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Report Organization 

This report was completed during December, 2018.  It consists of summaries of activities 

for Jobs 1ï4 under this grant cycle.  All pages are numbered sequentially; there are no separate 

page numbering systems for each Job.  Job 1 activities are reported in separate numbered 

sections.  For example, Job 1, section 1 would cover development reference points (Job 1) for 

stream spawning habitat of anadromous fish (Section 1).  Tables in Job 1 are numbered as 

section number ï table number (1-1, 1-2, etc).  Figures are numbered in the same fashion. 

Throughout the report, multiple references to past annual report analyses are referred to. The 

complete PDF versions of many past annual reports can be found under the Publications and 

Report link on the Fisheries Habitat and Ecosystem (FHEP) website page on the Maryland DNR 

website.  The website address is http://dnr.maryland.gov/fisheries/Pages/FHEP/pubs.aspx .  

Table 1 provides the page number for each job and section. 

 

Table 1.  Job and section number, topic covered, and page number. 

Job Section Topic Pages 

1 1-3 Executive summary 7 - 9 

1 1-3 Background 10 ï 16 

1 1-3 Common spatial and statistical methods 17 ï 19 

1 1 Anadromous fish stream spawning 19 ï 60 

1 2 Yellow Perch larval dynamics 62 ï 97 

1 3 Summer fish community and habitat dynamics 98 ï 160 

2  Supporting activities 161 - 179 

3  Spatial data for prioritizing habitat 180 - 212 

4  Striped Bass forage benchmarks 213 - 263 
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SURVEY TITLE:   MARINE AND ESTUARINE FINFISH ECOLOGICAL AND 

HABITAT INVESTIGATIONS  

PROJECT 1:  FINFISH HABITAT AND MANAGEMENT  

 

Job 1:  Development of habitat-based reference points for recreationally important 

Chesapeake Bay fishes of special concern: development targets and thresholds 

 

 

Executive Summary 

Spatial Analyses - We used property tax map based counts of structures in a watershed 

(C), standardized to hectares (C/ha), as our indicator of development. We developed an equation 

to convert annual estimates of C/ha to estimates of impervious surface (IS) calculated by Towson 

University from 1999-2000 satellite imagery.  Estimates of C/ha that were equivalent to 5% IS 

(target level of development for fisheries; a rural watershed), 10% IS (development threshold for 

a suburban watershed), and 15% IS (highly developed suburban watershed) were 0.27, 0.83, and 

1.59 C/ha, respectively (Uphoff et al. 2012). Percent of watershed in agriculture, forest, and 

wetlands were estimated from Maryland Department of Planning spatial data.  

Correlation analysis suggested negative associations of C/ha with agriculture, forest, and 

wetlands.  Examination of scatter plots for these comparisons suggested a negative hyperbolic 

curve (power function) would provide a stronger description for the comparison of percent 

agriculture with C/ha.  Remaining land use combinations were not significantly correlated with 

one another. 

 Section 1, Stream Ichthyoplankton - Proportion of samples with Herring eggs and-or 

larvae (Pherr; Blueback Herring, Alewife, and Hickory Shad) provided a reasonably precise 

estimate of habitat occupation based on encounter rate.  Regression analyses indicated significant 

and logical relationships among Pherr, C/ha, and conductivity consistent with the hypothesis that 

urbanization was detrimental to stream spawning. Estimates of Pherr were more strongly related 

to C/ha than conductivity.  Estimates of Pherr were consistently high in the three watersheds 

dominated by agriculture.  Importance of forest cover could not be assessed with confidence 

since it was possible that forest cover estimates included residential tree cover.  Conductivity 

was positively related with C/ha in our analysis and with urbanization in other studies.  Herring 

spawning became more variable in streams as watersheds developed.  The surveys from 

watersheds with C/ha of 0.46 (╔ 7% IS) or less had high Pherr.  General development targets  (C/ha 

or impervious surface) worked reasonably well in characterizing habitat conditions for stream 

spawning of Herring. 

Ranges of Pherr in study streams may have indicated variability in suitable habitat rather 

than abundance of spawners.  In developed watersheds, a combination of urban and natural 

stream processes may create varying amounts of ephemeral spawning habitat annually and 

dampen spawning migrations through increased conductivity.  Observed variation in Pherr would 

indicate wide annual and regional fluctuations in population size.  However, stock assessments 

of Alewife and Blueback Herring indicate they are in decline or are at depressed, stable levels 

rather than fluctuating.   

Section 2, Yellow Perch Larval Presence-Absence Sampling - Annual Lp, the proportion 

of tows with Yellow Perch larvae during a standard time period and where larvae would be 

expected, provides a cost-effective measure of the product of egg production and survival 
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through the early postlarval stage.  General patterns of land use and Lp emerged from the 

expanded analyses conducted for this report: Lp was negatively related to development, 

positively associated with forest and agriculture, and not associated with wetlands.  

 At least five habitat related factors can be identified that potentially contribute to 

variations in Lp: salinity, summer hypoxia, maternal influence, winter temperature, and 

watershed development.  These factors may not be independent and there is considerable 

potential for interactions among them.    

Years of high spring discharge favor anadromous fish recruitment in Chesapeake Bay and 

may represent episodes of hydrologic transport of accumulated organic matter from riparian 

marshes and forests of watersheds that fuel zooplankton production and feeding success. Amount 

of organic matter present in Lp samples was negatively influenced by development in 

Chesapeake Bay subestuaries.  Wetlands appeared to be an important source of organic matter 

for Yellow Perch larvae in subestuaries we studied.  Higher DO and pH values in urbanized large 

subestuaries  (Patuxent and Wicomico rivers) during Lp surveys indicate their water quality 

dynamics were different from the rural, agricultural Choptank River watershed. 

Section 3: Estuarine Community Sampling in Summer -  Dissolved Oxygen Dynamics - 

Correlation analyses of DO with temperature and C/ha in subestuaries sampled since 2003 indicated 

that DO responded to temperature and C/ha differently depending on salinity classification. Mean 

bottom DO in summer surveys declined with development in mesohaline subestuaries, reaching 

average levels below 3.0 mg/L when development was beyond its threshold, but it did not decline in 

oligohaline or tidal-fresh subestuaries. The extent of bottom channel habitat that can be occupied 

does not appear to diminish with development in tidal-fresh and oligohaline subestuaries due to low 

DO. 

Inspection of the scatter plot of percent of watershed in agriculture versus median bottom DO 

in mesohaline subestuaries indicated an ascending limb of median DO when agricultural coverage 

went from 6.0 to 40.9% that was comprised entirely of western shore subestuaries.  Median DO 

measurements beyond this level of agricultural coverage (42.6-71.6% agriculture) were from eastern 

shore subestuaries and the DO trend appeared to be stable or slightly declining.  Agricultural 

coverage and C/ha were strongly and inversely correlated, so the positive trend of DO with 

agriculture when agricultural coverage was low was likely to reflect developmentôs negative impact.  

A dome-shaped quadratic model of median bottom DO and agricultural coverage that did not account 

for regional differences fit the data well. Modest declines in bottom DO would occur with increases 

in agriculture in subestuaries with 45%-71% of their watershed covered in agriculture.  Predicted 

median bottom DO at the highest level of agriculture observed would equal 4.2 mg/L, which is 

between the DO target and threshold. 

Section 3: Choptank River Subestuaries - We have explored DO trends in mesohaline Broad 

Creek, Harris Creek (not sampled in 2017), and Tred Avon River since 2007. These watersheds are 

similar in agricultural and forest cover, but these adjacent watersheds have undergone development 

at different levels.  Broad and Harris creeks have just passed the target level of development, while 

Tred Avon River is approaching the development threshold.  Tred Avon River provides an 

opportunity to evaluate modern stormwater managementôs ability to offset water quality 

deterioration. During 2017, bottom DO readings below the threshold (DO < 3.0 mg / L) were 

more frequent in the more developed Tred Avon River than Broad Creek. Seven percent of 

bottom DO measurements during 2006-2017 in Tred Avon River were below the DO threshold 

and 32% were below the DO target; in Broad Creek (samples since 2012), 1% were below the 

threshold and 14% of all DO values were below the target.  
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Section 3: Middle, Northeast, Severn, and Wicomico (western shore) Rivers ï Four 

additional subestuaries were sampled during 2017:  oligohaline Middle River (2009-2017; above 

threshold development), tidal-fresh Northeast River (2007-2017; above target development), and 

mesohaline Severn (2003-2005, 2017; above threshold development) and Wicomico (2003, 

2012, and 2017; at target development) Rivers.  Median Secchi measurements in Middle River 

ranged from 0.5m to 1.1m during 2009-2017; 2015, the year Zebra Mussels appeared,  had the 

greatest Secchi depth. Zebra Mussels were not observed in 2016-2017 and Secchi depths 

declined and appeared to return to pre-Zebra Mussel levels. Northeast River median Secchi depth 

measurements ranged from 0.3m to 0.5m; Severn River ranged from 1.0 m to 1.2 m; and 

Wicomico River remained steady at 0.5 m.  Bottom DO (mg/L) did not appear to fluctuate 

dramatically from year to year in Middle, Northeast, Severn, and Wicomico Rivers.   Median 

bottom DO estimates were typically at or near the target level in all rivers except Severn River 

(0.1 mg / L to 2.2 mg / L) over their time-series.   Measurements of pH for Middle, Northeast, 

Severn, and Wicomico Rivers were typically between 7 and 8, but Northeast River pH 

measurements appeared higher than the others. Since 2015, both Middle and Northeast Rivers 

exhibited lower total finfish geometric mean (GM) trawl catches. Severn River exhibited a slight 

increase in total finfish GM trawl catches between 2003-2005 and 2017; Wicomico Riverôs total 

finfish trawl GM in 2017 was in the middle of the available estimates.  

We separated all subestuaries sampled from 1989-2017 by salinity class, then ranked 

annual all species trawl GMs to find where the Middle, Northeast, Severn, and Wicomico Rivers 

ranked when compared to other subestuaries in their respective salinity classes.  Middle River 

had one GM within the top ten oligohaline subestuary GMs; five GMs in the middle; and three 

GMs in the bottom ten. Northeast River had three GMs within the top ten tidal-fresh subestuary 

GMs; eight in the middle; and one in the bottom ten GMs. Severn River had the last four ranked 

GMs for mesohaline subestuaries and Wicomico River had all five GMs ranked in the middle. 

Overall, the relative conditions at Northeast and Wicomico Rivers have been fairly stable 

over the available time-series.  Middle River conditions have been declining.  Severn River 

conditions remained poor and were the worst among the four subestuaries analyzed.  
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STATE:  MARYLAND  

 

SURVEY TITLE:  MARINE AND ESTUARINE FINFISH ECOLOGICAL AND 

HABITAT INVESTIGATIONS  

 

PROJECT 1: HABITAT AND ECOLOGIC AL ASSESSMENT FOR 

RECREATIONALLY IMPOR TANT FINFISH  

 

JOB 1: Development of habitat-based reference points for recreationally important Chesapeake 

Bay fishes of special concern 

 

COMMON BACKGROUND for Job 1, Sections 1-3. 
ñIt is the whole drainage basin, not just the body of water, that must be considered as the 

minimum ecosystem unit when it comes to manôs interests.ò (Odum 1971). 

 

Fishing has been the focus of assessments of human-induced perturbations of fish 

populations (Boreman 2000) and biological reference points (BRPs) have been developed to 

guide how many fish can be safely harvested from a stock (Sissenwine and Shepherd 1987).  

Managers also take action to avoid negative impacts from habitat loss and pollution that might 

drive a fish population to extinction (Boreman 2000) and typically control fishing to compensate 

for these other factors.  A habitat-based corollary to the BRP approach would be to determine to 

what extent habitat can be degraded before adverse conditions cause habitat suitability to decline 

significantly or cease. 

