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|. EXECUTIVE SUMMARY

A. Introduction

Submerged aquatic vegetation (SAV) includes roptadts living primarily beneath the
water surface and is an important part of the Hond®iwer Estuary ecosystem. SAV has been
extensively researched in many aquatic systemsgaciching SAV is an important conservation
concern in many rivers and estuaries. SAV is apatextensive in the freshwater tidal portion
of the estuary, but even where its distributiohnsted it contributes to primary production and
provides habitat for invertebrates and fishesthénHudson River, ecological and management
guestions related to SAV prompted a concerted Eifpa team of researchers, educators, and
managers to monitor its distribution, change ireektand ecological role. Since the early
biological inventories it has been clear that SAMupies major portions of some reaches of the
River, and we now know that SAV can cover as muB6 of the river bottom. Additionally,
water clarity has improved moderately since thavakof the zebra mussel, potentially allowing
these light-limited plants to spread.

New York State has been studying the SAV in theddn River estuary from Troy south
to Yonkers (125 miles) since 1995. A partnerstigaornell University’s Institute for Resource
Information Sciences (IRIS), Cornell’'s DepartmehNatural Resources, the Institute of
Ecosystem Studies (IES), and New York Sea Grargrisxon inventoried the spatial extent of
the SAV and Eurasian water chestnitappa natanybeds from 1995, 1997, and 2002 true color
aerial photography (stereo coverage, 1:14,400 kc#legetated area constitutes roughly 8% of
total river surface area with the SAV three timesbhundant as the exofic natang4046 vs.

1521 acres in 2002).



This report summarizes the results of an ecolbgissessment of SAV habitats
conducted on the tidal Hudson River from Hastingg-tmdson to the federal dam at Troy
between 2000 and 2004. The SAV habitat charatt=ristudied include water quality,

invertebrates, and fishes.

B. Findings
1. SAV in the Hudson River Estuary

There are two predominant species of rooted agjp&tnts in the Hudson River, the
native submergeWallisneria americanand the exotic floating-leafed water chestiugpa
natans Plant coverage averaged over the entire stuabhriss about 6% of the river bottom area
for V. americanaand 2% fofT. natansalthough the distribution of both plants variesaily
among reaches of the tidal freshwater Hudson RNeder et al. 2004)T. natansan
introduced plant, is not considered part of the S®Yhmunity since much of its biomass floats
on the water surface. It has likely displadedamericandn portions of the freshwater tidal
Hudson. There is information available for watieestnut habitat characteristics in Caraco and
Cole (2002), Hummel and Findlay (2006), and Findiagl. (2006).

Vallisneria americanatrongly dominates SAV beds in the Hudson, canstig more
than 90% of SAV plant biomass. Due to light limibat, V. americanglants are generally found
in water shallower than 3 m, although beds candeper in sections near Albany. Other species
that make up the majority of biomass in a few lmoet includePotamogeton crispuys
Myriophyllum spicatumandNajas flexilis

SAV bed area varies broadly from 100 to 360,08003 to 90 acres). SAV biomass

was highly variable across beds also, ranging f2drto 479 g dry massfmiThis variation was



not significantly related to position along theeatvor bed area. SAV biomass tended to be higher
in bed interiors than along their edges, but tiffeictnce was not consistent across beds. Plant
biomass also varied considerably across yearsds that were sampled in more than one year
of the four-year study.
2. SAV Influence on Water Quality

Dissolved oxygen in the Hudson River is generafigersaturated (below approximately
8.0 mg/L) and SAV beds clearly have the potentakise local oxygen concentrations. SAV
beds larger than about 50,000 (b2 acres) can spend as much as twelve hours a2 hr
period supersaturated with oxygen. Beds greaser 190,000 m(24 acres) will often have
supersaturated dissolved oxygen for greater thatveahours of a 24 hr period. The cumulative
area of SAV beds 400,000°rar greater is 720 ha (1580 acres) or about 408teofotal SAV
area. Therefore, 40% of the vegetated area rageeleations of high oxygen, which may be
significant for animals and may influence a varietyedox-sensitive biogeochemical processes.

For turbidity, the relationship between the prdjoor of time a site was highly turbid
(greater than 40 NTU) and bed area was not sigmficTurbidity showed extreme variability
across the course of a day, with peak values @rakfiundred NTU. The median turbidity did
not differ between SAV and open water and the legheedians observed were practically
identical. The degree of turbidity at a point witla SAV bed was affected by the area of SAV
in a 300 m radius neighborhood suggesting a cumalaather than patch-specific control on
local suspended sediment concentration.

3. Aquatic Invertebrate Dependency
SAV beds in the Hudson support dense and diveesgaimvertebrate communities.

Densities of macroinvertebrates in SAV beds wereentivan three times as high as densities on



unvegetated sediments; sometimes surpassing 10@@0@luals/nf. This strongly indicates
that SAV beds may be the richest feeding groundserHudson River estuary for fish. Further,
many species of macroinvertebrates that are commplant beds are rare or absent from
unvegetated sites. Thus, SAV beds play import@esrin maintaining high population densities
and high biodiversity of macroinvertebrates in ithedson.

The macroinvertebrate community of plant bedfhieniudson includes a long list of
species from seven phyla. Chironomid midges, chgete worms, hydroids, gastropods, and
amphipods are especially abundant and widespraidct, if SAV beds were to be removed
from the Hudson, and macroinvertebrate populatieth$o those typical of unvegetated
sediments, 13% of the macroinvertebrates in thex swould be lost.

Macroinvertebrate density was strongly relateglamt biomass in the beds; the higher
the plant biomass, the more the invertebratesiti®osvithin the plant bed also strongly
affected macroinvertebrate density, with densitethe interiors of plant beds more than two
times higher than along their edges. Macroinvediehbdensity was unrelated to position along
the river or area of the plant bed, which indicdhed all SAV beds are equally important for
supporting macroinvertebrates regardless of bexl@iposition along the estuary.

Perhaps more importantly, SAV beds are “hotsplaspopulations of prey items for
fish. Dozens of species of invertebrates are apeed for life among SAV beds and are rare or
absent elsewhere. Thus, SAV beds play an essenlgaih supporting the biodiversity of
invertebrates in the Hudson.

4. Fish Dependency
SAV in the Hudson River estuary supports more, féssgreater diversity of species, and

provides a greater food supply as compared to wetaggy substrates. The dominant food items



consumed by fish are also the dominant speciesdfouBAV and these invertebrates were
significantly reduced on artificial substrates gddn SAV that were exposed to fish predation.
While SAV provides valuable habitat for fish, theegise benefits and fish responses vary by
location and by fish community composition. Wentiged three distinct fish assemblages in
SAV beds along the estuarine gradient from Troyaakers. The upper freshwater estuarine
fish community was largely composed of residergHveater fishes (e.g., spottail shiner,
American eel, and common carp). The lower fresawabne fish community includes resident
freshwater fishes combined with abundant anadrorapasies (dominant species were white
perch, spottail shiner, and banded killifish). SA&d the largest positive effect on fish
abundances and species diversity in the uppenfiasin zone where most fish orient to structure
or cover, prefer vegetated surroundings, and coasanganisms supported by vegetation.

The brackish portion of the estuary yielded theefst species, primarily generalists (e.qg.,
white perch) and other pelagic fishes common inaste and marine waters. White perch,
white catfish, and spottail shiner dominated th&/$»ds in the brackish part of the estuary. In
this zone, SAV did not support greater numberssbf than unvegetated areas, but SAV did
support slightly more species. Most of the highityindant fishes are pelagic-oriented (open
surface water) species that feed primarily on piamk Some pelagic fishes avoid vegetation and
structure, preferring to remain in turbid, planktoch open waters; others are widely distributed
without regard to SAV.

Larval fish often concentrate in still and struet habitats, and we captured a variety of
small and larval fish in both SAV and unvegetateadllsw waters. However, we did not find a
significant effect of SAV on larval fish numbersinlike SAV beds in some lakes and estuaries

that create still water habitat, many SAV bedsm Hudson River had current velocities higher
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than the swimming capacity of larval fish. Thusyhl fish would not be able to remain in most

SAV habitats in the Hudson River through a tidadley

C. Summary

Despite the obvious shifts in the kinds of plaams animals that live in SAV beds, there
are only minor differences in the use of SAV beldsn@ the course of the Hudson River Estuary.
While the taxonomic composition of the organismgy i@ange along the River, their higher
abundance in SAV versus unvegetated areas poithe talue of SAV as habitat. Neither
overall plant biomass nor density of invertebratased along the course of the Hudson
indicating that SAV beds in different parts of tineer are equally important for supporting
macroinvertebrates. The impact of SAV beds onotiresl oxygen and turbidity likewise did not
change in any simple way with river kilometer. dghout the freshwater Hudson River, SAV
clearly supported a greater number of and a hidiversity of fish. Though this link to SAV
was not as strong in the brackish zone, fish dityevgas still higher in SAV beds. There also
exists a strong link between the rich macroinvegtbhcommunity found in the SAV and fish
foraging.

Submersed aquatic vegetation in the Hudson Riedopns an array of valuable
ecological functions throughout the River and thegesummarized below in the comparison
between SAV and unvegetated areas (Table A). Twpmitant findings of this research are that
the performance of several of these functions igicgent on the spatial context (nature of the
surrounding area) and different functions haveeddht controlling factors. This spatial
contingency and variety in regulatory factors letkrge inter-annual variation in overall

performance of SAV in the Hudson.
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Table A. Summary table of ecological variables acrosstatand river zone with ecological

predictors
Ecological Habitat, SAV vs. River Strongest
Variable Unvegetated Zone Predictors
Dissolved Oxygen Higher in SAV Strongest contraBed size,
in freshwater | Position along river
Turbidity Higher in SAV No pattern SAV in 300 m
neighborhood
Invertebrate abundance Higher in SAV Everywhere nHiéomass
Fish species richness | More in SAV Highest in Bed size
and abundance freshwater

D. Recommendations for Future Research and Monitang
1. Inter-annual monitoring
This study has provided clear evidence of the itgmze of SAV but also significant
temporal variation in plant abundance, spatial cage, and degree of ecological functioning.
Some effort to track this variability to separdtecfuations from long-term trends is critical for
future management of the resource.
2. Invasive fish species
There is a high potential for invasion of the Hualdy herbivorous fishes (several carp
species from the Mississippi basin for examplehese exotics could have large, negative
impacts on the native SAV and there should be gtefforts to prevent their invasion and plan a
response.
3. Potential SAV habitat
One of the major gaps in our knowledge is the mitdEhabitat for occupation by SAV.

