z .
=3 800 ZE 400 |
2 2] ° m &
£5 600 [ ®7 7 “;EE 300 | o
) =]
AE 400 F g '3% 2001 d 20.21x +35.817
o _ ~ = Y y=20.21x .
S 0o %  vV=53028x+238.85 S 100 | scﬁ. R* = 0.604
@ ° R2=0.297 %
& 0 o L ] ﬂ 0 hd ] 1 1 1 |
0 50 100 150 200 0 6 12 18 24 30

Lower Bay VIMS Recruit index

Lower Bay VIMS Spawner index

Figure27. Bay Anchovy abundance indices from the TIES/ChesFIMS staxey)(glotted on the VIMS
trawl indices (axes) for Recruits (A) and Spawning Stock (B). TIES/ChesFIMS indices plotted here
correspond to the lower Chesapeake Bay region only. Dotted remrdisss, linear regression
equations, and associated falues are provided for reference
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Ratios of recruits to spawning stock (R/SS) based on the/CTHeSFIMS data were calculated to
evaluate the utility of the R/SS metric as a potential indicatoveifall reproductive success. At

the basiprscale, R/SS values ranged frandi 68.7 recruits/spawner during the 192605

interval Figure 28A). Ratio values differed consistently among the three mainstem regions, with
the Upper Bay > Middle Bay > Lower Bay in all yeafsgure 28B). A comparable range of

R/SS values was observed in the longer time series of the VIMS traw! skigaye(28C). The

R/SS time series in both the TIES/ChesFIMS and the VIMS trawl surveys indicated several years
of high recruitindicesrelative to spawner indices during the late 1990s to early 2000s interval.
TheVIMS trawl survey data indicate other clusters of years with elevated R/SS in the lower Bay
during the early 1990s and 2000sth a notable peak in 2010
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Figure28. Bay Anchovy Recruit/Spawning Stock (R/SS) index ratiosHeomES/ChesFIMS survey and
the VIMS trawl survey. Annual Reci@fiawner ratios from the TIES/ChesFIMS survey for the entire
Chesapeake Bay (A) and regionally for the Upper, Middle, and Lower Bay (B)-JFpecvuigr ratios for
the full 19882019 VIMS tral survey and the Lower Bay TIES/ChesFIMS surveyd0@9pwere not
correlated (C;#= 0.08, p > 0.05).
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Climate indicators

Atlantic Multidecadal Oscillation

Over the 19882019 interval, the annual AMO indicator was initially in a negative phase throug
the mid1990s Figure 4). The AMO oscillated between positive and negative during the late
1990s before entering and remaining in a posftivese during the remainder of the tisegies.
Despite the consistently ptige phase of the AMO over most of the tiseries, there was
substantial variability in the indicator value (i.e., ranging ~00035).

Degree Dayndex

Visual inspection of both DD indicators suggests a declining trend overRigwe€ 6). Linear
regression indicated a negative trend over time in the DD10 indi€adqfrdm, den) = 1, 3= 10.2,

R? = 0.23,p = 0.003) but not the DD5 indicatdf ¢, 0= 3.91,R> = 0.09,p = 0.057). The failure

to detect a trend in the DD5 indicator differs from previous find{dgsodland et al. 2021gnd
almost certainly reswdtd from the focus of oupresentnalysis on the short temporal interval of
1988 2019 (lower sample size and, hence, lower statistical power) relative to thgeaime
series analyzed prmusly. Pearson produchtoment correlation analysis indicated the DD5 and
DD10 indicators were positively correlated € 0.72,n = 32,p < 0.05).
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Figure29. Time series of the 5°C degree day indicator (DD5, A), detrended DD5 (eDD5, B),10°C degree
day (DD10, C), and detrended DD10 (eDD10, D) from238Bin Chesapeake Bay with associated
tercilebased classifications representing High (green), Medium (yeltowl Low (red) values of the

indicator distributions.
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Tercile-basedclassifications were calculated for each variant of the DD indicators (including
DD5, DD10, and the corresponding detrended versions of each: eDD5, eBgui@ 29).