Forests and wetlands in the Chesapeake Bay watershed have been converted to 

agriculture and residential areas to accommodate increased human populations since colonial 

times (Brush 2009).  These watershed alterations have affected major ecological processes and 

have been most visibly manifested in Chesapeake Bay eutrophication, hypoxia, and anoxia 

(Hagy et al. 2004; Kemp et al. 2005; Fisher et al. 2006; Brush 2009).  Human population growth 

since the 1950s added a suburban landscape layer to the Chesapeake Bay watershed (Brush 

2009) that has been identified as a threat (Chesapeake Bay Program or CBP 1999).  Land in 

agriculture has been relatively stable, but fertilizer and pesticide use became much more 

intensive (use had increased) in order to support population growth (Fisher et al. 2006; Brush 

2009).  Management of farming practices has become more intense in recent decades in response 

to eutrophication (Kemp et al. 2005; Fisher et al. 2006; Brush 2009).  Through previous research 

under F-63, we have identified many negative consequences of watershed development on Bay 

habitat of sportfish and have used this information to influence planning and zoning (Interagency 

Mattawoman Ecosystem Management Task Force 2012) and fisheries management (Uphoff et al. 

2011).  We have less understanding of the consequences of agriculture on sportfish habitat and 

have redirected some effort towards understanding impacts of agricultural land use on sportfish 

habitat. 

Job 1 investigates two general alternative hypotheses relating recreationally important 

species to development and/or agriculture.  The first hypothesis is that there is a level of a 

particular land-use that does not significantly alter habitat suitability and the second is that there 

is a threshold level of land-use that significantly reduces habitat suitability (production from this 

habitat diminishes).  The null hypothesis would be an absence of differences.  In general, we 

expect habitat deterioration to manifest itself as reduced survival of sensitive live stages (usually 



12 

 

eggs or larvae) or limitations on use of habitat for spawning or growth (eggs-adults).  In either 

case, we would expect that stress from habitat would be reflected by dynamics of critical life 

stages (abundance, survival, growth, condition, etc.). 

Development associated with increased population growth converts land use typical of 

rural areas (farms, wetlands, and forests) to residential and industrial uses (Wheeler et al. 2005; 

National Research Council or NRC 2009; Brush 2009) that have ecological, economic, and 

societal consequences (Szaro et al. 1999).  Ecological stress from development of the Bay 

watershed conflicts with demand for fish production and recreational fishing opportunities from 

its estuary (Uphoff et al. 2011; Uphoff et al 2015).  Extended exposure to biological and 

environmental stressors affect fish condition and survival (Rice 2002; Barton et al. 2002; 

Benejam et al. 2008; Benejam et al. 2010; Branco et al. 2016). 

Impervious surface is used as an indicator of development because of compelling 

scientific evidence of its effect in freshwater systems (Wheeler et al. 2005; NRC 2009) and 

because it is a critical input variable in many water quality and quantity models (Arnold and 

Gibbons 1996; Cappiella and Brown 2001).  Impervious surface itself increases runoff volume 

and intensity in streams, leading to increased physical instability, erosion, sedimentation, thermal 

pollution, contaminant loads, and nutrients (Beach 2002; Wheeler et al. 2005; NRC 2009).  

Urbanization may introduce additional industrial wastes, contaminants, stormwater runoff and 

road salt (Brown 2000; NRC 2009; Benejam et al. 2010; McBryan et al. 2013; Branco et al. 

2016) that act as ecological stressors and are indexed by impervious surface.  The NRC (2009) 

estimated that urban stormwater is the primary source of impairment in 13% of assessed rivers, 

18% of lakes, and 32% of estuaries in the U.S., while urban land cover only accounts for 3% of 

the U.S. land mass. 

Impact of development on estuarine systems has not been well documented, but 

measurable adverse changes in physical and chemical characteristics and living resources have 

occurred at IS of 10-30% (Mallin et al. 2000; Holland et al. 2004; Uphoff et al. 2011).  Habitat 

reference points based on IS have been developed (ISRPs) for Chesapeake Bay estuarine 

watersheds (Uphoff et al. 2011).  They provide a quantitative basis for managing fisheries in 

increasingly urbanizing Chesapeake Bay watersheds and enhance communication of limits of 

fisheries resources to withstand development-related habitat changes to fishers, land-use 

planners, watershed-based advocacy groups, developers, and elected officials (Uphoff et al. 

2011; Interagency Mattawoman Ecosystem Management Task Force 2012).  These guidelines 

have held for Herring stream spawning, Yellow Perch larval habitat (they are incorporated into 

the current draft of Marylandôs tidal Yellow Perch management plan), and summer habitat in 

tidal-fresh subestuaries (Uphoff et al. 2015).  Preserving watersheds at or below 5% IS would be 

a viable fisheries management strategy.  Increasingly stringent fishery regulation might 

compensate for habitat stress as IS increases from 5 to 10%.  Above a 10% IS threshold, habitat 

stress mounts and successful management by harvest adjustments alone becomes unlikely 

(Uphoff et al. 2011; Interagency Mattawoman Ecosystem Management Task Force 2012; Uphoff 

et al. 2015).  We have estimated that impervious surface in Marylandôs portion of the 

Chesapeake Bay watershed will exceed 10% by 2020.  We expect adverse habitat conditions for 

important forage and gamefish to worsen with future growth.  Managing this growth with an eye 

towards conserving fish habitat is important to the future of sportfishing in Maryland. 

We now consider tax map derived development indices as the best source for 

standardized, readily updated, and accessible watershed development indicators in Maryland and 

have development targets and thresholds based on it that are the same as ISRPs (Uphoff et al. 
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2015; Topolski 2015).  Counts of structures per hectare (C/ha) had strong relationships with IS in 

years when all were estimated (1999-2000; Uphoff et al. 2015).  Tax map data can be used as the 

basis for estimating target and threshold levels of development in Maryland and these estimates 

can be converted to IS.  Estimates of C/ha that were equivalent to 5% IS (target level of 

development for fisheries; a rural watershed), 10% IS (development threshold for a suburban 

watershed), and 15% IS (highly developed suburban watershed) were estimated as 0.27, 0.83, 

and 1.59 C/ha, respectively.  Tax map data provide a development time-series that goes back to 

1950, making retrospective analyses possible (Uphoff et al. 2015). 

The area of major spawning tributaries used by Striped Bass, White Perch, Yellow Perch, 

Alewife, Blueback Herring, Hickory Shad, and American Shad are typically on the receiving end 

of large amounts of agricultural drainage because of their location at the junction of large fluvial 

systems and brackish estuaries.  Trends in juvenile indices of these species are similar, indicating 

similar influences on year-class success (Uphoff 2008). 

Agricultural pesticides and fertilizers were thought to be potential sources of toxic metals 

implicated in some episodic mortality of Striped Bass larvae in Bay spawning tributaries in the 

early 1980s (Uphoff 1989; 1992; Richards and Rago 1999; Uphoff 2008).  A correlation analysis 

of Choptank River watershed agricultural best management practices (BMPs) and estimates of 

postlarval survival during 1980-1990 indicated that as many as four BMPs were positively 

associated with survival (Uphoff 2008).  Two measures that accounted for the greatest acreage, 

conservation tillage and cover crops, were strongly associated with increased postlarval survival 

(r = 0.88 and r = 0.80, respectively).  These correlations cannot explain whether toxicity was 

lowered by BMPs, but it is possible that reduced contaminant runoff was a positive byproduct of 

agricultural BMPs aimed at reducing nutrients (Uphoff 2008). 

Agriculturally derived nutrients have been identified as the primary driver of hypoxia and 

anoxia in the mainstem Chesapeake Bay (or Bay; Hagy et al. 2004; Kemp et al. 2005; Fisher et 

al. 2006; Brush 2009).  Hypoxia is also associated with transition from rural to suburban 

landscapes in brackish Chesapeake Bay subestuaries (Uphoff et al. 2011). Hypoxiaôs greatest 

impact on gamefish habitat occurs during summer when its extent is greatest, but hypoxic 

conditions are present at lesser levels during spring and fall (Hagy et al. 2004; Costantini et al. 

2008).  Episodic hypoxia may elevate catch rates in various types of fishing gears by 

concentrating fish at the edges of oxygenated waters, masking associations of landings and 

hypoxia (Kraus et al. 2015). 

Habitat loss due to hypoxia in coastal waters is often associated with fish avoiding DO 

that reduces growth and requires greater energy expenditures, as well as lethal conditions 

(Breitburg 2002; Eby and Crowder 2002; Bell and Eggleston 2005).  There is evidence of 

cascading effects of low DO on demersal fish production in marine coastal systems through loss 

of invertebrate populations on the seafloor (Breitburg et al. 2002; Baird et al. 2004).  A long-

term decline in an important Chesapeake Bay pelagic forage fish, Bay Anchovy, may be linked 

to declining abundance of the common calanoid copepod Acartia tonsa in Marylandôs portion of 

Chesapeake Bay that, in turn, may be linked to rising long-term water temperatures and 

eutrophication that drive hypoxia (Kimmel et al. 2012).  Crowding in nearshore habitat, if 

accompanied by decreased growth due to competition, could lead to later losses through size-

based processes such as predation and starvation (Breitburg 2002; Eby and Crowder 2002; Bell 

and Eggleston 2005).  Exposure to low DO appears to impede immune suppression in fish and 

Blue Crabs, leading to outbreaks of lesions, infections, and disease (Haeseker et al. 1996; Engel 

and Thayer 1998; Breitburg 2002; Evans et al. 2003).  Exposure of adult Carp to hypoxia 
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depressed reproductive processes such as gametogenesis, gonad maturation, gonad size, gamete 

quality, egg fertilization and hatching, and larval survival through endocrine disruption even 

though they were allowed to spawn under normoxic conditions (Wu et al. 2003).  Endocrine 

disruption due to hypoxia that could reduce population spawning potential has been detected in 

laboratory and field studies of Atlantic Croaker in the Gulf of Mexico (Thomas and Rahman 

2011) and Chesapeake Bay (Tuckey and Fabrizio 2016). 

Impacts of hypoxia may not be entirely negative.  Costantini et al. (2008) examined the 

impact of hypoxia on Striped Bass 2 years-old or older in Chesapeake Bay during 1996 and 2000 

through bioenergetics modeling and concluded that a temperature-oxygen squeeze had not 

limited growth potential of Striped Bass in the past.  In years when summer water temperatures 

exceed 28°C, hypoxia could reduce the quality and quantity of habitat through a temperature-

oxygen squeeze.  In cooler summers, hypoxia may benefit Striped Bass by concentrating prey 

and increasing encounter rates with prey in oxygenated waters (Costantini et al. 2008). 
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General Spatial and Analytical Methods used in Job 1, Sections 1-3 

Spatial Methods - We used property tax map based counts of structures in a watershed, 

standardized to hectares (C/ha), as our indicator of development (Uphoff et al. 2012; Topolski 

2015).  This indicator has been provided to us by M. Topolski (MD DNR).  Tax maps are 

graphic representations of individual property boundaries and existing structures that help State 

tax assessors locate properties (Maryland Department of Planning or MD DOP 2013).  All tax 

data were organized by county.  Since watersheds straddle political boundaries, one statewide tax 

map was created for each year of available tax data, and then subdivided into watersheds.  

Marylandôs tax maps are updated and maintained electronically as part of MD DOPôs 

Geographic Information System (GIS) database.  Files were managed and geoprocessed in 

ArcGIS 9.3.1 from Environmental Systems Research Institute (ESRI 2009).  All feature datasets, 

feature classes, and shapefiles were spatially referenced using the 

NAD_1983_StatePlane_Maryland_FIPS_1900 projection to ensure accurate feature overlays and 

data extraction.  ArcGIS geoprocessing models were developed using Model Builder to automate 

assembly of statewide tax maps, query tax map data, and assemble summary data.  MdProperty 

View tax data are annually updated by each Maryland jurisdiction to monitor the type of parcel 

development for tax assessment purposes. Tax data through 2014 were available for this report. 

To create watershed land tax maps, each yearôs statewide tax map was clipped using the MD 8-

digit watershed boundary file; estuarine waters were excluded.  These watershed tax maps were 

queried for all parcels having a structure built from 1700 to the tax data year.  A large portion of 

parcels did not have any record of year built for structures, but consistent undercounts should not 

have presented a problem since we were interested in the trend and not absolute magnitude 

(Uphoff et al. 2012).  Mattawoman Creek C/ha declined between 2011 and 2012 and then 

returned to a higher level in 2013.  We replaced the 2012 estimate of C/ha for Mattawoman 

Creek with the average of 2011 and 2013.  