The bathymetry of the Hudson has been well-desgiibeareas deeper than about 4 m but the
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critical depths for SAV across most of the rivez ahallower than 3 m so we are ignorant about
where SAV expansion might occur given changes itenaarity. Some effort to determine the

shallow water bathymetry would strengthen prediiabout future change in SAV coverage.

E. Management Implications

The findings from this four-year study have clgastablished the vital role SAV
communities play in maintaining water quality angbgorting both fish and macroinvertebrate
communities in the Hudson River Estuary. SAV badsliterally the support systems for many
native forms of life that could not otherwise maintviable populations after the arrival of zebra
mussels in the early 1990s, due to the signifieat ecosystem-wide negative impacts of the
mussels. These findings are true for all SAV beegardless of their size and location in the
estuary, and on both an individual and cumulatagis These results have important
implications for regulators, land managers, anduase managers, among others.

We believe our findings justify full protectionf@AV by State and Federal regulatory
agencies with the responsibility for regulating SANder a variety of laws and regulations.
Strong regulatory protection is warranted for @éiNSbeds, and their destruction or reduction in
size should be assiduously avoided and only pezthithder the most extraordinary and
stringently controlled circumstances. Althouglgkrbeds provide higher levels of ecological
function than smaller beds, all provide criticabhat and water quality enhancements. Loss of
or damage to individual beds will result in cumivatlosses to the Hudson River Estuary
ecosystem.

One of the most evident uncontrolled negative ictgpto SAV beds is scarring by boat

propellers. This impact should be reduced thraaughriety of methods including 1) avoiding
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the establishment of new launch sites and marimas near SAV beds, 2) marking the
perimeters of SAV beds near boat launch sites aarhas, and 3) boater education.

Regulators and managers should not assume timat-tinoe field assessment of an
individual SAV bed by permit applicants can be useplistify reductions in SAV bed size or
value. We measured high year-to-year variabihtyhie size and density of beds, and one-time
field assessments are likely to over- or underegran SAV bed'’s attributes. Based on the
findings of this study, it is prudent to assumeS#AlV beds are of high ecological importance
unless future research suggests otherwise. ikalylthat future research will identify other
important ecosystem roles of the Hudson River Egt84V communities, for instance habitat
for aquatic bird life.

Mitigation, restoration, and creation of HudsowdiEstuary SAV beds are not viable
options at present. Our observations of the Hud&war Estuary, coupled with studies of recent
scientific literature and interactions with profiesgls working on SAV restoration in other
systems, indicate that it is difficult or impos&lib replace freshwater and low salinity SAV
beds given present knowledge and technology.

There is a need to generate periodic inventofigiseoHudson River Estuary SAV
communities in order to track changes over tim8AY coverage, community composition, and
ecological function. We recommend this be doneuabuery two to five years given the scale
and scope of change observed in SAV over the Estdke. This information, including the
latest scientific information about the ecologiftaictions and importance of these beds, should
be conveyed in a timely way to the wide range glitators and resource managers who are

engaged in protection and management of the SAMires.
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[I. INTRODUCTION

A. Scope

Submerged aquatic vegetation (SAV) representm@oitant component of most aquatic
ecosystems. SAV includes rooted plants where titedf biomass is beneath the water surface.
In almost all assessments of aquatic ecosysteniti¥iea “status” there is some measure of
SAV performance or extent. SAV has been extengiredearched in many aquatic systems, and
increasing the extent of native SAV is an importontservation goal (e.g., Chesapeake Bay
Program 2005, Freshwater SAV Partnership 2005)V By be spatially extensive but even
where its distribution is limited it may contribute primary production and provide habitat for
invertebrates and fishes. In the Hudson Rivergthee several ecological and management
guestions related to SAV, and this prompted a cvedeffort by a team of researchers,
educators, and managers to monitor its distribyttbange in extent, and ecological functioning.
Since the early biological inventories it has bekar that SAV occupies major portions of some
reaches of the River, and we now know that coverbeaas high as 25% of the river bottom
(Nieder et al. 2004). Additionally, water clarttgs improved moderately since the arrival of the
zebra mussel (Strayer et al. 1999) potentiallyahg expansion of these light-limited plants
(Harley and Findlay 1994). One of the more obvimwssive species in the Hudson, water
chestnut Trapa natany has the potential to displace native SAV whiels fustified efforts to
monitor cover by these plants. Lastly, there espgbssibility that a range of human activities
from recreational boating to shoreline modificatrmoay damage SAV plant beds. Any potential
regulatory activity requires maps of present pthstributions and documentation of their

ecological value. For all these reasons, work appmg plant distributions was initiated in
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1995 (see Nieder et al. 2004), followed by a redeprogram to document ecological processes
associated with SAV in the Hudson River.

This report summarizes the results of a functi@sakessment of submerged vegetation
habitats in the tidal freshwater Hudson River. d8bgn information about the spatial
distribution, extent, and characteristics of SAMhe study reach, an assessment was made of
effects of SAV beds on water quality and habitatiadulity for invertebrates and fishes.
Functions chosen for inclusion were based on ptsvavidence that SAV beds contributed
substantially to those functions, as well as thellef interest by DEC. The report is broadly
organized around topics including SAV charactersstivater quality, invertebrates, and fishes,
and for each of these we deal explicitly with bspiatial and temporal variability. The Results
and Discussion are combined for each topic anditeificance and Synthesis section draws
connections among the separate topics. Managamplitations and recommendations for the

future are covered in the executive summary.

B. The Hudson River Setting

The tidal freshwater Hudson (Fig. 1) extends ftbemhead of tide at the Federal dam in
Troy, NY (250 km above the Battery in NYC) to thadkish lower river about 53 km above the
Battery. Tidal range varies from 1 to 1.5 m over heap-spring cycle with maximum currents
greater than 1 m/s. The average depth is 11 mexinsive shallows in some reaches flanking
the 10 m deep navigation channel. Water is fdidgd with moderate nutrient concentrations:
dissolved inorganic nitrogen averages 40 and dissolved inorganic phosphorusM
(Lampman et al. 1999). Turbidity is moderate, vgitispended sediment concentrations

averaging 11 mg dry mass/L,; light penetration mshmmertime is such that the 1% light level
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Figure 1. Map of the Hudson River indicating the three zodescribed in the text. Modified
from Nieder et al. 2004.
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occurs at about 2.5 m depth. The study regionrsavreee zones as described below.
1. Upper Freshwater Zone: Troy Dam to New Baltimore, River km (Rkm) 250 t0720
(miles 155 to 129).

From Troy downstream to the town of New Baltimdhe Hudson River is confined to a
narrow channel that has been greatly modified gy passage. Much of the river width is a
dredged shipping channel and the shorelines age stabilized and backfilled. This leaves little
area of subtidal habitat aside from a narrow neaeshand. SAV is mostly confined to long,
thin strips (linear SAV features, described in mae¢ail under Site Selection in the Methods)
that parallel the shoreline. The limited area @dmshore but undredged habitat is typically 3 to
6 m deep. Water clarity is generally much gretitan downriver. Salt water never reaches this
far upriver, but tidal amplitude is equal to orapex than downriver.

2. Lower Freshwater Zone:New Baltimore to Newburgh, Rkm 207 to 96 (miles 1@%0).

This zone is largely fresh water although the ndastnriver portion can be slightly
brackish during period of low river discharge ity gears. The zone includes four of the
geomorphic sections of the Hudson River estuargrde=d by Coch and Bokuniewicz (1986):
bifurcating channel-shoal, meander segment, narmaw, and wide river. Each of these
sections of the freshwater zone differs in chaforeh. The most upriver section, bifurcating
channel-shoal, extends to around Kingston. Thisqgddhe Hudson River has many shallow
areas and islands in the channel and numerougdribs with deltaic deposits. Maximum
depths are as much as 15 to 17 m, and the chaamg®s from 0.3 to 1.0 km wide. Flats,
numerous backwaters, stream mouths, and side dsassupport a wide variety of SAV beds.

From Kingston to Staatsburg, the river meandetis lioad flats associated with bends.

The channel is typically 0.6 to 1.0 km wide withxamaum depths 22 to 31 m. Several
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tributaries have created shallow sediment deposgitading a large sediment flat downstream of
the mouth of Rondout Creek. Several of the lar§&8f beds in the Hudson River are in this
reach. From Staatsburg to Wappingers Creek thesdétuRiver is narrow; there are few broad
flats and shallows for large SAV beds, and only sty sites were in this section. The river is
commonly 0.8 to 1.2 km wide with maximum depthsira9 to 42 m. From Wappingers Creek
to slightly below Newburgh, the river is often ealINewburgh Bay because of its large width
(2.0 to 1.4 km) and shallower depth (maximum 1%8am). Coch and Bokuniewicz (1986) label
this section as a wide river. Slightly brackishtevaeaches into this section during dry years.
Turbidity is relatively high, and only one SAV siuslite was located in the area.