Despite a apparengualitative decline in DD5 indicator values over the 12889 interval,

years with Low indicator values were present early in the time series and years with High
indicar values were present late in the time sefégufe 29A). Patterns in the DD10 indicator
were less evenly distributed through time, particularlyilatée time serigwith no years

attaining a ranking of High after 200Bigure 29C). Detrended versions of DD5 and DD10 were
variable through time with no immediately obvious patterns in years assigned to High, Medium
or Low rankings Figure 29B, D).

ForageClimate models

Polychaetes

Results from the model fitting indicated that the GAM, using the DD10 indicator, performed best
for the total Polychaetes, with the lowest associated model errors and Rg¢haiste Table 5).
Results from the Nereididae modelidigl not indicate strong associations with climate

indicators with the DD5 GLM having the lowest associated error metrics. All Nereididae
indicator models resulted in negativet-of-sample (predictioniR? values. All Polychaete

indicator climate models that included detrended versions of the DD variables performed poorly
(seeAppendix3. Forageclimate modelinyy Based on the results, we selected the DD10 GAM as
the best version of the total Polychaete indicator climate model. No additional interpretation is
provided forthe NereididaeClimatemodelbecause of thabsence of interpretable relationships
betweenheNereididaeand climate indicators

Tableb. Crossvalidation (outof-sample) model performance metrics for Total and Nereididae
Polychaete Indicator climate models. Results associated with each DD indicator variant are ihgicated
the column header suffix (DD5, DD10). All detrended DD indicator variant rpometied low predictive
powerand are not shown here (see Appendix 3. Fodigeate modeling for results). Model error
metrics include MAE (mean absolute error) and RMR fiean square error);?® the coefficient of
determination. Yellow highlighted cells indicate the hestforming model.

MAE_DD5 RMSE_DD5 R2_DD5|MAE_DD10 RMSE_DD10 R2_DD10
| etm  6.415  7.877 0.116| 6.281 7.600 0.177
S| GAM 6.688  8.075 0.071| 5.915 7.432  0.213
=1 RF  7.074  9.024 -0.160| 6.524 8.226 0.036
8 MAE_DD5 RMSE_DD5 R2_DD5|MAE_DD10 RMSE_DD10 R2_DD10
5| GLM 1.268  1.580 -0.184| 1.301 1.631 -0.262
g GAM 1.276  1.598 -0.211| 1.717 2.300 -1.508
Z | RF 1.306  1.621 -0.247 1.327 1.621 -0.247
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Within the DD10 GAM total Polychaete biomass had a positive relationship with AMO_L1,

with values increasing at low totermediate levels of AMO_LIF{gure 30A). Increased

uncertainty at the highest AMO_L1 values resulted in confidence intervals that overlap O at

AMO L1O0 0.35. There was a significant interact:i
relationship between total Polychaete biomass and DD10 at low AMO values but a negative
relationship at high AMO value§igure 30B). These relationships also can be visualized as 3
dimensional response surfacégyre 31Ai C).
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Figure30. Partial predictor of total Polychaete indicator as a function of AMO_L1 (A) and a contoured
heat map showing the relationship of the total Polydesiedicator to the tensor interaction between
DD10 and AMO (B).
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Figure31. Response surfaces for Total Polychaete indicator climate model based on the Random Forest
model variant, showing relationships among total Polychaete biomass and: DD10 & AMO (A), AMO &
AMO_L1 (B), DD10 & AMO_L1 (C).
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Bay Anchovy

ModelHfitting resultsfor climate factorsndicated that th&F and GLM models performed the

best among the various modeling approaches for both the TIES/ChesFIMS trawl BA indicators
and the MD/VA seine BA indicator3 &ble 6, Table 7). All TIES/ChesFIMS indicator models

had negative oubf-sampleR? values, including the best performing models. The MD/VA seine
surveyindicator models performed better, wifvalues of 0.23 and 0.25 for Béitsand

BArotal, respectivelyTable 7). The best performing DD variant differed among BA indicators,
surveys, and modelsith the DD6 or eDD5 variablshowng the bestrelationshig with four of

the five best performing modelshe DD10 variablewasmost strongly related time
TIES/ChesFIMS BAotal indicator.