Uphoff et al. (2012) developed an equation to convert annual estimates of C/ha to 

estimates of impervious surface (IS) calculated by Towson University from 1999-2000 satellite 

imagery.  Estimates of C/ha that were equivalent to 5% IS (target level of development for 

fisheries; a rural watershed), 10% IS (development threshold for a suburban watershed), and 

15% IS (highly developed suburban watershed) were estimated as 0.27, 0.83, and 1.59 C/ha, 

respectively (Uphoff et al. 2012).  

Percent of watershed in agriculture, forest, and wetlands were estimated from Maryland 

Department of Planning spatial data.  The MD DOP forest cover estimates have a minimum 

mapping unit of 10 acres that mixes forest cover in residential areas (trees over lawns) with true 

forest cover, clouding interpretation of forest influence (R. Feldt, MD DNR Forest Service, 

personal communication).  An urban category was available as well, but was not featured in 

many subsequent analyses since we have adopted C/ha as our preferred index of development.  

Land use and land cover (LULC) shapefiles for the years 2002 and 2010 were downloaded 

from http://planning.maryland.gov/OurProducts/downloadFiles.shtml.  Maryland Department of 

Planning LULC shapefiles for the year 1994 were obtained from the Maryland Department of 

Natural Resources.  The shapefiles are vector polygons projected in 

NAD_1983_StatePlane_Maryland_FIPS_1900.  General categories of LULC queried were urban 

land uses, agriculture, forest, and wetlands.  Metadata for the LULC categories is available for 

download from the Maryland Department of Planning.  Shapefiles are provided for each 

Maryland jurisdiction and as an aggregated statewide file. 

http://planning.maryland.gov/OurProducts/downloadFiles.shtml
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The statewide LULC shapefiles were clipped using boundary shapefiles for each 

watershed of interest.  Once clipped, polygon geometry was recalculated.  Polygons designated 

as water were omitted when calculating watershed area; that is only land was considered when 

calculating the ratio of LULC for each category.  For each LULC category, polygons were 

queried and the total land area in hectares was calculated.  The ratio of LULC was its total 

hectares divided by the total watershed hectares to the nearest tenth of a hectare. 

Statistical Analyses ï A combination of correlation analysis, plotting of data, and curve-

fitting was used to explore trends among land use types (land that was developed or in 

agriculture, forest, or wetland) and among fish habitat responses.  Fish habitat responses were the 

proportion of stream samples with Herring eggs and/or larvae (Pherr; Section 1), proportion of 

subestuary samples with Yellow Perch larvae (Lp; Section 2), or subestuary bottom dissolved 

oxygen in summer (Section 3). 

Correlations among watershed estimates of C/ha and percent of watershed estimated in 

urban, agriculture, forest, and wetland based on Marylandôs Department of Planning spatial data 

(Maryland Department of Planning 2013) were used to describe associations among land cover 

types.  Urban land consisted of high and low density residential, commercial, and institutional 

acreages (Maryland Department of Natural Resources or MD DNR 1999) and was not a direct 

measure of IS.  These analyses explored (1) whether C/ha estimates were correlated with another 

indicator of development, percent urban and (2) general associations among major landscape 

features in our study watersheds.  Scatter plots were inspected to examine whether nonlinear 

associations were possible.  Land use was assigned from Maryland Department of Planning 

estimates for 1973, 1994, 1997, 2002, or 2010 that fell closest to a sampling year.  We were 

particularly interested in knowing whether these land uses might be closely correlated enough (r 

greater than 0.8; Ricker 1975) that only one should be considered in analyses of land use and Lp 

and Pherr.  We further examined relationships using descriptive models as a standard of 

comparison (Pielou 1981).  Once the initial associations and scatter plots were examined, linear 

or nonlinear regression analyses (power, logistic, or Weibull functions) were used to determine 

the general shape of trends among land use types.  This same strategy was pursued for analyses 

of land use and Lp or Pherr.  Level of significance was set at P < 0.05.  Residuals were inspected 

for trends, non-normality, and need for additional terms.  A general description of equations used 

follows, while more specific applications will be described in later sections. 

Linear regressions described continuous change in variable Y as X changed: 

Y = (m X̷) + b; 

where m is the slope and b is the Y-intercept (Freund and Littel 2006).  Multiple regression 

models accommodated an additional variable (Z): 

Y = (m X̷) + (n Z̷) + b; 

where n is the slope for variable Z and other parameters are as described previously (Freund and 

Littel 2006).  We did not consider multiple regression models with more than two variables.  

Potential dome-shaped relationships were examined with quadratic models (Freund and Littell 

2006): 

Y = (m X̷) + (n X̷2) + b. 

The linear regression function in Excel or Proc REG in SAS (Freund and Littel 2006) was used 

for single variable linear regressions.  Multiple linear and quadratic regressions were analyzed 

with Proc REG in SAS (Freund and Littell 2006). 

Examination of scatter plots suggested that some relationships could be nonlinear, with 

the Y-axis variable increasing at a decreasing rate with the X-axis variable and we fit power, 
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logistic growth, or Weibull functions to these data using Proc NLIN in SAS (Gauss-Newton 

algorithm).  The power function described a relationship with a perceptible, but declining 

increase in Y with X by the equation:  

Y = a Å (X)b; 

where a is a scaling coefficient and b is a shape parameter.  The symmetric logistic growth 

function described growth to an asymptote through the equation:  

Y = b / ((1 + ((b ï c) / c) Å (exp (-a Å X))); 

where a is the growth rate of Y with X, b is maximum Y, and c is Y at X = 0 (Prager et al. 1989). 

The Weibull function is a sigmoid curve that provides a depiction of asymmetric ecological 

relationships (Pielou 1981).  A Weibull curve described the increase in Y as an asymmetric, 

ascending, asymptotic function of X:  

Y = K{1 - exp [-(Y / S)b]};  

where K was the asymptotic value of Y  as X  approached infinity; S was a scale factor equal to 

the value of Y where Y = 0.63 Å K; and b was a shape factor (Pielou 1981; Prager et al. 1989).   

 Confidence intervals (typically 95% CIs) of the model parameters for each indicator 

species were estimated to examine whether parameters were different from 0 (Freund and Littel 

2006).  If parameter estimates were not different from 0, the model was rejected. 
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Section 1: Stream Ichthyoplankton Sampling 

 

Carrie Hoover, Alexis Park, Margaret McGinty, Jim Uphoff, and Ben Wahle 

 

 

Introduction  

  Urbanization associated with increased population growth became a factor in the decline 

of diadromous fishes in the late 20th century (Limburg and Waldman 2009).  Increased 

impervious surfaces have altered hydrology and increased diadromous fish habitat loss (Limburg 

and Waldman 2009).  Anadromous fish egg densities (Alewife and White Perch) in the Hudson 

River exhibited a strong negative threshold response to urbanization (Limburg and Schmidt 

1990).  We were interested in understanding how reference points for development (impervious 

surface reference points or ISRPs, or C/ha reference points) developed for Chesapeake Bay 

subestuaries (Uphoff et al. 2011) were related to anadromous fish spawning in streams in 

Marylandôs portion of Chesapeake Bay.    

Surveys to identify spawning habitat of White Perch, Yellow Perch and ñHerringò 

(Blueback Herring, Alewife, American Shad, and Hickory Shad) were conducted in Maryland 

during 1970-1986.  These data were used to develop statewide maps depicting anadromous fish 

spawning habitat (OôDell et al. 1970; 1975; 1980; Mowrer and McGinty 2002).  Many of these 

watersheds have undergone considerable development and recreating these surveys provided an 

opportunity to explore whether spawning habitat declined in response to urbanization.  Surveys 

based on the sites and methods of OôDell et al. (1975; 1980) were used to sample Mattawoman 

Creek (2008-2017), Piscataway Creek (2008-2009 and 2012-2014), Bush River (2005-2008 and 

2014), Deer Creek (2012-2015), Tuckahoe Creek (2016-2017), Choptank River (2016-2017), 

and Patapsco River (2013-2017; Figure 1-1). 

Mattawoman and Piscataway Creeks are adjacent Coastal Plain watersheds along an 

urban gradient emanating from Washington, DC (Table 1-1; Figure 1-1).  Piscataway Creekôs 

watershed is both smaller than Mattawoman Creekôs and closer to Washington, DC.  Bush River 

is located in the urban gradient originating from Baltimore, Maryland, and is located in both the 

Coastal Plain and Piedmont physiographic provinces.  Deer Creek is within a conservation 

district, and is located entirely in the Piedmont north of Baltimore, near the Pennsylvania border 

(Clearwater et al. 2000).  Bush River and Deer Creek drainages are adjacent to each other.  The 

Choptank River has an agricultural watershed that is entirely within the eastern shoreôs Coastal 

Plain.  Ichthyoplankton surveys were conducted in the upper reaches of the Choptank River and 

Tuckahoe Creek, a tributary of the Choptank River.  Both systems are predominantly agricultural 

and the Choptank River is a major tributary of the Chesapeake Bay.  The Patapsco River 

watershed is located within both physiographic provinces, with rolling hills over much of its area 

that are characteristic of the eastern division of the Piedmont province, while to the southeast the 

watershed lies in the Coastal Plain bordering the western side of the Chesapeake Bay (OôDell et 

al. 1975; Table 1-1; Figure 1-1). 

We developed two indicators of anadromous fish spawning in a watershed based on 

presence/absence of eggs and larvae: occurrence at a site (a spatial indicator) and proportion of 

samples with eggs and larvae (a spatial and temporal indicator).  Occurrence of eggs or larvae of 

an anadromous fish group (White Perch, Yellow Perch, or Herring) at a site recreated the 

indicator developed by OôDell et al. (1975; 1980).  This spatial indicator was compared to the 

extent of development in the watershed (counts of structures per hectare or C/ha) between the 
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1970s and the present (Topolski 2015).  An indicator of habitat occupation in space and time 

from collections that started in the 2000s was estimated as proportion of samples with eggs and-

or larvae of anadromous fish groups.  Proportion of samples with an anadromous fish group was 

compared to level of development (C/ha) and conductivity, an indicator of water quality strongly 

associated with development (Wang and Yin 1997; Paul and Meyer 2001; Wenner et al. 2003; 

Morgan et al. 2007; Carlisle et al. 2010; Morgan et al. 2012).   

Methods 
Stream sites sampled for anadromous fish eggs and larvae during 2005-2017 were 

typically at road crossings that OôDell et al. (1975; 1980) determined were anadromous fish 

spawning sites during the 1970s.  OôDell et al. (1975; 1980) summarized spawning activity as 

the presence of any species group (White Perch, Yellow Perch, or Herring) egg, larva, or adult at 

a site.  OôDell et al. (1975; 1980) sampled eggs and larvae with stream drift ichthyoplankton nets 

and adults were sampled by wire traps.   

All collections during 2005-2017, with the exception of Deer Creek during 2012-2015, 

Choptank River and Tuckahoe Creek during 2016-2017, and Patapsco River during 2013-2017, 

were made by citizen volunteers who were trained and monitored by program biologists.  During 

March to May, 2008-2015, ichthyoplankton samples were collected in Mattawoman Creek from 

three tributary sites (MUT3-MUT5) and four mainstem sites (MC1-MC4; Figure 1-2; Table 1-2).  

Tributary sites MUT4 and MUTX were selected based on volunteer interest and added in 2010 

and 2014, respectively; MUTX was discontinued in 2015 due to restricted access and limited 

indication of spawning.  All mainstem sites were sampled in 2016-2017, while the only tributary 

site sampled was MUT3; beaver dams blocked spawning access to MUT4 and MUT5.  

Piscataway Creek stations were sampled during 2008-2009 and 2012-2014 (Figure 1-3; Uphoff 

et al. 2010).  Bush River stations were sampled during 2005-2008 and 2014 (Figure 1-4; 

McGinty et al. 2009; Uphoff et al. 2015).  Deer Creek sites SU01-SU04 were sampled in 2012 

and sampling continued in 2013-2015 with the addition of site SU05 (Figure 1-5).  Choptank 

River (CH100-CH111; Figure 1-6) and Tuckahoe Creek (TUC101-TUC110; Figure 1-7) sites 

were sampled in 2016-2017.  Patapsco River samples (four sites; Figure 1-8) were collected by 

US Fish and Wildlife Service from 2013-2017 and were added to this data set.  Table 1-2 

summarizes sites, dates, and sample sizes in Mattawoman, Piscataway, Deer, and Tuckahoe 

Creeks, and Bush, Choptank, and Patapsco Rivers during 2005-2017.   