3. Brackish Zone: Newburgh to Hastings, Rkm 96 to 53 (miles 60 ta 33)

The Hudson River in this zone is consistently kistt during summer flow conditions
with salinity levels varying in response to tideslaiver discharge. Coch and Bokuniewicz
(1986) divided this zone into two different morpbgical segments: Hudson Highlands and
wide estuary. From below Newburgh to Peekski#, tiwer is narrow (0.5 to 0.8 km), deep
(maximum 28 to 48 m), turbulent, and mostly a steidpd rock channel with minimal shallows.
Large rock formations in the channel and broad bendate shallow backwaters supporting
SAV. Below Peekskill the river emerges into a lok¢a.0 to 1.5 km) and shallow (maximum
depth about 13 m) section termed a wide estuahg sEction is often called Haverstraw Bay.
Large flats extend from shore to the shipping clebrand shoreline features provide protected
shallow waters. Despite the shallow water, SAVdhedre not common in this reach of the

Hudson, perhaps because of the generally highditybi
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C. Submerged Aquatic Vegetation (SAV) in the HudsoRiver

There are two predominant species of rooted agjp&tnts in the Hudson River, the
native submergeWallisneria americanand the exotic floating-leafed water chestidugpa
natans Plant coverage averaged over the entire stuabhriss about 6% of the river bottom area
for V. americanand 2% fofT. natansalthough the distribution of both plants variesagie
among reaches of the tidal freshwater Hudson RN&der et al. 2004). Beds of both species
vary in size from 30 fm(the minimum mapping unit) to a maximum of abod® ha (1 million
m?). Bed size distributions fof. americanare strongly log-normal with far more small beds
than large. Due to light limitation plants are geally found in water shallower than 3 m,

although beds can be deeper in the most uprivéiossc

D. Review of SAV Influence on Water Quality

Submerged aquatic vegetation (SAV) has well-docuetkeffects on water quality and
physical conditions in a wide array of lake, riagrd estuarine ecosystems (e.g. Carpenter and
Lodge 1986; Carter et al. 1991). In many cased/ Slanding stocks and photosynthetic rates
are sufficient to elevate dissolved oxygen (DO)amarirations for a significant portion of
daylight hours (Rybicki et al. 1997) although thare also reports of low DO at night (Carter et
al. 1988). The extent to which submerged plarggagé local DO will be a function of several
variables, perhaps most importantly the actual lagsrand areal extent of plants and their
photosynthetic capacity under ambient conditioRlBysical conditions affecting gas solubility
will affect the degree to which oxygen producedliy plants contributes to local accumulation
of DO. Short water residence times in vegetatedsaor very rapid gas exchange with the

atmosphere will limit fluctuations in concentrationSome plants may vent oxygen directly to
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the atmosphere and so will not contribute to di@l iDcreases (Caraco et al. 2002).

SAV can also have significant effects on waterents and turbulence such that the
capacity of water masses to transport particldseep particles in suspension is diminished
(Fonseca et al. 1982; Harlinand Thorne-Miller 1983rpenter and Lodge 1986; Losee and
Wetzel 1988). Particle trapping may lead to insesbmaterial retention (Rooney and Kalff
2003), increased rates of sedimentation and desmleasuspension of fine-grained sediments
(Kenworthy et al. 1982; Kemp et al. 1984; Wardlefl884; Posey et al. 1993; Rooney et al.
2003). Plant biomass and architecture influeneedtbgree to which sediment dynamics are
affected, with denser beds of plants that occugseater proportion of the water column
generally having the largest effects (Vermaat .e2@D0). Plants may indirectly lead to
increased resuspension if sediment accumulatisaffeiently rapid to raise bed sediments to an
elevation where they are subject to greater shiezgss(Koch 1999).

Aside from altering sediment accumulation, subradrglants are expected to affect
sediment chemistry by depleting porewater nutriant potentially transferring oxygen to
deeper sediment layers. In the Hudson we didindtdvidence for draw-down of porewater
nutrients over the course of a growing season (Wiga al. 1997) due to the sediment trapping
capacity of the SAV beds studied. There have logée a few studies of rhizosphere oxidation
by submerged plants (Christiansen et al. 1998}lam@xtent to which this occurs depends on
plant species, capacity for photosynthesis and dameducing power of the sediment itself.
Sediment redox status will affect phosphorus atdity, metal solubility, and activity of diverse
microbial groups.

We examined the capacity of bedsv/aillisneria americando influence local DO and

suspended sediment concentrations in the tidahfrater Hudson River considering local,
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neighborhood and reach-scale controls. Local effaie those associated with the
characteristics of the actual patch sampled, neididnd scale extends to a few 100 m radius,
and reach-scale considers position along the esttidy reach (10’s of km). DO in the Hudson
is generally undersaturated due to the heterotcapditiure of the ecosystem (Howarth et al.
1996; Findlay et al. 1998; Cole and Caraco 200#)ragh metabolic demand by zebra mussels
(Caraco et al. 2000). Low DO due to sewage ingusill an occasional problem in the upper
reaches around Albany and in New York harbor alifnathhere has been a general and
substantial improvement in water quality since1B&0's. Phytoplankton are strongly light-
limited due to moderate turbidity and a well-mixedter column (Cole et al. 1992) and SAV is
generally limited to water depths less than 3m Igyeand Findlay 1994). Turbidity during
summer low flows is governed by resuspension rdtteer loadings from the catchment (Findlay

et al. 1996), so there is the potential for vegetaegions to improve water clarity.

E. Review of SAV Role in Supporting Animals

Macrophytes are a key feature of aquatic envirarimbecause of their role in shaping
the physical environment, and creating habitatrfeertebrates and fish (Carpenter and Lodge
1986; Engel 1990). SAV beds create complex stradthabitats used by many aquatic
organisms. The surface area of plants can be 30 timnes larger than unvegetated substrate
(Engel 1990), and this added space and structubmtsasmall fish and invertebrates. The high
surface area provided by macrophytes provides guerhabitat for epiphytic animals, which is
likely to contribute to the high macroinvertebrateductivity in macrophyte beds. The physical
complexity provided by macrophyte beds providesféective refuge against predators, leading

to locally dense populations of invertebrates andlkfish that are susceptible to predators. The
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physical structure that macrophytes provide magy affer an important habitat for animals that
favor the reduced currents and soft sedimentsaypmanany macrophyte beds.

Plant surfaces are colonized by diatoms, algaell smsects, oligochaetes, and
crustaceans, and these organisms will contributee@bundance and diversity of organisms in
the water column. Macrophyte beds are sites df pignary production by the plants and their
attached epiphytes. Together with organic matégped by the beds, this results in high local
food availability for herbivores, and ultimatelyrfimeir predators, including fish. Many studies
have shown that SAV beds can essentially createad tommunity and food web entirely
unlike what would be present in an open unvegetstize (Engel 1985; Dibble et al. 1996,

Strayer et al. 2003).
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. METHODS

A. Site Selection

The general study design was intended to encontqeassof submerged vegetation that
spanned a wide range of sizes over the entire strely (Fig. 1 and 2). We defined five classes
of beds. The first three were based on the aréizedied: small (55-1097%ror roughly 10-37
percentile in the size distribution of beds in tiver), medium (1098-8103 for 37-63
percentile), and large (8104-59,874, mor 63-90 percentile). We selected beds randavitlyin
each size class for sampling. We rejected randaimbgen beds if they were near sites heavily
used by humans (e.g., a marina) or if they weracaait to a bed that had already been chosen
for sampling. In 2000, we sampled two beds in esaoh category between Rkm 213-130
(mostly lower freshwater zone). In 2001, we samhveo beds in each size category between
Rkm 130-53 (brackish and lower freshwater zon&sR002, we sampled four linear features
between Rkm 250-213 (upper freshwater zone). Lkifesdures are narrow beds lying along the
shoreline in the upper, riverine, part of the estud hey are so narrow that their width cannot
be estimated from aerial photographs; where nepessastimate bed area for statistical
analyses, we assumed that they were 2 m widedditian to these randomly chosen beds, five
very large beds having areas of 88,592-250,74Werne designated as “keystone” beds: Cheviot
(bed # 504, Fig. 2), Cruger South (601), Esopusddea (688), lona (1069), and Peekskill
(1079). These were sampled every year from 20@D0L to 2005, although there is not a
complete set of data for all site-year combinations

All bed characteristics such as size or shape hased on the digital coverage derived

from 1997 aerial photographs. A newer coveragedas 2002 photographs showed that
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Figure 2. Map of SAV study sites, with bed identification nibens referred to in text.
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overall there was a significant correlation (r 94).between surface area of study beds in 1997
and 2002, although there were sites that changed Ioyuch as five-fold. The largest percentage
changes were increases in mapped area for somelsda) generally due to amalgamation with
adjacent SAV beds. Details on mapping variablegaovided in Appendix 1. Bed shape was
characterized by two variables, the ratio of maximlangth to width at midpoint and a shape

index calculated by Patch Analyst software.

B. Plant Demographics: Biomass and Species Comjiam

Macrophytes were sampled using a standard (23caB3FP ONAR grab or by clipping
guadrats. PONAR grabs were used for most sites.e&ch bed, we took eight PONAR samples
dispersed along the outer edge of the bed and saghples throughout the interior of the bed. In
small size beds and at Indian Point (1105), we ttital of eight PONAR samples scattered
throughout the bed. We clipped vegetation in @r%juadrats in the linear features and at
Quassaic (950), where the sediments were too battié PONAR grab. We also clipped
guadrats at Stuyvesant (221) in 2003. We samplE2l guadrats per site, depending on the size
of the bed, plant density, and available time2003 at Peekskill (1079), we clipped sixteen
0.79 nf circular quadrats. For all samples, we includely above-ground plant parts. We put
samples into a cooler in the field, and returnehtho the laboratory, where we separated the

plants by species and dried them overnight &€ afefore weighing them.

C. Sediments

We took core samples for sediment analysis asiggs within each bed. In keystone

beds, large beds, and medium-size beds, we toek samples widely spaced along the outer
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edge of the bed and three samples widely spacedghrthe interior of the bed. In small beds,
linear features, and at Indian Point (1105), wepdynspaced the six samples widely through the
bed. Samples were taken in August to coincide p&dk plant biomass. If sediments were too
coarse to be sampled with the corer, we recordedeldiment texture as “coarse” and moved to
the next sampling location. Cores 5-15 cm longewaken with a hand-held corer (20.2°cm
cross-sectional area), put into a cooler, and fragmn return to the laboratory. Samples were
later thawed and dried at €for at least 24 h. Granulometry (% sand, silt] alay) was
measured using the hydrometer method (Gee and B&4Q86), and organic content was

estimated by loss on ignition after 4 hours at°&00

D. Dissolved Oxygen, Turbidity, and Water Exchange

We deployed YSI Sondes at the approximate cerstr@iitf. americanaeds for 3-7 days
to obtain high frequency, continuous observatidri3@, turbidity, temperature, pH and depth.
For each period of sonde deployment in vegetateaisawe deployed a sonde in nearby deep
water to track the same variables in the absendeedt plant effects. The oxygen, pH, and
turbidity probes on each sonde were calibratetiendb prior to deployment following YSI
protocols. The oxygen probes were checked fot byiicomparing pre- and post deployment
oxygen values in water-saturated air at ambienp&ature.