In the TIES/ChesFIMS modelthe DD5 variable was negatively associated with thepBing

and BArecruitsindicators Figure 32A&C, Figure 32D&F ). However, the relationship between
DD5 and the BApawningindicator Figure 32A&C ) was not consistent, but suggested a modal or
very weak relationship. Conversely, the BAuisindicator was negatively associated with DD5
across the range of modeled AMO and AMO _L1 vallégure 32A1 C). The BArota response
surface showed a mabor threshold relationship with DD10, with high DD10 values associated
with the lowest BAota Values and lowio-intermediate DD10 values associated higherBA
values Figure 32G&l ). Relationships between AMO and AMO_L1 variables were unique to
each BA indicator. For Bay Anchovy spawning stock, both AMO and AMO_L1 were positively
associated with the B#jawningindicator Figure 32A-C). Among recruits, the Becruitsindicator

had a negative relationship with AMO_L1 but showed a curvilinear relationship with AMO
(concave downEigure 32D-F). The BArota response surface showed a variable, nmatidal
relationship with AMO and negative relationship with AMO_[Eigure 32G-I).

In the MD/VA seine dataset, both the BAwningand the BAota indicators were strongly

negatively associated with the eDD5 variable across the range of AMO values in both MD and
VA systems Figure 33A, C, D, F). Both BA indicators were also negatively associated with the
AMO index (calculated Janudriylarch), with response surfaces showing evidence of a threshold
response at intermediate AdAvalues Figure 33B&E ). Only small differences were observed in
the modeled responseirface relationships between the B4wingand BArotal indicators and the
climate variables.
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Table6. Crossvalidation (outof-sample) model performance metrics for Spawning Stock.{B4),
Recruitment (Bé.cuiry, and Total (BAw) Bay Anchovy TIES/ChesFIMS Baywide indidaton the
climate predictors models. Results associated with each DD indicator variant are identified by the column
header suffix (DD5, DD10, eDD5, eDD10). Model error metrics include MAE (mean absolute error) and
RMSE (root mean square errorjjsRthecoefficient of determination. Yellow highlighted cells indicate
the bestperforming model for each indicator.

MAE_DD5 RMSE_DD5 R2_DD5 MAE_DD10 RMSE DD10 R2 DD10

GLM 115.901 132.983 -0.622 111.999 129.740 -0.544

.| GAM 127.680 136.041 -0.698 126.472 149.353 -1.046

% RF 105.071 116.131 -0.237 107.796 118.059 -0.279
& MAE_eDD5 RMSE eDD5 R2 eDD5 |MAE eDD10 RMSE eDD10 R2 eDD10
M | GLM 112.482 129.211 -0.531| 109.766  125.839 -0.453
GAM 109.609 118.934 -0.298| 118.182  140.057 -0.799
RF  107.907 118.592 -0.290| 110.060  119.266 -0.305

MAE_DD5 RMSE_DD5 R2_DD5 |MAE_DD10 RMSE_DD10 R2_DD10

GLM 364.070 461.139 -0.245 360.160 487.296 -0.391

GAM 444.045 496.856 -0.446 563.948 697.964 -1.853

g | RF 431.048 492.398 -0.420 393.405 465.709 -0.270
Ef MAE_eDD5 RMSE_eDD5 R2_eDD5| MAE_eDD10 RMSE_eDD10 R2_eDD10
GLM 367.039 466.356 -0.274| 369.264  500.430 -0.467
GAM 486.000 541.224 -0.715/ 580.855  733.580 -2.151
RF 451.659 504.041 -0.488| 414.509  482.217 -0.362