Ichthyoplankton samples were collected in all systems and years using stream drift nets 

constructed of 360-micron mesh with a rectangular 300 Å 460 mm opening.  The stream drift net 

configuration and techniques were the same as those used by OôDell et al. (1975).  The net frame 

was connected to a handle so that the net could be held stationary in the stream.  A threaded 

collar on the end of the net connected a mason jar to the net.  Nets were placed in the stream for 

five minutes with the opening facing upstream.  Collections in Choptank River and Tuckahoe 

Creek during 2016-2017 were made using stream drift nets at wadeable sites or using a conical 

plankton net towed from a boat (see Section 2 for a description of ichthyoplankton sampling by 

boat) at sites too deep to wade.  This mimics collections made by OôDell et al. (1980) within the 

Choptank River drainage, specifically Tuckahoe Creek.  For both types of collection, nets were 

retrieved and rinsed in the stream by repeatedly dipping the lower part of the net and splashing 

water through the outside of the net to avoid sample contamination.  The jar was removed from 

the net and an identification label describing site, date, time, and collectors was placed both in 

the jar and on top of the lid before it was sealed.  Samples were fixed immediately after 

collection by DNR staff, or were placed in a cooler with ice for transport and preserved with 
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10% buffered formalin after a volunteer team was finished sampling for the day.  Water 

temperature (ÁC), conductivity (ɛS/cm), and dissolved oxygen (DO, mg/L) were recorded at each 

site using either a hand-held YSI Model 85 meter or a YSI Pro2030 meter.  Meters were 

calibrated for DO each day prior to use.  All data were recorded on standard field data forms and 

double-verified at the site during volunteer collections.  Approximately 2-ml of rose bengal dye 

was added to each sample in order to stain the organisms pink to aid sorting.   

Ichthyoplankton samples were sorted in the laboratory by project personnel.  All samples 

were rinsed with water to remove formalin and placed into a white sorting pan.  Samples were 

sorted systematically (from one end of the pan to another) under a 10x bench magnifier.  All 

eggs and-or larvae were removed and were retained in a small vial with a label (site, date, and 

time) and stored with 20% ethanol for later identification under a microscope.  Each sample was 

sorted systematically a second time for quality assurance (QA).  Any additional eggs and-or 

larvae found were removed and placed in a vial with a label (site, date, time, and QA) and stored 

with 20% ethanol for identification under a microscope.  All eggs and larvae found during 

sorting (both in original and QA vials) were identified as either Herring (Blueback Herring, 

Alewife, and Hickory Shad), Yellow Perch, White Perch, unknown (eggs and-or larvae that were 

too damaged to identify) or other (indicating another fish species) and the presence or absence of 

each of the above species was recorded.  The three Herring speciesô eggs and larvae are very 

similar (Lippson and Moran 1974) and identification to species can be problematic.  American 

Shad eggs and larvae would be larger at the same stages of development than those identified as 

Herring (Lippson and Moran 1974) and none have been detected in our surveys.   

Methods used to estimate development (C/ha) and land use indicators (percent of 

watershed in agriculture, forest, wetlands, and urban land use) are explained in General Spatial 

and Analytical Methods used in Job 1, Sections 1-3.  Development targets and limits and 

general statistical methods (analytical strategy and equations) are described in this section as 

well.  Specific spatial and analytical methods for this section of the report are described below. 

Mattawoman Creekôs watershed was 24,441 ha and estimated C/ha increased from 0.87 

to 0.93 during 2008-2017; Piscataway Creekôs watershed was 17,642 ha and estimated C/ha 

increased from 1.41 to 1.50 during 2008-2014; Bush Riverôs watershed was 36,038 ha and 

estimated C/ha increased from 1.37 to 1.51 during 2005-2014; and Deer Creek, a spawning 

stream with low development, had a watershed of 37,697 ha and estimated C/ha was 0.24 during 

2012-2015 (Table 1-1).  The upper portion of the Choptank River (watershed area = 38,216 ha 

and developmental level = 0.18 C/ha) and a tributary of the Choptank River, Tuckahoe Creek 

(watershed area = 39,388 ha and developmental level = 0.07), were added in 2016-2017 as 

spawning streams with high agricultural influence and low watershed development (Table 1-1; 

Figure 1-1).  Deer Creek, and Choptank River and Tuckahoe Creek, collections were made by 

DNR biologists from the Fishery Management Planning and Fish Passage Program at no charge 

to this grant.  Patapsco Riverôs watershed equaled 93,895 ha and estimated C/ha was 1.11-1.12 

during 2013-2017. Collections in the Patapsco River were made at no charge to this grant. 

Conductivity measurements collected for each date and stream site (mainstem and 

tributaries) during 2008-2017 from Mattawoman Creek were plotted and mainstem 

measurements were summarized for each year.  Mainstem sites would be influenced by 

development in Waldorf, while the monitored tributaries would not.  Unnamed tributaries were 

excluded from calculation of summary statistics to capture conditions in the largest portion of 

habitat.  Comparisons were made with conductivity minimum and maximum reported for 

Mattawoman Creek during 1991 by Hall et al. (1992).  Conductivity data were similarly 
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summarized for Piscataway Creek mainstem stations during 2008-2009 and 2012-2014.  A 

subset of Bush River stations that were sampled each year during 2005-2008 and 2014 (i.e., 

stations in common) were summarized; stations within largely undeveloped Aberdeen Proving 

Grounds were excluded because they were not sampled every year.  Conductivity was measured 

with each sample in Deer Creek in 2012-2015, in the Choptank River and Tuckahoe Creek in 

2016-2017, and in the Patapsco River in 2013-2017. 

A water quality database maintained by DNRôs Tidewater Ecosystem Assessment (TEA) 

Division provided conductivity measurements for Mattawoman Creek during 1970-1989.  These 

historical measurements were compared with those collected in 2008-2017 to examine changes 

in conductivity over time.  Monitoring was irregular for many of the historical stations.  Table 1-

3 summarizes site location, month sampled, total measurements at a site, and what years were 

sampled.  Historical stations and those sampled in 2008-2016 were assigned river kilometers 

(RKM) using a GIS ruler tool that measured a transect approximating the center of the creek 

from the mouth of the subestuary to each station location.  Stations were categorized as tidal or 

non-tidal.  Conductivity measurements from eight non-tidal sites sampled during 1970-1989 

were summarized as monthly medians.  These sites bounded Mattawoman Creek from its 

junction with the estuary to the city of Waldorf (Route 301 crossing), the major urban influence 

on the watershed.  Historical monthly median conductivities at each mainstem Mattawoman 

Creek non-tidal site were plotted with 2008-2017 spawning season median conductivities.   

Presence of White Perch, Yellow Perch, and Herring eggs and-or larvae at each station in 

2017 was compared to past surveys to determine which sites still supported spawning.  We used 

the criterion of detection of eggs and-or larvae at a site (OôDell et al. 1975; 1980) as evidence of 

spawning.  Raw data from early 1970s collections were not available to formulate other metrics.   

Sites where Herring spawning was detected (site occupation) during the current study and 

historical studies were compared to changes in C/ha. Historical site occupation was available for 

Mattawoman Creek mainstem stations sampled in 1971 by OôDell et al. (1975) and Hall et al. 

(1992) during 1989-1991.  Hall et al. (1992) collected ichthyoplankton with 0.5 m diameter 

plankton nets (3:1 length to opening ratio and 363ɛ mesh set for 2-5 minutes, depending on 

flow) suspended in the stream channel between two posts instead of stream drift nets.  Historical 

site occupation was available for Piscataway Creek in 1971 (OôDell et al. 1975), Bush River in 

1973 (OôDell et al. 1975), Deer Creek in 1972 (OôDell et al. 1975), and Tuckahoe Creek, 1976-

77 (OôDell et al. 1980).  The sites sampled by OôDell et al. (1975) in the Patapsco River, were 

not the same as those sampled during 2013-2017, but were within a similar area. 

The proportion of samples where Herring eggs and/or larvae were present (Pherr) was 

estimated for Mattawoman Creek mainstem stations (MC1-MC4; Figure 1-2) during 1991 and 

2008-2017, Piscataway Creek (2008-2009 and 2012-2014), Bush River (2005-2008 and 2014), 

Deer Creek (2012-2015), Choptank River (2016-2017), Tuckahoe Creek (2016-2017), and 

Patapsco River (2013-2017).  Counts of Herring eggs and larvae were available for 1991 (C/ha = 

0.46) in a tabular summary in Hall et al. (1992) at the sample level and these data were converted 

to presence-absence.  Herring was the only species group with adequate sample sizes for annual 

Pherr estimates with reasonable precision.  Mainstem stations (PC1-PC3) and Tinkers Creek 

(PTC1) were used to estimate Pherr in Piscataway Creek (Figure 1-3).  Only sites in streams that 

were sampled in all years (sites in common) in the Bush River drainage were analyzed (Figure 1-

4; see Uphoff et al. 2014 for sites sampled in other years).  Deer Creek stations SU01, SU04, and 

SU05 corresponded to OôDell et al. (1975) sites 1, 2, and 3 respectively (Figure 1-5).  Two 

additional sites, SU02 and SU03 were sampled and analyzed in this system as well.  The 
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mainstem of the Choptank River had not been sampled previously, so 12 stations (CH100-

CH111; Figure 1-6) were added in that system for analysis.  Tuckahoe Creek stations TUC101, 

TUC102, TUC103, and TUC108 correspond to OôDell et al. (1980) sites 4, 5, 6, and 8 

respectively (Figure 1-7).  Eight additional sites were sampled in this system and analyzed as 

well.  Sampling in the Patapsco River was within an area similar to that of OôDell et al. (1975), 

but sites were different (Figure 1-8). 

The proportion of samples with Herring eggs and/or larvae present was estimated as:  
(1) Pherr = Npresent / Ntotal; 

where Npresent equaled the number of samples with Herring eggs andor larvae present and Ntotal 

equaled the total number of samples taken.  The SD of each Pherr was estimated as:  
(2) SD = [(Pherr Å (1- Pherr)) / Ntotal]

0.5 (Ott 1977). 

The 90% confidence intervals were constructed as:  
(3) Pherr + (1.44 Å SD). 

White Perch and Yellow Perch have been present in samples at the downstream-most one 

or two stations in Mattawoman Creek during 1989-1991 (Hall et al. 1992) and 2008-2017.  We 

pooled data into two-or-three year intervals (1989-1991, 2008-2009, 2010-2012, 2013-2015, and 

2016-2017) to estimate the proportion of samples with White or Yellow Perch eggs and larvae in 

order to gain enough precision to separate these estimates from zero.  Formulae for estimating 

proportions, SDôs, and 90% CIôs were the same as for estimating Pherr (see above).  White Perch 

spawning occurred at MC1 and MC2.  Yellow Perch spawning was only detected at Station 

MC1.   

Regression analyses examined relationships of development (C/ha) with standardized 

conductivity measurements (median conductivity adjusted for Coastal Plain or Piedmont 

background level; see below), C/ha and Herring spawning intensity (Pherr), standardized 

conductivity with Pherr, and estimates of watershed percentage that was agriculture or forest with 

Pherr.  Data were from Mattawoman, Piscataway, Deer and Tuckahoe Creeks, and Bush, 

Choptank, and Patapsco Rivers.  Thirty-four sets of estimates of C/ha, percent agriculture, 

percent forest, and Pherr were available (1991 estimates for Mattawoman Creek could be 

included), while 33 estimates were available for standardized conductivity (Mattawoman Creek 

conductivity data were not available for 1991).  Examination of scatter plots suggested that a 

linear relationship was the obvious choice for C/ha and Pherr, that either linear or curvilinear 

relationships might be applicable to C/ha with standardized conductivity and standardized 

conductivity with Pherr, and that quadratic relationships best described the relationships of 

percentage of a watershed that was either agriculture or forest and Pherr.  Power functions were 

used to fit curvilinear models.  Linear regressions were analyzed in Excel, while the non-linear 

regression analysis used Proc NLIN in SAS (Freund and Littell 2006).  A linear or nonlinear 

model was considered the best description if it was significant at Ŭ < 0.05 (both were two 

parameter models), it explained more variability than the other (r2 for linear or approximate r2 for 

nonlinear), and examination of residuals did not suggest a problem.  We expected negative 

relationships of Pherr with C/ha and standardized conductivity, while standardized conductivity 

and C/ha were expected to be positively related. 