Sonde data for a site were condensed into two rgnstatistics for each variable.
Median DO and turbidity values were calculatedthar duration of each sonde deployment.
Also, we calculated the proportion of time DO a&ite was above 8 mg/L (approximate
saturation value for summertime temperatures) hagtoportion of time turbidity was above 40

NTU (arbitrary value representing about 4X the iditly in the main channel).
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Water exchange between plant beds and open wateestimated by releasing a plug of
fluorescein dye (about 4 L of a 1:16 dilution ofdyoncentrate) at the bed centroid, and
collecting water samples at known locations agiireecloud drifted during an ebb tide.
Fluorescence in water samples was measured ialoedtory on a Perkin EImer LS-50 at 515
nm. We conducted dye releases at approximatelyeitdtide for comparability among
releases. Velocities estimated at various timemgduhe ebb tide cycle were corrected to

velocity at mid-ebb tide assuming velocity varigtusoidally over a tidal cycle.

E. Macroinvertebrates

We sampled macroinvertebrates using two diffenegithods. Animals living in the
sediments were collected using a hand-held cotibg (20.2 crhcross-sectional area) at the
same six sampling points per bed used to collebtrent samples. Three cores about 5 cm long
were taken from each sampling site and pooledarfiddd. No sample of sediment-dwelling
macroinvertebrates was taken if the sediments wereoarse to be sampled with the hand-held
corer. This occurred only at Quassaic (950) aredghit points in the linear features.
Macroinvertebrates living on macrophytes were ctdld with a Downing box sampler
(Downing 1986). Generally, we collected three Dowrsamples per site, which were pooled in
the field.

All samples were sieved through a 0.5mm mesh siadepreserved in buffered 10%
formalin in the field. We sorted samples under B2 magnification, and placed animals into
70% ethanol or 10% buffered formalin for long-testorage. Twenty-five percent of the
samples were double-sorted; we estimated recoviecieacy from these samples using the

removal method of Zippen (1958) and correctedatigles for these efficiencies. Random
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subsamples (10-20 individuals/sample) of oligocbsiethironomids, and nematodes were slide-
mounted in CMC-10 on microscope slides prior tontdecation. Most animals were identified

to genus or species using Gosner (1971), Holsi(igat2), Bousfield (1973), Wiederholm
(1983), Peckarsky et al. (1990), Smith (1995) aathihan and Brinkhurst (1998). Voucher
specimens have been deposited in the American MuséNatural History, New York City.

We used nonmetric multidimensional scaling (NM&) ordination technique (McCune
and Grace 2002), to express variation in macrotebeate community structure across sites.
NMS uses information on the types of animals foumelach sample to order the samples
according to the similarity of their macroinvertater communities. Sites with similar
macroinvertebrate communities are placed clos@éoamother in the ordination diagrams, and
sites having very different macroinvertebrate comities are placed far apart in the ordination
diagrams. Ordination scores can be regressedsagaivironmental factors (e.g., location along
the river, plant biomass) to identify which factare related to variation in the overall
composition of the macroinvertebrate community.

Various ordinations were based on either dengii@sdividual samples or on mean
densities of each macroinvertebrate taxon for gdaht bed; for beds that were sampled in more
than one year, we included each year separatelyir&dted benthic samples and epiphytic
samples separately in some ordinations, and onsfiedies that occurred in fewer than three
plant beds or five samples. Ordinations were dueitie PC-ORD software using the autopilot

mode.

F. Fish

Fish sampling focused on the lower freshwater 202000, on the brackish and lower
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freshwater zones in 2001, and on all three zon29®2 and 2003. We sampled fish from SAV
beds (labeled as SAV in figures), linear featuteAV in figures), or nearby unvegetated sites
without significant SAV but with similar habitatdures such as distance to shore, water depth,
and water movement (unvegetated, UNV in figuré&Xme but not all sites in each category
were sampled in multiple years; see Table 1 foraug details. Fish larger than 25mm total
length were sampled. Some fish sampling methods medified among sites or years as
detailed below. In concert with fish sampling, wused a YSI model 33 S-C-T meter to measure
salinity, conductivity and water temperature atresite.

Juvenile and adult fish were sampled by carefstiyndardized applications of gill nets
(passive capture gear) and/or electrofishing (aatapture gear). Total length of each fish was
measured and they were released, with the excegptithrose retained for identification or diet
analysis. Adult and larval fish used for specdsnitification and counts were fixed in a 10%
formaldehyde solution and later preserved in 708am&tl; those kept for stomach contents were
anesthetized with ice and then preserved in 70%nelh

Simple diet analyses were conducted on field-pveseadult fish of the most commonly
encountered species. Identification of stomachesda was completed in the laboratory under
40X maghnification following the simple frequencyafcurrence diet analysis of Bowen (1996).
White perchMorone americanawere used with the following exceptions wherete/ipierch
catch was low. At the Rogers Point site (778)002golden shiner§yotemigonus crysoleucas
were used. In 2002 and 2003 in the upper freshwiger most analyses were done with other
non-detritivorous species, primarily sunfish andcpgfamilies Centrarchidae and Percidae).

Standard electrofishing consisted of a 15 minagsi®n using an aluminum boat (4.87m

in 2000 and 2001, 6.5m in 2002), outfitted withraith-Root pulsator. Settings of 345 Volts
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Table 1. Days of fish fieldwork by year with samglzone, habitat type, and other site identifyimgrmation.

Site Name River | River | Habitat Fish sampling Fish diets Larval fish Invertebrate
(Bed 1D#) km | Zone| type | 2000 | 2001/ 2002 2003 2000 2001 2002 2003 2000 20@D2 P Experiment
Lin 60 239 LSAV 3 3 1 1 2 1
Lin 50 237 o LSAV 3 3 1 1 2 1
Lin 36 234 § LSAV 3 1 2
Lin 15 230 £ LSAV 3 3 1 2 1
60 UNV 239 T [ sAav 3
P50 (16) 237 @ SAV 3 1
P15 (34) 230 5 SAV 3 1
Lin 95 248 UNV 3 2
Lin1 228 UNV 3
Mill Creek (169) 202 SAV 3 1 1 1 1
Stuyvesant (221) 200 SAV 4 1 4 il 1 1 1
NuttHk (250) 197 o SAV 3 1 1 1
Stockp (344) 191 ‘g SAV 3 1 1 1 1
Cruger South (601) 156 & SAV 4 2 4 4 L 2 1 2 1
Esopus Meadows (688) 139 o SAV 3 2 ) 5 1 1 2 1
Rogers Point (778) 127 g SAV 3 1 2
Stuyvesant UNV (221) 200 9 UNV 6 3 1
NuttHk UNV 198 UNV 3 1 1
Stockp UNV 191 UNV 6 2 1
Vanderburg UNV 138 UNV 3 3 1 1 2 1
ConHook (1049) 80 SAV 6 1 2
lona (1069) 74 SAV 4 3 3 1 1 1 2 2
Peekskill (1079) n G SAV 3 3 1 1 1 2 2 1
Indian Point (1105) 70 ‘é SAV 3 1 2
Haverstraw 2277 59 @ SAV 3 3 1 1 2 1
Peekskill UNV 71 UNV 3 3 1 2 2
Croton UNV 54 UNV 3 1 2




direct current and 120 pulses per second remaimiestant across all sites, however, pulse width
was adjusted from 3.0 to 5.5 ms to maximize th@uiamperage on a site-by-site basis.
Keystone sites (Cruger South (601), Esopus Mead688&), lona (1069), and Peekskill (1079))
received a 15 minute electrofishing session in eddivo subareas to provide good coverage of
the vegetated habitat. Electrofishing cannot ezlus highly conductive water (i.e., water with
measurable salinity) and this gear was not uséldemrackish zone.

Standard gill net samples were 30 minute setewf8.0 x 1.8 m nets that differed in
stretch mesh sizes: 10, 5, 3.75 and 2.5 cm. Tasamany sets were deployed in the large
keystone beds. The gill nets were anchored toiviee bottom but extended up to or near the
water surface. Gill nets were set during slack add all gears were deployed to avoid
interference among sampling gears. Gill nets caoldbe used within linear features because of
their small size so all linear features were sathplay with electrofishing.

Larval fish were collected at four SAV sites usanget of eight to ten custom-built
qguatrefoil light traps, modeled after a design d@yed by Secor et al. (1992). The larval fish
traps were deployed at sunset with chemical ligbks for fish attraction and retrieved close to
sunrise. A buoyant top collar kept the traps paséd just under the water surface. In 2002,
half (four or five) of the larval fish light trapset at a site were anchored about 0.3 m above the
substrate, and the other half were subsurface §&tptured fish larvae were preserved in the
field in a 10 % formaldehyde solution and latersgreed in 70% ethanol. They were identified
to family or lower at 40X magnification. Larvakh light trap sampling was not repeated in
2003.

New in 2003 was an experiment to test for thecefbé fish predation on

macroinvertebrates in SAV habitats. Modified Hef2endy multi-plate, artificial substrate
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macroinvertebrate samplers (Hester and Dendy 1&8&2n Naturalists 2002) were placed in
eight vegetated sites throughout the Hudson Ree Table 1; an additional sampler was lost at
lona (1069)). This deployment included two setthodée multi-plate samplers per site, one set
enclosed in a milk crate covered by 4 mm mesh hadther left open. Modifications from
standard nine or fourteen plate sampler desigr@ved construction details: five 7 cm diameter
circular Masonite® plates spaced with 3 cm lengtihk.6 cm polyvinyl chloride pipe connected
by a 21.5 cm eyebolt. We affixed each set of mpliite samplers to a 13.5 kg patio tile, spaced
20 cm apart, effectively sampling 0.15.nFigure 3 shows our modified sampler designed to
allow forage access by fish while still providingver for macroinvertebrates.