MAE_DD5 RMSE_DD5 R2_DD5 | MAE_DD10 RMSE_DD10 R2 DD10

GLM 786.353 1016.508 -0.800 861.958 1010.735 -0.780

GAM 1135.860 1469.408 -2.762 | 1204.271 1364.753 -2.245

RF  710.221 864.605 -0.302 654.492 849.528 -0.257
& MAE_eDD5 RMSE_eDD5 R2_eDD5| MAE_eDD10 RMSE_eDD10 R2_eDD10
M | GLM 755.038 967.186 -0.630| 855.379 1013.981 -0.791
GAM 1100.572 1361.160 -2.228 1120.757 1264.179 -1.785
RF 697.356 856.111 -0.277| 659.914  859.657 -0.288
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Table7. Crossvalidation (outof-sample) model performance metrics for Recruitmenk{B4A) and
Total (BAoa) Bay Anchovy combined MD/VA seine survey indicators with climate predictors models.
Results associated with each DD indicator varianigestifiedby the column header suffix (DD5, DD10,
eDD5, eDD10). Model error metrics include MAE (mean absolut¢ ambRMSE (root mean square
error); Ris the coefficient of determination. Yellow highlighted cells indicate thegeeirming model
for each indicator.

MAE_DDS5 RMSE_DD5 R2_DD5 MAE_DD10 RMSE_DD10 R2_DD10

GLM 0.539 0.719 0.226 0.575 0.760 0.135

. |GAM 0.634 0.987 -0.458 0.637 0.887 -0.178

E |RF 0.514 0.738 0.185 0.569 0.790 0.067
<§ MAE_eDDS5 RMSE_eDD5 R2_eDD5 MAE_eDD10 RMSE_eDD10 R2_eDD10
2 | GLM 0.531 0.710 0.246 0.559 0.713 0.240
GAM 0.614 0.907 -0.231 0.558 0.781 0.087
RF 0.533 0.763 0.152 0.530 0.725 0.215

MAE_DD5 RMSE_DDS R2_DD5 MAE_DD10 RMSE_DD10 R2_DD10

GLM 0.826 1.138 0.217 0.906 1.207 0.120

GAM 1.009 1.667 -0.679 0.950 1.401 -0.185

3 RF 0.787 1.174 0.167 0.867 1.244 0.065
;g MAE eDDS RMSE eDD5 R2 eDDS5 MAE eDD10 RMSE eDD10 R2 eDD10
GLM 0.821 1.112  0.253 0.879 1.117 0.247
GAM 0.924 1.466 -0.298 0.869 1.231 0.085
RF 0.814 1.187 0.150 0.810 1.124 0.236
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(response surface)

TIES/ChesFIMS Baywide BAsqning Indicator

(response surface)

TIES/ChesFIMS Baywide BAg,.....s Indicator

(response surface)

TIES/ChesFIMS Baywide BAr,,, Indicator

Figure32. Bay Anchovy Spawning Stock {B#ving A-C), Recruits (Béits D-F), and Total (Bka)
population TIES/ChesFIMS Baywide indicator climate model response surfaces from the Random Forest
model variants (Béyawning BAroa) and GLM model variant (BAwiy. Surfaces show relationships among
Bay Anchovy indators and bestitting AMO, AMO_L1, and DD predictors for each model.
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Figure33. Bay Anchovy Recruits (BAuis ACO and Total (B, D¢F) populationMaryland and Virginia
seine survepaywide indicator climate model nesnse surfaces from the Random Forest model variants
(BArecruits BAota). Surfaces show relationships among Bay Anchovy indicators anfittregtAMO,
State and DD predictors for each model.

Discussion

Polychaetes

We were successful in calculating unique indices of biomagkddotalPolychaeteand
Nereididagaxonomic groups. The two Polychaete indices showed different spatial and temporal
patterns, as weds different relationships with the climate indicat@gatial ranlorder of the
Nereididae Polychaete index values was relatively stable over time, with cextgamalstrata
consistently showing the highest index values (&lBB, MWT, PXR), and othes showing the
lowest index values (e,gvBY, PMR) (Table 8). The Total Polychaete index valukes strata

were less consistently ordered through time, with high and low index values observed for each
straum, depending on year. Despite this variability, the lower mainstem of Chesapeake Bay
almost always showed the highest Total Polychaete indexswduess yearélable 8). The

weaker correlatiomamong strata in the Total Polychaete index than in the Nereididaeisndex
likely due to the widgange of environmental toleranaepresented ball Polychaete taxa

(relative to those that belong strictly to the Nereididae family) and their corresponding
independentespormsesto annual conditions in each stratum.
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