Conductivity was summarized as the median for the same stations that were used to 

estimate Pherr and was standardized by dividing by an estimate of the background expected from 

a stream absent anthropogenic influence (Morgan et al. 2012).  Piedmont and Coastal Plain 

streams in Maryland have different background levels of conductivity.  Morgan et al. (2012) 

provided two sets of methods of estimating spring base flow background conductivity for two 
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different sets of Maryland ecoregions, for a total set of four potential background estimates.  We 

chose the option featuring Maryland Biological Stream Survey (MBSS) Coastal Plain and 

Piedmont regions and the 25th percentile background level for conductivity.  These regions had 

larger sample sizes than the other options and background conductivity in the Coastal Plain fell 

much closer to the observed range estimated for Mattawoman Creek in 1991 (61-114 ɛS/cm) 

when development was relatively low (Hall et al. 1992).  Background conductivity used to 

standardize median conductivities was 109 ɛS/cm in Coastal Plain streams and 150 ɛS/cm in 

Piedmont streams.  For Bush and Patapsco Rivers, whose watersheds run through both 

physiographic provinces, conductivities were standardized using 150 ɛS/cm of Piedmont streams 

since sampling locations were solely within that region. 

Results 
Development level of Piscataway, Mattawoman, and Deer Creeks, Bush River, and the 

Choptank River drainage (which includes Tuckahoe Creek) watersheds started at approximately 

0.05 C/ha in 1950, while Patapsco River was approximately 0.17 C/ha at that time (Figure 1-9).  

Surveys conducted by OôDell et al. (1975, 1980) in the 1970s, sampled largely rural watersheds 

(C/ha < 0.27) except for Piscataway Creek (C/ha = 0.48) and Patapsco River (C/ha = 0.43).  By 

1991, C/ha in Mattawoman Creek was similar to that of Piscataway in 1970.  By the mid-2000s, 

Bush River and Piscataway Creek were at higher suburban levels of development (~1.30 C/ha) 

than Mattawoman Creek (~0.80 C/ha) and Patapsco River (~1.02 C/ha).  Deer Creek (zoned for 

agriculture and preservation) and the Choptank River drainage (predominantly agricultural) 

remained rural through 2017 (0.24 and 0.13 C/ha, respectively; Figure 1-9).   

Conductivity measurements in mainstem Mattawoman Creek during 2008-2017 never 

fell within the range observed during 1991 (Figure 1-10).  Conductivity in Mattawoman Creek 

tributaries sampled during 2008-2017 often fell within the range observed during 1991 (Figure 1-

10).   

In 2017, conductivity measurements in mainstem Mattawoman Creek were elevated in 

March and April (> 130 ɛS/cm) and declined in May, with only one date (5/14/17) falling below 

the 1991 maximum (114 ɛS/cm; Figure 1-10).  Conductivity measurements in tributary MUT3 in 

2017 were above the 1991 maximum during the month of March, and had values similar to those 

observed in the tributaries during 2010-2013 the rest of the time (Figure 1-10).  Conductivities at 

Mattawoman Creekôs mainstem stations in 2009 were highly elevated in early March following 

application of road salt in response to a significant snowfall that occurred just prior to the start of 

the survey (Uphoff et al. 2010).  Measurements during 2009 steadily declined for nearly a month 

before leveling off slightly above the 1989-1991 maximum.  Temperatures were higher and 

snowfall lower in 2017 than in 2014 and 2015, with a conductivity pattern similar to 2010-2013 

and 2016 (Figure 1-10).  During 2014 and 2015, temperatures were colder and snowfall was 

higher; conductivities were elevated and similar to 2009.  In general, highest conductivity 

measurements were at the most upstream mainstem site (MC4) and declined downstream to the 

site on the tidal border.  This, along with low conductivities typically seen at the unnamed 

tributaries, indicated that development at and above MC4 associated with Waldorf affected water 

quality (Figure 1-10).   

Table 1-4 provides summary statistics for each stream and year where conductivity was 

measured during spawning season. Conductivities were usually elevated beyond background 

levels in all streams studied during 2008-2017 and median conductivities ranged from 1.14- to 

2.8-times times expected background levels.  In general, Deer Creek and Choptank River 

appeared to have consistently low conductivity and Patapsco River and Piscataway Creek had 
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consistently high conductivity.  Mattawoman Creek exhibited the highest inter-annual variation 

(1.14- to 1.94-times background).  Bush River and Tuckahoe Creek were similarly elevated 

(1.39- to 1.69-times for the former and ╔ 1.40-times for the latter) even though Tuckahoe Creek 

was much more rural.    

During 1970-1989, 73% of monthly median conductivity estimates in Mattawoman 

Creek were at or below the background level for Coastal Plain streams; C/ha in the watershed 

increased from 0.25 to 0.41.  Higher monthly median conductivities in the non-tidal stream were 

more frequent nearest the confluence with Mattawoman Creekôs estuary and in the vicinity of 

Waldorf (RKM 35; Figure 1-11).  Conductivity medians were highly variable at the upstream 

station nearest Waldorf during 1970-1989.  During 2008-2016 (C/ha = 0.87-0.93), median 

spawning survey conductivities at mainstem stations MC2 to MC4, above the confluence of 

Mattawoman Creekôs stream and estuary (MC1), were elevated beyond nearly all 1979-1989 

monthly medians and increased with upstream distance toward Waldorf.  Most measurements at 

MC1 fell within the upper half of the range observed during 1970-1989 (Figure 1-11).  None of 

the non-tidal conductivity medians estimated at any mainstem site during 2008-2017 were at or 

below the Coastal Plain stream background criterion (109 ɛS/cm).   

Herring spawning was detected at all mainstem stations in Mattawoman Creek (MC1-

MC4) during 1971 and 1991 (Table 1-5).  Herring spawning in fluvial Mattawoman Creek was 

detected at two mainstem sites during 2008-2009 and all four mainstem stations during 2010-

2017.  Herring spawning was not detected at tributary site MUT3 during 2008-2010, but was 

consistently present from 2011-2016.  In 2017 herring spawning was not detected at MUT3.  

Spawning was intermittently detected at MUT4 and MUT5 in sampling during the 2000s.  

During 1971 and 1989-1991, White Perch spawning occurred annually at MC1 and 

intermittently at MC2.  Stream spawning of White Perch in Mattawoman Creek was not detected 

during 2009, 2011, and 2012, but spawning was detected at MC1 during 2008, 2010 and 2013-

2017, and at MC2 during 2013-2014 and 2016-2017.  Spawning was detected at MC3 during 

1971 and 2016.  Station MC1 was the only stream station in Mattawoman Creek where Yellow 

Perch spawning has been detected in surveys conducted since 1971.  Yellow Perch spawning 

occurred at station MC1 every year except 2009 and 2012 (Table 1-5).   

Herring spawning was detected at all mainstem sites in Piscataway Creek in 2012-2014 

(Table 1-6).  Stream spawning of anadromous fish had nearly ceased in Piscataway Creek 

between 1971 and 2008-2009.  Herring spawning was not detected at any site in the Piscataway 

Creek drainage during 2008 and was only detected on one date and location (one Herring larvae 

on April 28 at PC2) in 2009.  Stream spawning of White Perch was detected at PC1 and PC2 in 

1971, was not detected during 2008-2009 and 2012-2013, but was detected at PC1 in 2014 

(Table 1-6).   

Changes in stream site spawning of Herring, White Perch, and Yellow Perch in the Bush 

River stations during 1973, 2005-2008, and 2014 were not obvious (Table 1-7).  Herring eggs 

and larvae were present at three to five stations (not necessarily the same ones) in any given year 

sampled.  Occurrences of White and Yellow Perch eggs and larvae were far less frequently 

detected during 2005-2008 than 1973 and 2014 (Table 1-7).   

OôDell et al. (1975) reported that Herring, White Perch, and Yellow Perch spawned in 

Deer Creek during 1972 (Table 1-8).  Three sites were sampled during 1972 in Deer Creek and 

one of these sites was located upstream of an impassable dam near Darlington (a fish passage 

was installed there in 1999).  During 1972, Herring spawning was detected at both sites below 

the dam (SU01 and SU03), while White and Yellow Perch spawning were detected at the mouth 
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(SU01).  During 2012-2015, Herring spawning was detected at all sites sampled in each year.  

White Perch spawning was not detected in Deer Creek in 2012 but was detected at three sites 

each in 2013 and 2014, and two sites in 2015.  Yellow Perch spawning detection has been 

intermittent; evidence of spawning was absent in 2013 and 2015, while spawning was detected at 

two and three sites in 2012 and 2014, respectively (Table 1-8).   

While the Choptank River itself had not been sampled prior to 2016 (Table 1-9), OôDell 

et al. (1980) reported Herring, White Perch, and Yellow Perch spawned in its drainage 

(Tuckahoe Creek) during 1976-1977 (Table 1-10).  Twelve sites were sampled during 1976-77 

after installation of a fish ladder at the dam for the lake at Tuckahoe State Park.  Sampling sites 

were established above and below the dam to determine the effectiveness of the fish ladder in 

passing anadromous and estuarine species (OôDell et al. 1980).  During 1976-77, White Perch, 

Yellow Perch, and Herring were collected downstream of the dam/fishway, while White Perch 

were documented on the upstream side.  OôDell et al. (1980) noted that this species might have 

been trapped behind the dam when it was built and that its presence did not necessarily indicate 

successful migration through the fish ladder since no other species were documented on the 

upstream side.  Sites in common between current sampling (2016-2017) and the OôDell et al. 

(1980) study included TUC101-TUC103 and TUC108 (Table 1-10).  Herring spawning was 

detected at all sites sampled in 2017 with the exception of TUC109.  A new fish ladder was 

installed in 1993 to replace the one referenced in OôDell et al. (1980) and has been shown to pass 

Herring (J. Thompson, MD DNR, personal communication).  White Perch spawning was 

detected in all but the two most upstream sites, both of which were located above the dam.  In 

2017 Yellow Perch spawning was detected at all sites below the dam, with the exception of 

TUC105, but not above the dam (Table 1-10). 

Herring, White Perch, and Yellow Perch spawning during 2013-2017 occurred within the 

same reach of  Patapsco River as sampled by OôDell et al. (1975; Figure 1-8, Table 1-11).  

Herring spawning was detected at all sites sampled in the Patapsco River in 2013-2017, with the 

exception of MBSS 593 in 2016.  White Perch and Yellow Perch spawning was more variable, 

with spawning presence being detected in as few as one site, and as many as all sites, throughout 

the sampling period (Table 1-11). 

The 90% confidence intervals of Pherr (Figure 1-12) provided sufficient precision for us to 

categorize four levels of stream spawning: very low levels at or indistinguishable from zero 

based on confidence interval overlap (level 0); a low level of spawning that could be 

distinguished from zero (level 1); a mid-level of spawning that could usually be separated from 

the low levels (level 2); and a high level (3) of spawning likely to be higher than the mid-level.  

Stream spawning of Herring in Mattawoman Creek was categorized at levels 1 (2008-2009), 2 

(2010 and 2012), and 3 (1991, 2011, and 2013-2017).  Spawning in Piscataway Creek was at 

level 0 during 2008-2009, at level 2 during 2012, and at level 1 during 2013-2014.  Bush River 

Herring spawning was characterized by levels 0 (2006), 1 (2005 and 2007-2008), and 2 (2014).  

Deer Creek (2012-2015), Tuckahoe Creek (2016-2017), and Choptank River (2016-2017) are the 

least developed watersheds and were characterized by the highest level of Herring spawning 

(level 3) in all years sampled (Figure 1-12).   