Screened and open Hester-Dendy samplers wereygephathin the same vegetation
habitats spaced 2 m apart. Samplers were deplmgtegeen August 6 and 9, 2003, and
remained in place for a month or slightly longéhe Hester-Dendy samplers were recovered by
a skin diver who removed enclosures, placed a rbaglover each sampler underwater, and
slowly lifted the entire unit to the sugoorfaceach sampler was then disassembled and
macroinvertebrates were rinsed and gently brusteda pan with a toothbrush. Samples were
preserved in 70% ethanol and stored for identibcaiind enumeration in the laboratory. All

macroinvertebrates were identified to the loweatpcal taxon (in most cases family).
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Figure 3. Open (top) and screened (bottom) Hester-Dendfycaatisubstrate sampler units for
the macroinvertebrate colonization experiment.
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V. RESULTS AND DISCUSSION

A. General Bed Characteristics

As described above, SAV bed area varied broadiy f£00 to 360,000 fn Measures of
bed shape were also variable with length/widtlosatanging from 1.2 to 400 and the shape
index ranging from 1.0 (approximately circular)@delongated). Bed area and river kilometer

were only weakly correlated?(= 0.09, p = 0.27, excluding linear features).

B. Plant Demographics: Biomass and Species Comjiam

Macrophyte biomass was highly variable across beasgjing from 2.5 g dry mass/rat
Peekskill (1079) to 479 gfat Quassaic (950). This variation was not sigaiftly related to
position along the river or bed area (Fig. 4). Mabyte biomass tended to be higher in bed
interiors than along their edges, but this diffeeewas not consistent across beds and was not
significant (p = 0.14, paired t-test). Biomas®alaried considerably across beds that were
sampled in more than one year (Appendix 1). Fstaimce, macrophyte biomass at Esopus
Meadows ranged from 6 to 268 g dry magsswer the four years of our study. For the keyston
sites resampled over four years, plant biomasgddry almost 10-fold.

Vallisneria americanatrongly dominated submersed macrophyte bedsikitldson,
constituting > 90% of plant biomass overall. Otbeecies made up the majority of biomass at a
few of the sites with soft sediments in the lowalf lof the study areaPotamogeton crispust
Peekskill (1079) and Indian Point (1108)yriophyllum spicatunat lona (1069), anNajas

flexilis at Rogers Point (778).
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Figure 4. Macrophyte biomass (g dry mass pé) as a function of position along the rivet r
0.01, p = 0.63) and bed area%r0.15, p = 0.09). Each point is the mean fate(see
methods). Note that the x-axis in the lower passtaled logarithmically.
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C. Sediments

Sediments at the study sites were predominately aad silt, but highly variable across
beds (Appendix 1). Both the texture (% sand) agumic content (% loss on ignition) of the
sediments in the beds changed along the cour$e oivier, from sandy, organic-poor sediments
upriver to muddy, organic-rich sediments downriffég. 5). Sediments in the linear features
upriver were sometimes too coarse to core, com@icobbles, boulders, and riprap.

SAV bed area was strongly associated with sedimigatacteristics (Fig. 6) — sediments
in large beds were finer and richer in organic srattan sediments in small beds. Neither
sediment organic content nor texture was signifigasorrelated with the biomass of plants in
the bed (f< 0.1, p > 0.2 in both cases). There was no diffee (p > 0.25) between edge and
interior samples in texture or organic content.

Two beds had peculiar sediments. The sedimetisarstraw (1177) were coarser and
poorer in organic matter than those of other dovenrbeds, presumably reflecting the exposed,
windswept position of this bed. The sediments @<$3aic (950) were entirely hard, and
appeared to consist of some sort of human-madenpave with macrophytes growing out of the

cracks.

D. Dissolved Oxygen, Turbidity, and Water Exchange

Deployment of sondes to record dissolved oxyge@)(Rurbidity, and depth revealed
highly variable water quality conditions over as®l day period for most of the sites. Typical
features of the time series are large diel swing3® (Fig. 7A) with daytime values as much as
50% supersaturated (about 12 mg/L). Using the amedalues during deployment to

characterize conditions in all SAV beds vs. opetewsites shows that median DO did not differ
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Figure 7. Sample result of diel cycles of water depth ahad@p panel) dissolved oxygen in
mg/L and (B, bottom panel) turbidity in NTU.
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(7.5 and 7.0 mg/L, respectively, p = 0.13), buthighest median observed in SAV (10.8 mg/L)
was substantially greater than the highest medmserwed in open water (7.9 mg/L). The
proportion of time with DO > 8 mg/L was significanhigher (p = 0.03) in SAV beds (mean +
SD, 29.5 + 25.3, n = 34) relative to open waterss(iL1.0 £ 17.8, n = 11) although there was
substantial variability among sites. The mediath ®mporal statistics for DO were positively
correlated (r = 0.75).

Turbidity showed extreme diel variability (Fig. y®ith peak values of several hundred
NTU. The median turbidity did not differ betweeA\band open water (15.7 and 15.1 NTU,
respectively, p = 0.84) and the highest mediansmiesl were practically identical (35.4 SAV
and 35.8 open water). The proportion of time wuttbidity > 40 NTU did not differ between
SAV (10.1 + 15.1) and unvegetated sites (7.9 = &n@l) again there was substantial variability
among sites. The median and temporal statistrcgifbidity were positively correlated (r =
0.74).

Water velocities estimated from dye releases duebb tides averaged 0.12 m/s and
were unrelated to bed area (r = -0.07, p > 0.0%tler patch characteristics. Velocity was
significantly related to tidal range on the dayradasurement (p = 0.02, r = 0.64). The largest
bed area in our sample set was 360,08@vith an equivalent spherical radius of 340 m, sad
at the mean velocity a water mass would move fioencentroid to the edge of the bed in about
45 minutes.

We expected that size of SAV beds would help erplariability among sites for both
DO and turbidity because water masses reachingheasurement point at the bed centroids
would have been affected by vegetation for longeigals in larger plant beds. Bed size was

significantly correlated with the proportion of &na site had DO greater than 8 mg/L, although

41



the explanatory power of the relationship was low 0.41, p = 0.004, Fig. 8). Beds larger than
about 50,000 M(5 ha) can spend as much as twelve hours outesftyafour hour period super-
saturated with oxygen. For turbidity, the relasbip between the proportion of time a site was >
40 NTU and bed area was not significant (p = 0t6650.27, Fig. 9).

The total biomass of plants in the analysis (sachpiomass density times total bed area)
was not significantly correlated with DO or turliid{r = -0.15, p =0.42 and r = 0.3, p = 0.09,
respectively). Of the SAV patch characteristigdydhe bed width showed any association with
the water quality variables, being weakly negayivarrelated with the proportion of time a bed
had turbidity > 40 NTU (p = 0.07, r = -0.32; datat shown). Attempts to relate turbidity to bed
sediments revealed no significant relationships;highestTwas <0.05 for correlations between
the proportion of time turbidity was > 40 NTU anther % clay or organic content (p = 0.33 for
each).

There were not simple associations between pasiithe river (Rkm) and effects of
SAV beds on either DO or turbidity (r =-0.13, @4 for @ > 8 mg/L; r =-0.1, p = 0.51 for
NTU > 40). Next we considered summer-mean maimgblDO data collected as part of our
routine monitoring (as in Findlay et al. 1996).n8unertime main channel DO differs
significantly at points in the Hudson with highgatues of about 8 mg/L near Kingston (Rkm
146) and minima of about 6 mg/L between Poughkeegsil Peekskill (Rkm 117 to 71) (Fig.
10). DO in our open water sites (those with no $A\significantly positively correlated with
main channel DO (n = 5, slope = 0.99, p = 0.05adat shown). Therefore, water entering
SAV beds at different locations along the riverliffer in initial DO concentrations, affecting
whether an SAV bed of a given size will be ablgéoerate local DO > 8 mg/L. Residuals from

the regression of percent time DO > 8 mg/L versAl¥ 8ed area (Fig. 8) were associated with
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main channel DO, with regions of the river havingher main channel DO showing positive
residuals (i.e., observed values were greaterhegicted by the regression) and negative
residuals in reaches with lower main channel D@.(ED). The residuals and main channel DO
are significantly positively correlated. Thus, greportion of time a bed spends super-saturated
with oxygen is partially a function of bed size Imitlso related to main channel DO which
varies spatially.

To look for finer spatial patterns, next we coesetl “neighborhood effects” on water
chemistry by regressing DO or turbidity againstywag neighborhood sizes (area of vegetation
within circles around the sonde location of 50, ®5@00 m radius). This analysis showed no
improvement in the DO relationship; the nominalecasing actual polygon areas had the highest
correlation coefficient (Table 2). The explanatoeiationship between percent of time a site had
turbidity > 40 NTU versus vegetation area did imny@as larger neighborhood sizes were
considered. The relationship for simple bed araa mot significant but the p value decreased
and the magnitude of the correlation coefficiect@ased when vegetation within 50 to 300 m of
the sampling point was used as the independerahlar(Table 2).

There was a significant negative relationship leetwthe proportion of time turbidity
was above 40 NTU and the distance from bed centooittep water (> 5 m)%(r 0.12, p =
0.02). This pattern may be related to the effécteaghboring vegetation described above: since
there cannot be vegetation deeper than 5 m, SA¥ bedr the 5 m depth contour do not have
the potential to be surrounded by other vegetateasa

For the keystone bed sites we measured DO andlityrbver six years to examine
interannual variation. There was a general increatige proportion of time these large beds

spend super-saturated, increasing from about 28aat 50% of a 24 hr period (Fig. 11).
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Table 2. Statistical models of high oxygen and high turyidis a function of vegetation area.

% Time Q % Time Turbidity
Predictor > 8 mg/L > 40 NTU
r p r p
Actual bed area 0.43 0.008 -0.24 0.1
Vegetation area within  50m radius 0.37 0.002 220., 0.15
Vegetation area within 150m radius 0.32 0.085 70.2 0.07
Vegetation area within 300m radius 0.32 0.083 10.3 0.04
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While there were also differences among yearsffects on turbidity (Fig. 12) there was no
directional change.