The 90% CIôs of proportions of samples with White Perch eggs and larvae at 

Mattawoman Creekôs stations MC1 and MC2, pooled in 2-to-3-year intervals, indicated less 

stream spawning occurred during 2008-2012 than during 1989-1991 and 2013-2017 (Figure 1-

13).  The 90% CIôs for stream spawning of Yellow Perch (at MC1 only) overlapped for all years 

indicating significant change in stream spawning had not been detected up to that point.  Stream 
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spawning of Yellow Perch in 2013-2017, however, does appear to have increased somewhat 

(Figure 1-13).  Anecdotally, fishermen targeting Yellow Perch just downstream of 

Mattawomanôs MC1 site indicated that 2016 had the highest number of adults seen and caught in 

recent (10+ year) memory (C. Hoover, MD DNR, personal communication). 

Uphoff et al. (2017) examined associations among three land cover parameters: C/ha, 

agricultural land cover, and forest cover.  They reported that there were strong, negative 

correlations between agricultural watershed percentages with C/ha; that forest cover and 

agriculture were strongly and negatively correlated; and that forest cover was poorly correlated 

with C/ha (Uphoff et al. 2017).  MD DOP forest cover estimates mix forest cover in residential 

areas (trees over lawns) with true forest cover, clouding interpretation of forest influence.  

Uphoff et al. (2017) determined that subsequent analyses with Pherr beyond comparisons with 

C/ha were likely to be confounded by the close negative correlations so statistical analyses with 

land uses other than C/ha were not pursued.  The preference for using C/ha in analyses is two-

fold: we have already done considerable work using C/ha, and C/ha provides a continuous rather 

than episodic time-series.  We did note, however, when these other land uses were predominant 

for particular Pherr outcomes. 

Standardized conductivity increased with development, while Pherr declined with both 

development and standardized conductivity.  Regression analyses indicated significant and 

logical relationships among Pherr, C/ha, and standardized median conductivity (Table 1-12).  The 

relationship of C/ha with standardized median conductivity was linear, significant, and positive 

(r2 = 0.39, P = 0.0001, N = 33; Figure 1-14).  Estimates of Pherr were linearly, significantly, and 

negatively related to C/ha (r2 = 0.55, P = <.0001, N = 34).  Negative linear and curvilinear 

(power function) regressions similarly described the relationship of Pherr and standardized 

median conductivity (r2 = 0.22, P < 0.0066; or approximate r2 = 0.20, P < 0.0001, respectively), 

with linear regression explaining only slightly more variability (N = 33; Figure 1-15).  Low 

estimates of Pherr (Ò 0.4) were much more frequent beyond the C/ha threshold (0.83 C/ha) or 

when standardized conductivity was 1.5-times or more than the baseline level (Figure 1-15).  

Estimates of Pherr were consistently above 0.6 in the three watersheds dominated by agriculture 

(Deer Creek, Tuckahoe Creek, and Choptank River; Figure 1-15).  The only watershed in this 

analysis dominated by forest cover was Mattawoman Creek and only one estimate (1991 at 

62.6% forest cover and C/ha = 0.46) represented development below the C/ha threshold.  The 

1971 estimate of Pherr was above 0.6 and was consistent with watersheds dominated by 

agriculture.  Remaining estimates for Mattawoman Creek were represented by 53.9% forest 

cover with C/ha increasing from 0.87 in 2008 to 0.93 in 2014.  Estimates of Pherr exhibited a 

much greater range, 0.08-0.77 (half had Pherr above 0.6), at these higher levels of development 

and lower forest cover, than less developed agricultural systems (0.62-0.87; Figure 1-15). 

Discussion 
Proportion of samples with Herring eggs and/or larvae (Pherr) provided a reasonably 

precise estimate of habitat occupation based on encounter rate.  Regression analyses indicated 

significant and logical relationships among Pherr, C/ha, and conductivity consistent with the 

hypothesis that urbanization was detrimental to stream spawning.  Estimates of Pherr were 

consistently high in the three watersheds dominated by agriculture.  Importance of forest cover 

could not be assessed with confidence since it was possible that forest cover estimates included 

residential tree cover.  Conductivity was positively related with C/ha in our analysis and with 

urbanization in other studies (Wang and Yin 1997; Paul and Meyer 2001; Wenner et al. 2003; 
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Morgan et al. 2007; Carlisle et al. 2010; Morgan et al. 2012), but the relationship was not 

particularly strong.   

Herring spawning became more variable in streams as watersheds developed.  The 

surveys from watersheds with C/ha of 0.46 or less had high Pherr.  Estimates of Pherr from 

Mattawoman Creek during 2008-2017 (C/ha was 0.87-0.93) varied from barely different from 

zero to high.  The Mattawoman Creek time-series suggested that Pherr increased and stabilized at 

a higher level after stabilization of C/ha, i.e., Pherr rose from lowest levels in 2008-2009 to a 

consistently higher level after a preceding decade of high growth leveled off.  Intensity of 

watershed change may be an important additional consideration along with level of development.  

Eggs and larvae were nearly absent from fluvial Piscataway Creek during 2008-2009, but Pherr 

rebounded to 0.45 in 2012 and then dropped again to 0.2 in 2013-2014 (C/ha was 1.41-1.50).  

The rebound in Herring spawning in Piscataway Creek during 2012 was concurrent with the 

lowest mean and median conductivities encountered there in the four years sampled.  Variability 

of Herring spawning in Bush River during 2005-2008 and 2014 involved ñcolonizationò of new 

sites as well as absence from sites of historical spawning (Uphoff et al. 2014).  Limburg and 

Schmidt (1990) found a highly nonlinear relationship of densities of anadromous fish (mostly 

Alewife) eggs and larvae to urbanization in Hudson River tributaries, reflecting a strong, 

negative threshold at low levels of development. 

Ranges of Pherr in study streams may have indicated variability in suitable habitat rather 

than abundance of spawners.  In developed watersheds, a combination of urban and natural 

stream processes may create varying amounts of ephemeral spawning habitat annually and 

dampen spawning migrations through increased conductivity.  Observed variation in Pherr would 

indicate wide annual and regional fluctuations in population size.  However, stock assessments 

of Alewife and Blueback Herring along the Atlantic coast indicate they continue to be depleted 

and near historic lows (ASMFC 2009a; 2009b; 2017; Limburg and Waldman 2009; Lipkey and 

Jarzynski 2015; McClair and Jarzynski 2018).  In the most recent Atlantic States Marine 

Fisheries Commission assessment, stocks in Maryland were either listed as no trend (or highly 

variable), stable (essentially depressed, but no trend) or unknown (ASMFC 2017; McClair and 

Jarzynski 2018).  Maryland stock assessments do not appear to have enough resolution to 

address whether Pherr varied due to changes in suitable habitat or watershed-specific spawning 

stock variation. 

Processes such as flooding, riverbank erosion, and landslides vary by geographic 

province (Cleaves 2003) and influence physical characteristics of streams.  Unconsolidated 

layers of sand, silt, and clay underlie the Coastal Plain province and broad plains of low relief 

and wetlands characterize the natural terrain (Cleaves 2003).  Coastal Plain streams have slow 

flows and sand or gravel bottoms (Boward et al. 1999).  The Piedmont is underlain by 

metamorphic rocks and characterized by narrow valleys and steep slopes, with regions of higher 

land between streams in the same drainage.  Most Piedmont streams are of moderate slope with 

rock or bedrock bottoms (Boward et al. 1999).  The Piedmont province is an area of higher 

gradient change and more diverse and larger substrates than the Coastal Plain (Harris and 

Hightower 2011) that may offer greater variety of Herring spawning habitats.   

Urbanization and physiographic province both affect discharge and sediment supply of 

streams (Paul and Meyer 2001; Cleaves 2003) that, in turn, could affect location, substrate 

composition, and extent and success of spawning.  Alewife spawn in sluggish flows, while 

Blueback Herring spawn in sluggish to swift flows (Pardue 1983).  American Shad select 

spawning habitat based on macrohabitat features (Harris and Hightower 2011) and spawn in 
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moderate to swift flows (Hightower and Sparks 2003).  Spawning substrates for Herring include 

gravel, sand, and detritus (Pardue 1983); these can be impacted by development.  Strong impacts 

of urbanization on lithophilic spawners are well documented and range from loss of suitable 

substrate, increased embeddedness, lack of bed stability, and siltation of interstitial spaces 

(Kemp 2014).  Broadcasting species, such as Herring, could be severely affected since they 

neither clean substrate during spawning nor provide protection to eggs and larvae in nests (Kemp 

2014).  Detritus loads in subestuaries are strongly associated with development (see Section 2) 

and urbanization affects the quality and quantity of organic matter in streams (Paul and Meyer 

2001) that feed into subestuaries.  Organic matter may be positively impacted by nutrients and 

negatively impacted by fine sediment from agriculture (Piggot et al. 2015). 

Elevated conductivity, related primarily to chloride from road salt (but including most 

inorganic acids and bases; APHA 1979), has emerged as an indicator of watershed development 

(Wenner et al. 2003; Kaushal et al. 2005; Morgan et al. 2007; Morgan et al. 2012).  Use of salt as 

a deicer may lead to both ñshock loadsò of salt that may be acutely toxic to freshwater biota and 

elevated baselines (increased average concentrations) of chloride that have been associated with 

decreased fish and benthic diversity (Kaushal et al. 2005; Wheeler et al. 2005; Morgan et al. 

2007; 2012).  Commonly used anti-clumping agents for road salt (ferro- and ferricyanide) that 

are not thought to be directly toxic are of concern because they can break down into toxic 

cyanide under exposure to ultraviolet light.  Although the degree of breakdown into cyanide in 

nature is unclear (Pablo et al. 1996; Transportation Research Board 2007), these compounds 

have been implicated in fish kills (Burdick and Lipschuetz 1950; Pablo et al. 1996; 

Transportation Research Board 2007).  Heavy metals and phosphorous may also be associated 

with road salt (Transportation Research Board 2007).   

At least two hypotheses can be formed to relate decreased anadromous fish spawning to 

conductivity and road salt use.  First, eggs and larvae may die in response to sudden changes in 

salinity and potentially toxic amounts of associated contaminants and additives.  Second, 

changing stream chemistry may cause disorientation of spawning adults and disrupted upstream 

migration.  Levels of salinity associated with our conductivity measurements are very low 

(maximum 0.2 ppt) and anadromous fish spawn successfully in brackish water (Klauda et al. 

1991; Piavis et al. 1991; Setzler-Hamilton 1991).  A rapid increase might result in osmotic stress 

and lower survival since salinity represents osmotic cost for fish eggs and larvae (Research 

Council of Norway 2009).   

Elevated stream conductivity may prevent anadromous fish from recognizing and 

ascending streams.  Alewife and Blueback Herring are thought to home to natal rivers to spawn 

(ASMFC 2009a; ASMFC 2009b), while Yellow and White Perch populations are generally 

tributary-specific (Setzler-Hamilton 1991; Yellow Perch Workgroup 2002).  Physiological 

details of spawning migration are not well described for our target species, but homing 

migrations in anadromous American Shad and Salmon have been connected with chemical 

composition, smell, and pH of spawning streams (Royce-Malmgren and Watson 1987; Dittman 

and Quinn 1996; Carruth et al. 2002; Leggett 2004).  Conductivity is related to total dissolved 

solids in water (Cole 1975) which reflects chemical composition.   

An unavoidable assumption of regression analyses of Pherr, C/ha, and summarized 

conductivity was that watersheds at different levels of development were a substitute for time-

series.  Extended time-series of watershed-specific Pherr were not available.  Mixing 

physiographic provinces in this analysis had the potential to increase scatter of points, but 

standardizing median conductivity to background conductivity moderated the province effect in 
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analyses with that variable.  Differential changes in physical stream habitat and flow with 

urbanization due to differences in geographic provinces could also have influenced fits of 

regressions.  Estimates of C/ha may have indexed these physical changes as well as water 

chemistry changes, while standardized conductivity would only have represented changes in 

water chemistry.  Estimates of C/ha explained more variation in Pherr (55%) than standardized 

conductivity (22%).  Liess et al. (2016) developed a stress addition model for meta-analysis of 

toxicants and additional stressors of aquatic vertebrates and invertebrates and found that the 

presence of multiple environmental stressors could amplify the effects of toxicants 100-fold.  

This general concept may offer an explanation for the difference in fit of Pherr with C/ha and 

median conductivity, with conductivity accounting for water quality and C/ha accounting for 

multiple stressors. 

Application of presence/absence data in management needs to consider whether absence 

reflects a disappearance from suitable habitat or whether habitat sampled is not really habitat for 

the species in question (MacKenzie 2005).  Our site occupation comparisons were based on the 

assumption that spawning sites detected in the 1970s were indicative of the extent of habitat.  

OôDell et al. (1975; 1980) summarized spawning activity as the presence of any species groupôs 

egg, larva, or adult (latter from wire fish trap sampling) for all samples at a site and we used this 

criterion (spawning detected at a site or not) for a set of comparisons.  Raw data for the 1970s 

were not available to formulate other metrics.  This site-specific presence/absence approach did 

not detect permanent site occupation changes or an absence of change since only a small number 

of sites could be sampled (limited by road crossings) and the positive statistical effect of repeated 

visits (Strayer 1999) was lost by summarizing all samples into a single record of occurrence in a 

sampling season.  A single yearôs record was available for each of the watersheds in the 1970s 

and we were left assuming this distribution applied over multiple years of low development.   

Proportion of positive samples (Pherr) incorporated spatial and temporal presence/absence 

and provided an economical, precise alternative estimate of habitat occupation based on 

encounter rate.  Encounter rate is readily related to the probability of detecting a population 

(Strayer 1999).  Proportions of positive or zero catch indices were found to be robust indicators 

of abundance of Yellowtail Snapper Ocyurus chrysurus (Bannerot and Austin 1983), age-0 

White Sturgeon Acipenser transmontanus (Counihan et al. 1999; Ward et al. 2017), Pacific 

Sardine Sardinops sagax eggs (Mangel and Smith 1990), Chesapeake Bay Striped Bass eggs 

(Uphoff 1997), and Longfin Inshore Squid Loligo pealeii fishery performance (Lange 1991). 

Unfortunately, estimating reasonably precise proportions of stream samples with White 

or Yellow Perch eggs annually would not be logistically feasible without major changes in 

sampling priorities.  Estimates for Yellow or White Perch stream spawning would require more 

frequent sampling to obtain precision similar to that attained by Pherr since spawning occurred at 

fewer sites.  Given staff and volunteer time limitations, this would not be possible within our 

current scope of operations.  In Mattawoman Creek, it was possible to pool data across years to 

increase precision of estimates of proportions of samples with White Perch eggs and larvae (sites 

MC1 and MC2) or Yellow Perch larvae (MC1) for 1989-1991 collections to compare with 2008-

2017 collections at the same combinations of sites.  These estimates did not indicate a loss in 

stream spawning in downstream sites furthest from development (Waldorf).   

Volunteer-based sampling of stream spawning during 2005-2017 used only stream drift 

nets, while OôDell et al. (1975; 1980) and Hall et al. (1992) determined spawning activity with 

ichthyoplankton nets and wire traps for adults.  Tabular summaries of egg, larval, and adult 

catches in Hall et al. (1992) allowed for a comparison of how site use in Mattawoman Creek 
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might have varied in 1991 with and without adult wire trap sampling.  Sites estimated when eggs 

and/or larvae were present in one or more samples were identical to those when adults present in 

wire traps were included with the ichthyoplankton data (Hall et al. 1992).  Similar results were 

obtained from the Bush River during 2006 at sites where ichthyoplankton drift nets and wire 

traps were used; adults were captured by traps at one site and eggs and/or larvae at nine sites 

with ichthyoplankton nets (Uphoff et al. 2007).  Wire traps set in the Bush River during 2007 did 

not indicate different results than ichthyoplankton sampling for Herring and Yellow Perch, but 

White Perch adults were observed in two trap samples and not in plankton drift nets (Uphoff et 

al. 2008).  These comparisons of trap and ichthyoplankton sampling indicated it was unlikely 

that an absence of adult wire trap sampling would impact interpretation of spawning sites when 

multiple years of data were available.   

The different method used to collect ichthyoplankton in Mattawoman Creek during 1991 

could bias that estimate of Pherr, although presence-absence data tend to be robust to errors and 

biases in sampling (Green 1979; Uphoff 1997).  Removal of 1991 data lowered the fit between 

C/ha and Pherr (from r2 = 0.55, P = <.0001 to r2 = 0.54, P = <.0001), but did not alter the negative 

relationship (95% CIôs of slopes and intercepts of both models overlapped).   

Absence of detectable stream spawning does not necessarily indicate an absence of 

spawning in the estuarine portion of these systems.  Estuarine Yellow Perch presence-absence 

surveys in Mattawoman and Piscataway Creeks, and Bush River did not indicate that lack of 

detectable stream spawning corresponded to their elimination from these subestuaries.  Yellow 

Perch larvae were present in upper reaches of both subestuaries, (see Section 2).  Yellow Perch 

do not appear to be dependent on non-tidal stream spawning, but their use may confer benefit to 

the population through expanded spawning habitat diversity.  Stream spawning is very important 

to Yellow Perch anglers since it provides access for shore fisherman and most recreational 

harvest probably occurs during spawning season (Yellow Perch Workgroup 2002). 
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Table 1-1. Summary of subestuaries and their watershed size, Maryland Department of Planning 

(MD DOP) land use designation and estimates of land use types, and level of development 

(C/ha) during years sampled. DOP Year = the year DOP estimated land use that best matches 

sample year.  Bush (w/o APG) refers to the portion of the Bush River watershed not including 

Aberdeen Proving Grounds. 

 

River 
Sample 

Year 
DOP 
Year 

C/ha 
% 
Ag 

% 
Forest 

Watershed Size (ha) 
Primary Land 

Use 

Bush (w/o APG) 2005 2002 1.37 25.4 35 

36,038 Urban 

Bush (w/o APG) 2006 2002 1.41 25.4 35 

Bush (w/o APG) 2007 2010 1.43 18 29.9 

Bush (w/o APG) 2008 2010 1.45 18 29.9 

Bush (w/o APG) 2014 2010 1.51 18 29.9 

Choptank 2016 2010 0.18 55 27.8 
38,216 Agriculture 

Choptank 2017 2010 0.18 55 27.8 

Deer 2012 2010 0.24 44.6 28.4 

37,697 Agriculture 
Deer 2013 2010 0.24 44.6 28.4 

Deer 2014 2010 0.24 44.6 28.4 

Deer 2015 2010 0.24 44.6 28.4 

Mattawoman 1991 1994 0.46 13.8 62.6 

24,441 Forest 

Mattawoman 2008 2010 0.87 9.3 53.9 

Mattawoman 2009 2010 0.88 9.3 53.9 

Mattawoman 2010 2010 0.90 9.3 53.9 

Mattawoman 2011 2010 0.91 9.3 53.9 

Mattawoman 2012 2010 0.90 9.3 53.9 

Mattawoman 2013 2010 0.91 9.3 53.9 

Mattawoman 2014 2010 0.93 9.3 53.9 

Mattawoman 2015 2010 0.93 9.3 53.9 

Mattawoman 2016 2010 0.93 9.3 53.9 

Mattawoman 2017 2010 0.93 9.3 53.9 

Patapsco 2013 2010 1.11 24.4 30.4 

93,895 Urban 

Patapsco 2014 2010 1.12 24.4 30.4 

Patapsco 2015 2010 1.12 24.4 30.4 

Patapsco 2016 2010 1.12 24.4 30.4 

Patapsco 2017 2010 1.12 24.4 30.4 

Piscataway 2008 2010 1.41 10 40.4 

17,642 Urban 

Piscataway 2009 2010 1.43 10 40.4 

Piscataway 2012 2010 1.47 10 40.4 

Piscataway 2013 2010 1.49 10 40.4 

Piscataway 2014 2010 1.50 10 40.4 

Tuckahoe 2016 2010 0.07 66.6 25.4 
39,388 Agriculture 

Tuckahoe 2017 2010 0.07 66.6 25.4 
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Table 1-2. Summary of subestuary watersheds sampled, years sampled, number of sites sampled, 

first and last dates of sampling, and stream ichthyoplankton sample sizes (N). 

 

Subestuary Year 
Number of 

Sites 
1st Sampling 

Date 
Last Sampling 

Date 
Number of 

Dates 
N 

Bush 2005 13 18-Mar 15-May 16 99 

Bush 2006 13 18-Mar 15-May 20 114 

Bush 2007 14 21-Mar 13-May 17 83 

Bush 2008 12 22-Mar 26-Apr 17 77 

Bush 2014 6 22-Mar 1-Jun 10 60 

Choptank 2016 12 17-Mar 18-May 10 101 

Choptank 2017 11 9-Mar 24-May 14 109 

Deer 2012 4 20-Mar 7-May 11 44 

Deer 2013 5 19-Mar 23-May 19 87 

Deer 2014 5 2-Apr 28-May 12 60 

Deer 2015 5 23-Mar 26-May 15 75 

Mattawoman 2008 9 8-Mar 9-May 10 90 

Mattawoman 2009 9 8-Mar 11-May 10 70 

Mattawoman 2010 7 7-Mar 15-May 11 75 

Mattawoman 2011 7 5-Mar 15-May 14 73 

Mattawoman 2012 7 4-Mar 13-May 11 75 

Mattawoman 2013 7 10-Mar 25-May 12 80 

Mattawoman 2014 8 9-Mar 25-May 12 87 

Mattawoman 2015 7 15-Mar 24-May 11 60 

Mattawoman 2016 5 13-Mar 22-May 11 55 

Mattawoman 2017 5 5-Mar 28-May 13 65 

Patapsco 2013 4 19-Mar 30-May 22 40 

Patapsco 2014 4 4-Apr 29-May 19 28 

Patapsco 2015 4 25-Mar 28-May 18 32 

Patapsco 2016 4 7-Mar 2-Jun 26 40 

Patapsco 2017 4 9-Mar 6-Jun 21 40 

Piscataway 2008 5 17-Mar 4-May 8 39 

Piscataway 2009 6 9-Mar 14-May 11 60 

Piscataway 2012 5 5-Mar 16-May 11 55 

Piscataway 2013 5 11-Mar 28-May 11 55 

Piscataway 2014 5 10-Mar 1-Jun 9 45 

Tuckahoe 2016 10 16-Mar 16-May 12 97 

Tuckahoe 207 10 8-Mar 23-May 11 102 
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Table 1-3. Summary of historical conductivity sampling in non-tidal Mattawoman Creek. RKM = site location in river kilometers 

from the mouth; Months = months when samples were drawn; Sum = sum of samples for all years. 

 

RKM Months Sum Years Sampled 

12.4 1 to 12 218 1971, 1974-1989 

18.1 4 to 9 8 1974 

27 4 to 9 9 1970, 1974 

30 8 and 9 2 1970 

34.9 4 to 9 9 1970, 1974 

38.8 8 and 9 2 1970 
 
 

Table 1-4. Summary statistics of conductivity (µS/cm) for mainstem stations in Mattawoman, Piscataway, Deer, and Tuckahoe 

Creeks, and Bush and Choptank Rivers during 2005-2017. Unnamed tributaries were excluded from analysis. Tinkers Creek was 

included with mainstem stations in Piscataway Creek. 

 

  Year 

Conductivity 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

  Bush 

Mean 269 206 263 237      276.7    
Standard Error 25 5 16 6      15    
Median 230 208 219 234      253.4    
Kurtosis 38 2 22 7      3.16    
Skewness 6 -1 4 0      1.56    
Range 1861 321 1083 425      606    
Minimum 79 0 105 10      107    
Maximum 1940 321 1187 435      713    
Count 81 106 79 77      60    

  Choptank 

Mean            130.7 129.7 

Standard Error            1.4 1.0 

Median            133.2 129.8 

Kurtosis            2.41 -0.05 

Skewness            -1.07 -0.07 

Range            89 49 

Minimum            74 107 

Maximum            163 156 
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Count            101 109 
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Table 1-4 cont. 