The difference among years in proportion of tinegdtone sites were supersaturated in
DO was related to main channel water clarity. €heas a significant relationship between the
percent of time DO was greater than 8 mg/L and sertime water clarity measured by Secchi
depth at stations in the main channel of the rf#7g. 13, p = 0.05,%= 0.65).

For both water quality variables we found evidefwespatial variation. Dissolved
oxygen was affected by main channel DO dynamicsS#Md bed area. For turbidity the effect
was more local with stronger effects of vegetate@ds as one included progressively larger
“neighborhoods”. Both our neighborhood analysid aeffect of proximity to deep water indicate
that turbidity patterns at a given site are attlpastially controlled by characteristics of the
neighborhood. Patch characteristics (plant biofrsesiment composition, and bed size) were
remarkably unsuccessful in predicting the turbia¥ithin a bed.

From both a science and management perspectise timelings suggest that
performance or “value” can not be adequately datexchjust from patch characteristics but
external variables must be considered. Therefa@ets attempting to predict whole-system
contribution of SAV patches will need considerablfermation on the spatial context rather
than just patch descriptors. Management and groteefforts will similarly require knowledge

of the area surrounding a focal patch in ordeuttye the performance of that patch.

E. Macroinvertebrates

Macroinvertebrates were abundant and diverseaint fleds, and sometimes surpassed

100,000 individuals/fm The mean density of macroinvertebrates oveses and years was
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20,500/m, considerably higher than the mean density in gatated sediments (5805/m
Strayer and Smith 2001, after the zebra mussekiong We estimate that 18% of the
macroinvertebrates in the Hudson livedallisneria SAV beds, with an additional 4% iirapa
beds. If SAV beds were to be removed from the ldodand macroinvertebrate populations fell
to those typical of unvegetated sediments, 13%®mhtacroinvertebrates in the river would be
lost.

Macroinvertebrate density was strongly relateglamt biomass in the beds (Fig. 14).
Position within the plant bed also strongly affelcteacroinvertebrate density, with total
densities in the interiors of plant beds 2.2 tirnigher than along their edges. This difference
was highly significant even when the effects ohplaiomass were taken into consideration.
Macroinvertebrate density was unrelated to pos#ilmmg the river or area of the plant bed.

We identified more than 100 taxa of macroinverdéds from plant beds (Appendix 2),
even though we did not identify some animals (e.@matodes) to the genus or species level.
Dominant groups (in terms of density) included chomid midges, oligochaete worms,
hydroids, gastropods, and amphipods. Nematodasdookrans, bivalves, mites, barnacles,
polychaetes, flatworms, and caddisflies also wé&enabundant, and many other kinds of
animals were taken less frequently.

Community composition depended chiefly on whethersamples were benthic or
epiphytic. The fauna is clearly differentiatedoifttenthic and epiphytic (plant-dwelling) forms;
very few taxa are abundant both on the plants aide sediments. Hydroids, most gastropods,
cladocerans, mites, odonates, most naidid oligagebathe nudibranchenellia fuscatathe
flatworm Dugesia and many chironomids live on the plants themselwhereas tubificid

oligochaetes, polychaetes, isopods, bivalves dlttzar zebra mussels, nematodes, ostracods,
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the amphipod.eptocheirusthe flatwormHydrolimax and many other chironomids live in the
sediments beneath the plants. Only two of the goopls, two of the genera of chironomids,
barnacles, and zebra mussels were common on ldithesgs and plants. Consequently, we
will treat the epiphytic and benthic faunas sepdydbor the remainder of this section of the
report.

The average density of epiphytic (plant-dwelliig)ertebrates was 12,5007nor 61% of
the macroinvertebrates in the plant beds. Theigeofsepiphytic macroinvertebrates, not
surprisingly, was correlated with plant biomasssitgr(in g/nf, p < 0.0001,7= 0.85). It was
not correlated with bed area (p = 0.71) or posiatong the river (p = 0.26). Densities of
epiphytic invertebrates were 3.6 times higher mititeriors of beds than along their edges; this
difference was highly significant even after plaidmass was taken into account.

The epiphytic fauna was dominated by the suspeaffeeding chironomid
Rheotanytarsysseveral taxa of browsing chironomids (especi@liigotopus bicinctus
Dicrotendipesspp., and?olypedilumspp.), the cnidariarSordylophora lacustriendHydra
spp., naidid oligochaetes (especidllgis variabilisandStylaria lacustri$, and the suspension-
feeding cladocera8ida crystallina

The average density of benthic (sediment-dwellinggrtebrates was 80607mor 39%
of the macroinvertebrates in the plant beds. mhmber is higher than the average density of
benthic macroinvertebrates in unvegetated sedimenitee Hudson after the zebra mussel
invasion (5805/rf Strayer and Smith 2001). The density of bentécroinvertebrates tended
to be higher where plant biomass was greatestyempand (surprisingly) where sediments were
poor in organic matter, but none of these relatigpswas strong ralways < 0.19, p always >

0.017). There was a weak indication that the sfabe plant bed also affected benthic
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community composition. Only position along theenwas included in a multiple regression
model (based on corrected Akaike Information CiateAlC,)) to explain benthic
macroinvertebrate density. Density of benthic roexrertebrates tended to be about 11% higher
in the interior of plant beds than along their exjgeuch weaker than the difference seen for
epiphytic macroinvertebrates.

Numerically dominant benthic animals in plant bedsude tubificid oligochaetes
(especiallyLimnodrilus hoffmeiste)j nematodes, several chironomid midges, bivalaed,the
amphipodsGammarusand (in brackish watet)eptocheirus

Ordinations successfully summarized spatial viamaih macroinvertebrate community
structure (Fig 15). Nonmetric Multidimensional #eg (NMS) ordinations based on the 70
most widespread macroinvertebrates had a stregss véll3.4, indicating a satisfactory
ordination (McCune and Grace 2002). The NMS ortitameof benthic samples was adequate,
giving a three-dimensional solution with a streakig of 16.0. Community composition was
strongly related to position along the river, esaigcbelow Rkm 100.

Position along the river strongly influenced sedv@eneasures of macroinvertebrate
community composition (Fig 15). In particular, coemity composition was relatively constant
above Rkm 100, then changed sharply through timsitran into brackish water between Rkm
96 (Quassaic) and Rkm 59 (Haverstraw). Sitesemiiddle estuary (Rkm 110-202) were
always dominated by chironomids and oligochaetédevsites further downriver often
contained large numbers of such typically brackisimals as the hydroidordylophora the
amphipodsCorophiumandLeptocheirusbarnacles, the bival\Rangig and polychaetes.
Communities of linear features in the upper est@Bigm 225-235) also were distinctive, with

large numbers of gastropods and the amph{pachmarus
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scores) as a function of position along the rividpper panel is based on epiphytic
species and lower panel is based on benthic sarfpte®.0001 for both panels).
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Over the three or four years during which paraclkieystone beds were sampled, the
average ranges in areal densities were 2.6-folddathic macroinvertebrates, 117-fold for
epiphytic macroinvertebrates, and 5.5-fold for tatacroinvertebrates. Epiphytic densities were
especially variable because of the substantiatanteual variation in plant biomass (Appendix
1). When epiphytic macroinvertebrate densitiesavexpressed per gram of plant, they varied
only 5.1-fold, on average.

SAV beds are an important habitat for macroinveetes in the Hudson River. Densities
of macroinvertebrates are much higher in plant bleds in unvegetated habitats, suggesting that
they may be the richest feeding grounds in the Huadsr fish. Further, many species of
macroinvertebrates that are common in plant beslsase or absent from unvegetated sites.
Thus, SAV beds play important roles in maintaingh population densities and high
biodiversity of macroinvertebrates in the Hudson.

The macroinvertebrate community of plant bedfhieniudson includes a long list of
species from seven phyla. Chironomid midges, chgete worms, hydroids, gastropods, and
amphipods are especially abundant and widespriéadctionally, the macroinvertebrate
community includes species that feed on attachgakadnd biofilms (most amphipods,
gastropods, many chironomids), species that eanseds (tubificid oligochaetes, some
polychaetes and chironomids), suspension-feedesal{bs, barnacles, the amphipod
Corophium the cladoceraBidg the chironomid&®heotanytarsuandTanytarsu} predators
(cnidarians, many chironomids, odonates, flatworsnsye polychaetes), and species that eat the
plants themselves (plant-parasitic nematodesy worth noting how many of the animals living
in plant beds depend directly on food that is bhdugto the beds by tidal currents. Of course,

the suspension-feeders, which are among the maatiaht animals in plant beds (summed
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density > 5000/1) strip edible particles from the water as it mothesugh plant beds. In
addition, the cnidarians, which were extraordiryanlimerous in many plant beds (riverwide
mean density = 1700/nare predators that capture prey from the surrimgnaater. The
abundance of suspension-feeders and cnidarianshwdgether account for more than one-third
of the macroinvertebrates in plant beds, sugghatsdible particles and planktonic prey may
decline in density as water moves through largatgads.

Several factors affect the abundance and speamepasition of the macroinvertebrate
community. Community composition (but not densaf/}he macroinvertebrate community
varies along the length of the river. Changesoimmunity composition are especially marked
for SAV beds between Rkm 59 and Rkm 96, presumiahbigsponse to spatial variation in
salinity in this part of the Hudson. The lineaatigres in the upper estuary also support a
distinctive fauna.

Unsurprisingly, plant biomass has a very strorigotion the density of the epiphytic
(plant-dwelling) fauna, as well as a weak influenoethe density of the benthic fauna.
Consequently, dense plant beds provide the mogalikd habitat for macroinvertebrates in the
Hudson. However, there is only weak evidence plait density affects the kinds of
macroinvertebrates living in a plant bed — dengsisls2em simply to support more of the same
kinds of animals that live in sparse beds.

There were interesting and important differencemacroinvertebrate communities
between bed interiors and bed edges. Densityiphgfic macroinvertebrates was very much
(3.6 times) higher in bed interiors than in bedesj@nd benthic macroinvertebrates weakly
echoed this pattern. The degree to which macrdiebeate species preferred bed interiors or

edges seemed to depend on the functional attrilofitthe species. Thus, suspension-feeders,
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which presumably benefit from rapid movement o$lfreiver water, were more likely than other
epiphytic species to be found near bed edges.wide large, active animals (the amphipod
Gammarusand odonates), were especially likely to be foumided interiors, where they might
be relatively protected from fish predation. Thdinations also picked up hints of these
differences in community composition between bedriars and bed edges.