 

  Year 

Conductivity 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

  Deer 

Mean        174.9 175.6 170.3 191.8   
Standard Error        1.02 1.5 1.4 0.9   
Median        176.8 177.7 171.7 193.5   
Kurtosis        17.22 13.88 9.21 7.43   
Skewness        -3.78 -2.25 -2.42 -1.97   
Range        39.3 122 66 51   
Minimum        140.2 93 116 156   
Maximum        179.5 215 183 207   
Count        44 87 60 75   

  Mattawoman 

Mean    120.1 244.5 153.7 147.5 128.9 126.1 179.4 181.8 180.3 151.2 

Standard Error    3.8 19.2 38 2.8 1.9 2.4 9.1 6.5 4.1 3.7 

Median    124.6 211 152.3 147.3 130.9 126.5 165.8 172.5 188.8 150.2 

Kurtosis    2.1 1.41 1.3 8.29 -0.26 5.01 0.33 1.49 -0.80 -0.55 

Skewness    -1.41 1.37 0.03 1.72 -0.67 -1.70 1.00 1.33 -0.68 -0.36 

Range    102 495 111 117 49 96 261 185 93 102 

Minimum    47 115 99 109 102 63 88 130 121 91 

Maximum    148 610 210 225 151 158 350 315 214 193 

Count    39 40 43 44 44 48 48 44 44 52 

  Patapsco 

Mean         406.2 282.5 346.8 310.4 340.3 

Standard Error         48.7 8.0 18.2 30.6 15.1 

Median         304.9 279.5 324.0 262.7 310.0 

Kurtosis         12.13 -0.24 5.04 17.97 2.22 

Skewness         3.33 0.42 1.97 3.99 1.36 

Range         1554 166 487 1055 432 

Minimum         245 219 216 188 175 

Maximum         1799 385 703 1243 607 

Count         40 28 32 40 40 
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Table 1-4 cont. 

 

  Year 

Conductivity 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

  Piscataway 

Mean    218.4 305.4   211.4 245 249.4    
Standard Error    7.4 19.4   5.9 6.9 11.1    
Median    210.4 260.6   195.1 238.4 230    
Kurtosis    -0.38 1.85   0.11 -0.29 2.56    
Skewness    0.75 1.32   0.92 0.73 1.50    
Range    138 641   163 173 274    
Minimum    163 97   145 181 174    
Maximum    301 737   308 354 449    
Count    29 50   44 44 36    
  Tuckahoe 

Mean            152.2 155.9 

Standard Error            2.4 1.7 

Median            159.6 160.5 

Kurtosis            -0.29 -0.18 

Skewness            -0.68 -0.61 

Range            103 82 

Minimum            85 103 

Maximum            188 185 

Count                       97 102 
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Table 1-5. Site-specific presence/absence of Herring (Blueback Herring, Hickory Shad, and Alewife), 

White Perch, and Yellow Perch stream spawning in Mattawoman Creek during 1971, 1989-1991, and 

2008-2017. 0 = site sampled, but spawning not detected; 1 = site sampled, spawning detected; and blank 

indicates no sample. Station locations are identified on Figure 1-2. 

 

  Year 

Statio
n 

197
1 

198
9 

199
0 

199
1 

200
8 

200
9 

201
0 

201
1 

201
2 

201
3 

201
4 

201
5 

201
6 

201
7 

  Herring 

MC1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

MC2 1 1 1 1 0 0 1 1 1 1 1 1 1 1 

MC3 1   1 1 1 1 1 1 1 1 1 1 1 

MC4 1   1 0 0 1 1 1 1 1 1 1 1 

MUT3 1    0 0 0 1 1 1 1 1 1 0 

MUT4       0 0 1 0 0 0   
MUT5 1    1 0 0 0 0 0 1 0     

  White Perch 

MC1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 

MC2 0 0 1 0 0 0 0 0 0 1 1 0 1 1 

MC3 1   0 0 0 0 0 0 0 0 0 1 0 

  Yellow Perch 

MC1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 

 

 

Table 1-6. Site-specific presence/absence of Herring (Blueback Herring, Hickory and American Shad, 

and Alewife) and White Perch spawning in Piscataway Creek during 1971, 2008-2009, and 2012-2014. 

0 = site sampled, but spawning not detected; 1 = site sampled, spawning detected; and blank indicates no 

sample. Station locations are identified on Figure 1-3. 

 

 Year 

Station 1971 2008 2009 2012 2013 2014 

 Herring 

PC1 1 0 0 1 1 1 

PC2 1 0 1 1 1 1 

PC3 1 0 0 1 1 1 

PTC1 1 0 0 1 1 0 

PUT4 1  0 0 0 0 

 White Perch 

PC1 1 0 0 0 0 1 

PC2 1 0 0 0 0 0 
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Table 1-7. Site-specific presence/absence of Herring (Blueback Herring, Hickory Shad, and Alewife), 

White Perch, and Yellow Perch spawning in Bush River streams during 1973, 2005-2008, and 2014. 0 = 

site sampled, but spawning not detected; 1 = site sampled, spawning detected; and blank indicates no 

sample. Station locations are identified on Figure 1-4. 

 

  Year 

Station 1973 2005 2006 2007 2008 2014 

  Herring 

BBR1 0 1 1 1 1 1 

BCR1 1 0 0 1 0 1 

BHH1 0 0 1 1 1 1 

BJR1 0 1 1 1 0 1 

BOP1 1 1 1 1 1 1 

BWR1 1 0 0 1 0 1 

  White Perch 

BBR1 1 0 0 0 0 1 

BCR1 1 0 0 0 0 1 

BHH1 0 0 0 0 0 0 

BJR1 0 0 0 0 0 0 

BOP1 1 0 0 1 0 1 

BWR1 1 0 0 0 0 0 

  Yellow Perch 

BBR1 1 0 0 0 0 0 

BCR1 0 0 0 0 0 1 

BHH1 0 0 0 0 0 1 

BJR1 1 0 0 0 0 1 

BOP1 0 0 0 0 0 0 

BWR1 1 0 1 0 0 0 

 

 



46 

 

Table 1-8. Site-specific presence/absence of Herring (Blueback Herring, Hickory Shad, and 

Alewife), White Perch, and Yellow Perch stream spawning in Deer Creek during 1972 and 2012-

2015. 0 = site sampled, but spawning not detected; 1 = site sampled, spawning detected; and 

blank indicates no sample. Station locations are identified on Figure 1-5. 

 

  Year 

Station 1972 2012 2013 2014 2015 

  Herring 

SU01 1 1 1 1 1 

SU02  1 1 1 1 

SU03  1 1 1 1 

SU04 1 1 1 1 1 

SU05 0  1 1 1 

  White Perch 

SU01 1 0 1 1 1 

SU02  0 1 0 1 

SU03  0 0 1 0 

SU04 0 0 1 1 0 

SU05 0  0 0 0 

  Yellow Perch 

SU01 1 1 0 1 0 

SU02  1 0 1 0 

SU03  0 0 1 0 

SU04 0 0 0 0 0 

SU05 0   0 0 0 

 

 

Table 1-9. Site-specific presence/absence of Herring (Blueback Herring, Hickory Shad, and 

Alewife), White Perch, and Yellow Perch stream spawning in Choptank River during 2016-

2017. 0 = site sampled, but spawning not detected; 1 = site sampled, spawning detected; and 

blank indicates no sample. Station locations are identified on Figure 1-6. 

 

  Year 

Station 2016 2017 

  Herring White Perch Yellow Perch Herring White Perch Yellow Perch 

CH100 1 1 1 1 1 1 

CH101 1 1 1 1 1 1 

CH102 1 1 1 1 1 1 

CH103 1 1 1 1 1 1 

CH104 1 1 1 1 1 1 

CH105 1 1 1 1 1 1 

CH106 1 1 1 1 1 1 

CH107 1 1 0 1 1 0 

CH108 1 1 0 1 1 0 

CH109 1 1 1 1 1 0 

CH110 1 0 0 1 0 0 

CH111 0 0 0       
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Table 1-10. Site-specific presence/absence of Herring (Blueback Herring, Hickory Shad, and 

Alewife), White Perch, and Yellow Perch stream spawning in Tuckahoe Creek during 1976-77 

and 2016-2017. 0 = site sampled, but spawning not detected; 1 = site sampled, spawning 

detected; and blank indicates no sample. Station locations are identified on Figure 1-7. 

 

  Year 

Station 1976-77 2016 2017 

  Herring 

TUC101 1 1 1 

TUC102 1 1 1 

TUC103 1 1 1 

TUC104  1 1 

TUC105  1 1 

TUC106  1 1 

TUC107  1 1 

TUC108 0 1 1 

TUC109  1 0 

TUC110  0 1 

  White Perch 

TUC101 1 1 1 

TUC102 1 1 1 

TUC103 1 1 1 

TUC104  1 1 

TUC105  1 1 

TUC106  1 1 

TUC107  1 1 

TUC108 1 1 1 

TUC109  0 0 

TUC110  0 0 

  Yellow Perch 

TUC101 1 1 1 

TUC102 1 1 1 

TUC103 1 1 1 

TUC104  1 1 

TUC105  1 0 

TUC106  1 1 

TUC107  1 1 

TUC108 0 0 0 

TUC109  0 0 

TUC110   0 0 
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Table 1-11. Site-specific presence/absence of Herring (Blueback Herring, Hickory Shad, and 

Alewife), White Perch, and Yellow Perch stream spawning in Patapsco River during 1973 and 

2013-2017. 0 = site sampled, but spawning not detected; 1 = site sampled, spawning detected; 

and blank indicates no sample. Station locations are identified on Figure 1-8. 

 

O'Dell Sampling (1973)    Year 

Station Herring  Station 2013 2014 2015 2016 2017 

Inland 1 0    Herring 

Inland 2 1  USFWS Down River 1 1 1 1 1 

Inland 3 1  USFWS Up River 1 1 1 1 1 

Inland 4 1  MBSS 591 1 1 1 1 1 

Inland 5 0  MBSS 593 1 1 1 0 1 

  White Perch    White Perch 

Inland 1 1  USFWS Down River 0 1 1 1 1 

Inland 2 1  USFWS Up River 1 1 1 1 1 

Inland 3 0  MBSS 591 0 1 0 1 1 

Inland 4 1  MBSS 593 0 0 0 0 0 

Inland 5 0    Yellow Perch 

  Yellow Perch  USFWS Down River 1 1 1 1 1 

Inland 1 1  USFWS Up River 1 0 1 1 0 

Inland 2 0  MBSS 591 0 0 0 1 0 

Inland 3 0  MBSS 593 0 0 0 1 0 

Inland 4 0        
Inland 5 1        
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Table 1-12. Summary of best regression models for standardized conductivity (annual 

median/province background) versus development level (C/ha), proportion of samples with 

Herring eggs or larvae (Pherr) versus C/ha, and Pherr versus standardized conductivity. 

 

Linear Model Standardized conductivity = Structure density (C/ha) 

ANOVA df SS MS F P   

Regression 1 1.58457 1.58457 19.45 0.0001  

Residual 31 2.52614 0.08149    

Total 32 4.11072         

r2 = 0.3855             

  Estimate SE t Stat P-value Lower 95% Upper 95% 

Intercept 1.16009 0.10938 10.61 <.0001 0.93702 1.38317 

C / ha 0.46321 0.10504 4.41 0.0001 0.24897 0.67744 

       

       

Linear Model Proportion of samples with herring eggs or larvae (Pherr) = Structure density (C/ha) 

ANOVA df SS MS F P   

Regression 1 1.31033 1.31033 39.15 <.0001  

Residual 32 1.07093 0.03347    

Total 33 2.38126         

r2 = 0.5503             

  Estimate SE t Stat P-value Lower 95% Upper 95% 

Intercept 0.85201 0.06828 12.48 <.0001 0.71292 0.9911 

C / ha -0.41530 0.06637 -6.26 <.0001 -0.55049 -0.2801 

       

       

Linear Model 
Proportion of samples with herring eggs or larvae (Pherr) = Standardized 

conductivity 

ANOVA df SS MS F P   

Regression 1 0.50141 0.50141 8.49 0.0066  

Residual 31 1.83111 0.05907    

Total 32 2.33252         

r2 = 0.2150             

  Estimate SE t Stat P-value Lower 95% Upper 95% 

Intercept 1.02113 0.19521 5.23 <.0001 0.62301 1.41926 
Standardized 
Conductivity -0.34925 0.11987 -2.91 0.0066 -0.59373 -0.10477 
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