Bed size did not have a strong influence on eithemumber or kinds of
macroinvertebrates. Likewise, we saw little evitkethat sediment quality (% sand or organic
content) affects the numbers or kinds of macroit@ates living in a plant bed.

Macroinvertebrate communities varied substantiafyn year to year. If we assume that
the years we studied are typical in terms of yeayear variation, and that year-to-year variation
in macroinvertebrate density is lognormally distitdd (neither assumption can be tested at
present), we can project that the 95% confidemogdion interannual variation in
macroinvertebrate density would cover a range faid for benthic animals, 3300-fold for
epiphytic animals (on a per?mbasis), 16-fold for epiphytic animals (on a pdsagis), and 21-
fold for total macroinvertebrates. Whatever thaaxumbers, it is clear that macroinvertebrate
populations in plant beds vary substantially fromarto year.

We assessed interannual variation in communitypasmion by running NMS
ordinations of benthic and epiphytic samples sdpbréor all beds and years. If interannual
variation is small, then all of the points fromeyktone bed that was sampled in multiple years
should lie near to one another in ordination spdteterannual variation is large, then the
multiple points from a keystone bed should be widelattered throughout ordination space.
The ordinations for benthic and epiphytic sampkssheyielded two-dimensional solutions, and

had stress values of 15.7 and 13.3, respectiveljcating satisfactory results.
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The composition of both benthic and epiphytic mavrertebrate communities varied
substantially from year to year in the keystonessitlt appears that benthic macroinvertebrates
may vary less from year to year than epiphytic miasertebrates. It also appears that brackish-
water communities may vary more from year to yeantfreshwater communities; this may be a
result of year to year changes in salinity at treckish sites. For example, the points from Iona
(1069) and Peekskill (1079) are more widely spabad those from Cruger South (601) and
Esopus Meadows (688), at least for benthic macestetrate samples.

All of this suggests that interannual variatiorplant biomass, macroinvertebrate density,
and macroinvertebrate community composition is &utigl, roughly the same magnitude as
spatial variation in these characteristics amordsglibroughout the study area. A better
assessment of the size, causes, and consequernhesioferannual variation would help in

understanding the function of plant beds in the $dudRiver ecosystem.

F. Fish

Over the four year (2000-2003) study period, 3@ddardized fish samples using either
electrofishing or gill nets were made in vegetaad unvegetated sites throughout the tidal
Hudson River. All of the 102 electrofishing atteisipnd 183 of 189 gill net attempts recorded
fish. A total of 7,489 fish were captured with (% 378) coming from the electrofishing
samples. The median electrofishing catch rate gnatirsites and samples was 44 fish per
sample with a interquartile range from 23 to 78 fier sample. For species richness, the median
electrofishing catch rate was 8 species per samiptea interquartile range from 5 to 10 species
per sample. Gill net samples had a median catetofér fish per sample with a interquartile

range from 3 to 15 fish per sample. For specemass, the median gill net sample catch rate
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was 2 species per sample with a interquartile rdéroge 1 to 3 species per sample.

Electrofishing samples were made at 19 siteshthdta wide range of catch rates and
species richness values (Table 3). The mediaim cate ranged from 4 fish/sample (unvegetated
Vanderburg) to 152 fish/sample (site 34). The getated Vanderburg site also had the lowest
median species richness, 2 species, and Site 84adsthe highest median species richness, 16
species. Gill net sampling was done at 18 sitasyielded a wide range of catch rates and
species richness values (Table 3). The unvege@iadn site produced the highest median
catch rate (27 fish/sample) while site 1105 andutivegetated Peekskill site both had the lowest
median catch rates (3 fish/sample). Median spembgress did not vary greatly by site; total
range was 1 to 4 species/sample. Sites 221 anth3A4 upper freshwater zone and site 778 in
the lower freshwater zone had the highest medianiep richness values, while one upper
freshwater site (250) and four sites at the doweasir brackish end of the study reach
(unvegetated Peekskill, 1105, 1177, and unvegettetbn) had the lowest median species
richness per sample (1 species).

Fish catch rate, species diversity, and commuatyposition differed among the three
river zones (Table 4). Direct statistical compamis cannot be made because of differences in
sampling gear that could be used in different oot and different sampling effort. In the
upper freshwater zone we conducted 18 standaréieetiofishing samples in 2002 and another
18 in 2003. This zone yielded 1672 fish (46.4 s@nple) and had the largest number of species
(33) of the three zones. Most species were freswasidents (Table 5, Appendix 3).

American eel and spottail shiner composed neaifyofiall fish recorded.
The lower freshwater zone was the most samplddlst&ndardized electrofishing and

gill net samples from 2001 through 2003. Totdh tstch was 4676 individuals in 28 species
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Table 3. Median (m) and interquartile range values fockatte (# fish / sample) and species richnesi@pésample) for all
electrofishing and gill net samples (n) by studg.siFW = freshwater. UNV = unvegetated. LSAVMrear SAV feature.

Electrofishing samples Gill net samples

Catch rate Richness Catch rate Richness
Site Name (Bed ID#)| Rkm | Zone| Vegetation N m | 25%ile | 75%ile| M | 25%ile | 75%ile | M | 25%ile | 75%ile | M | 25%ile | 75%ile
Lin 95 248 UNV 3| 6 6 8 4 3 4
Lin 60 239| @ LSAV 6| 31 13 4( 9 Y 1D
P 60 239 g SAV 3 61 24 w11 8 16
Lin 50 237 § LSAV 6| 48 39 53 9 3 1D
P50 (16) 237| SAV 3| 65 27 101 10 D 18
Lin 36 234 ’g)_ LSAV 3] 33 21 4] 8 T 1p
Lin 15 230 & LSAV 6| 50 36 75 11 1D 12
P15 (34) 230 SAV 3| 15 72 169| 16 14 18
Lin1 228 UNV 3| 23 11 28 4 2 i
Mill Creek (169) 202 SAV 8| 37 17 121 5 5 17 14 8 26 4 3 5
Stuyvesant (221) 200 SAV 8 9 3 17 3 . 4 (3 L &) 2 0 2
Stuyvesant UNV 200 5 UNV 1] 62 35 70| 10 7 11 7 4 10 3 2 3
NuttHk (250 197 § SAV 8| 46 37 52 7 4 y 8 3 13 1 1 3
NuttHk UNV 198| & UNV 8| 27 14 40 (i 5 y b 3 5 3 2 4
Stockp (344 191 E SAV 8| 56 30 81 9 3 10 23 12 49 4 3 4
Stock UNV 191 © UNV 8| 32 2( 43 4 P 7 4 2 17 3 1 4
Cruger South (601) 156 § SAV 3| 78 56 102 7 7 1€ 16 ) 28 3 2 3
Esopus Meadows (688) 139 SAV 3| 52 36 90 8 6 9 g 2 15 P il 3
Vanderburg UNV 138 UNV 1] 4 0 7 2 0 3 5 1 1 2 | D
Rogers Point (778 127 SAV 6 4 3 14 4 D il
ConHook (1049 80 SAV 6 5 2 7 2 1 2
lona (1069 74 SAV 3 8 4 11| 2 1] 3
Peekskill (1079 71| & | SAV 3 13 8 19 3 2 4
Peekskill-unv 71 S | unv 1 3 1 of 1 1 2
Indian Point (1105 70 @ SAV b 3 1 3 1 1 1
Haverstraw (1177 59 SAV 1 4 3 6] 1 1 2
Croton UNV 54 UNV 6 27 12 50 il 1 2
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Table 4. Fish catch and species richness by river zoreelectrofishing, g = gill net.

Zone # Samples  Total Fish g/leeril:;i;:; Figﬁﬁieesss
Upper Freshwater 36 (e) 1672 46.4 33
Lower Freshwater 150 (total) 4676 31.2 28
66 (e) 3706 56.2
84 () 970 11.6
Brackish 114 (g) 1141 10.0 17

Table 5. Fish species by river zone and abundance. Spacoesinting for half or more of the

total collection in a zone are shown in bold type.

brown bullhead
rock bass

largemouth bass
striped bass

Abundance Upper Freshwater Lower Freshwater Brackih
spottail shiner white perch white perch
American eel spottail shiner white catfish
common carp banded killifish spottail shiner
largemouth bass yellow perch Atlantic menhaden
Highly striped bass blueback herring bluefish
abundant bluegill brown bullhead gizzard shad
alewife pumpkinseed
white perch American shad
redbreast sunfish Atlantic menhaden
pumpkinseed alewife
white catfish goldfish alewife
tesselated darter tesselated darter mummichog
banded killifish white sucker spot
redfin pickerel gizzard shad striped bass
Commonly Northern pike_ bluegill _ white sucker
recorded in blueback herrlng redbreast sunfish common carp
substantial golden shiner common carp yellow perch
black crappie golden shiner
numbers

river redhorse
chain pickerel
gizzard shad
goldfish

white catfish
smallmouth bass

American shad American eel

white sucker

smallmouth bass

blacknose dace walleye crevalle jack

channel catfish hickory shad golden shiner

common shiner redfin pickerel pumpkinseed

hogchoker rock bass weakfish
Rarely captured | logperch channel catfish

59



(Table 4) and exactly half (150) of all standardizsampling occurred in this zone. The overall
catch rate (30.6 fish per sample, combined geas)abaut two-thirds of the catch rate in the
upper freshwater zone and species richness was high electrofishing catch rate was higher in
the lower than in the upper freshwater zone. Esteand marine migrant fishes were a
substantial portion of the species recorded, eafpg¢the shads or alewife species (Table 5,
Appendix 3). Spottail shiner and white perch acted for about half of all fish captured in the
freshwater zone.

Although many samples (114) were taken in thekshovater zone from 2001 to 2003,
the total catch was smallest (1141 fish, 10.0 fishsample, Table 4). Only gill nets were used
in this zone and this gear captures fish at a lowater that electrofishing when deployed
simultaneously in the Hudson River. Species risbiveas low (17 species) with many estuarine
and marine fishes (Table 5, Appendix 3). Whitecheaccounted for more than 70% of the total
catch.

Fish use of SAV beds were studied independentach river zone. In the upper
freshwater zone, a total of 36 standard electrwfgseamples were conducted in linear features
(LSAV, n = 21), SAV beds (SAV, n = 9), and unvegetahabitat (UNV, n = 6) during 2002 and
2003. SAV beds had much higher catch rates thaotter two habitats (ANOVA, p = 0.001,
Fig. 16), and the catch rate in linear features massignificantly different than in unvegetated
habitat (Scheffé Post Hoc Test, p = 0.186). Imteof species richness of fish, all habitats
differed (ANOVA, p < 0.001, Scheffé Post Hoc Tegts,0.006, Fig. 16) with SAV beds
supporting the most species and unvegetated habi@afewest. American eel, spottail shiner,
and pumpkinseed were the dominant fishes of thabgdts, with longer lists of abundant

species in vegetated habitats (Table 5, Appendix 3)
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Figure 16. Fish catch rate and species richness by zonglisgmmethod, and habitat type.
The boxplots show the middle 50% of the data inkibve the line across the box is the median;
the whiskers above and below the box show the rahdata, except for outliers; and outliers
are shown with a small circle or asterisk.
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The lower freshwater zone was sampled more timdsramore years than the other
zones, and both gears were used regularly durmgttidy period. A total of 66 electrofishing
samples were made in SAV (n = 52) and UNV (n = I@atch rates and species richness were
much higher in SAV (ANOVA, p < 0.001 for both, Fitg). A total of 84 standard gill net
samples were made in SAV (n = 62) and UNV (n = 283.with electrofishing, catch rates were
much higher in SAV (ANOVA, p = 0.011, Fig. 16). Wever, species richness of gill net
samples in SAV beds and unvegetated habitats waikais about 2 species per sample.
(ANOVA, p = 0.178, Fig. 16).

In the brackish water zone, 114 gill net samplesawaken in either SAV beds or
unvegetated habitat. Catch rate was not diffeseming habitats (ANOVA, p = 0.103, Fig. 16).
However, species richness was higher in SAV hab{@OVA, p = 0.011, Fig. 16), but the
difference was only about one additional specidse overall diversity of fish in brackish zone
gill net samples was low (median of 1 to 3 spedegsending on vegetation, Fig. 16, Appendix
2) so an increase of one species on average ximally relevant given the overall low
diversity in the brackish zone. Some of the adddi species in SAV habitats such as bluefish,
spot, mummichog, and spottail shiner indicate theskprovide critical habitat because these fish
were either not recorded in unvegetated habitatgeoe found at very low numbers.

Fish abundance per sample, standardized by saygdiar, is positively correlated with
SAV bed area (p = 0.01, r = 0.453, Fig. 17). Laltyds support higher fish densities
throughout the Hudson suggesting that an aggreagatismall patches is not as valuable for fish
habitat as a single patch of equivalent size.

Fish were collected from some sites in multiplarge In the upper freshwater zone, 12

linear feature sites were sampled in 2002 and2D08. These samples provide the only direct
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Figure 17. Standardized fish abundance as a function of 88¥area. Fish abundance is
standardized (subtracting the grand mean thenidiyioly the grand mean) to account for
differences in gear used in different parts ofRiner.

test for differences among years in this zone.iftErannual differences in catch rate were

found (ANOVA, p = 0.424, Fig. 18). Similar resuit®re found for species richness among

years (ANOVA, p = 0.124, Fig. 18).

The lower freshwater zone had repeated samplirasadour years (2000-2003) using
both electrofishing and gill netting at two keystaites: Cruger South (601) and Esopus
Meadows (688). Overall, no evidence was found/éar to year differences in catch rates or
species richness. With electrofishing, interanmaaiation was not significant for catch rates (n
=32, ANOVA, p = 0.800, Fig. 18) or species richrm@NOVA, p = 0.088). Gill net results also
did not vary among the four years in catch rate8{n ANOVA, p = 0.386, Fig. 18) or species

richness (ANOVA, p = 0.279).

Two keystone sites in the brackish zone, lona@)@&d Peekskill (1079), were sampled
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Figure 18. Fish catch rate and species richness by zonglisgmmethod, and year. Boxplots

as described for Fig. 16.
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with 24 standard gill net samples per year in 2@002, and 2003. No evidence was found for
interannual differences in catch rates (ANOVA, p.441, Fig. 18). Species richness was
slightly lower in 2001, but the interannual vamatiwas marginally significant statistically
(ANOVA, p = 0.057, Fig. 18).

Stomach contents were analyzed to indicate wiéhs and organisms were frequently
consumed by fish inhabiting different zones andthéh Food items from 584 fish collected
from 2000-2003 were counted and identified to 4&taSome taxa were found in a large
percentage of fish in all habitats, yet a shiftaad composition can be seen between freshwater
and brackish zones. The variety of food items lagge, spanning plant material, aquatic
insects, arthropods, annelids, decapods, mollasidmany others. The most frequently
observed food items by zone and habitat are sumathm Table 6 with basic data on sample
size and taxonomic richness. Taxa recovered frots & high frequency 0% of fish per
habitat) included some of the same organisms aatbzenes and habitats: Chironomidae
(aquatic midges) and Amphipoda (aquatic scudsheQtaxa occurring at high abundance in
multiple habitats were: Isopoda (aquatic sow buDgjtera (true flies), Osteichthyes (bony
fish), Ancylidae (limpet snails), and Cladocera fgvdleas). Differences in dominant food items
could be due to the fish species using differebithts with different potential food items.
However, these were the fish commonly capturedssanaultiple habitats, suggesting the diet
shifts probably reflect broad-scale differencefoiod available.

The field predator exclosure experiment condugte2D03 with Hester-Dendy artificial
substrate samplers provided information on macex@brate colonization and survival in SAV
habitats with and without fish predation. Pairegldyments at eight sites of Hester-Dendy

samplers with and without screening yielded datafsimple one-tailed paired t-test. We
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expected the screened sampler sets to have moreimemtebrate organisms in them than the
open samplers subject to fish predators.

Pooled by river zone, screened samplers had higimabers of organisms than open
samplers, and zones differed in organism numbersagmapler (p = 0.013, 2-way ANOVA, Fig.
19). Differences between open and screened sasnpée dramatic in the upper freshwater
zone, and modest in the brackish zone (Fig. 1®erd did not appear to be a difference in
screened and open samplers in the lower freshwater. Finally, the dominant organisms
collected from the artificial substrate samplerhi{@homidae in all cases, also the dominant
organisms living on plants) were often the most c@mn group of organisms found in fish
stomachs (Table 6).

Our study of fish use of SAV in the Hudson Rivetuary was a component of a larger
multidisciplinary investigation. Consequently, diel not have a simple randomized replicated
design. Nevertheless, a consistent pattern oftsegcross years and gears provides broad
evidence of SAV’s importance in supporting an alamdnd diverse fish fauna in the Hudson
River. Our general hypothesis was that SAV prodiokeportant habitat that varied by
environmental setting (zone) and local communitytert. Our results indicate that SAV
influenced local fish faunas but that the speddiation in the river and composition of the
surrounding fish community was important in thesgth of the association between fishes and
SAV.

Fish sampling in SAV and unvegetated habitatsipsated annually for three or four
years depending on zone with some sites resamptdtdyear. We found no evidence of
significant interannual variation in fish catchestspecies richness, or taxonomic composition

despite interannual variation in the plant and miasertebrate communities described above.
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Table 6. Fish stomach contents by zone and habitat. nfidwt frequently encountered taxa are
listed in decreasing order. Taxa listed were foumnak least 10% of the analyzed fish, or
in more than two fish in the unvegetated lowerhwster habitat. UNV = unvegetated.

Sample # of | Fish species Total Dominant taxa
Zone and Habitat | years | Siteg fish analyzed | prey taxa in stomach
Ancylidae, Chironomidae,
7 common Amphipoda, Trichoptera,
Upper SAV. | 2003 3 6l fishes 19 Diptera, Physidae, Coleoptera,
PP Planorbidae, Osteichthyes
Freshwater - . -
8 common Chlronom|dae, Amphlpoda,
LSAV | 2002-3 7] 118 . 26 | Ancylidae, Osteichthyes,
fishes )
Odonata, Diptera
i Mostly Chironomidae, Amphipoda,
Lower SAV. | 2000-3 13 24 white perch 34 Cladocera, Ostracoda
Freshwater Mostly Chironomidae, Nematoda,
UNV | 2001-2 2 9 white perch 10 Amphipoda, Nematomorpha
Amphipoda, Chironomidae,
i Mostly Isopoda, Macrophytes,
Brackish SAV | 2001-3 9 126 white perch 18 Polychaeta, Grapsidae,
Cladocera
UNV | 2001 2| 30| Mostly 10 | Amphipoda, Isopoda,
white perch Chironomidae
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Figure 19. Number of organisms collected from predator esioln experiment by sampling
zone. Line segments connect the pair of resudts each site.
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Fish sampling and data analyses were partitiogeddjor zone of the Hudson River
Estuary: upper freshwater, lower freshwater, adhish. These zones differed in fish
communities as expected for a river-estuary gradi€he upper freshwater zone had the longest
list of fish species; it was dominated by spotshihers and American eel with other species
largely being resident freshwater fishes. The lofreshwater zone fish were dominated by
spottail shiners and white perch. Anadromous gsesere among the most common fishes in
the lower freshwater zone. The less common mendf¢re community included a mix of
inland resident fishes and species with migratanafiromous, catadromous) life cycles. The
brackish zone yielded the fewest species and logatshes which could be partly attributed to
differences in sampling gear (gill net only). Hoxee the brackish zone fish fauna was clearly
less diverse. White perch overwhelmingly domindtedcatch, and the list of all fish species
was short. The less common species included ssméypically found in freshwater, estuarine,
and marine habitats.

Much of our fish community sampling was designedéetect differences in shallow water
habitats with and without SAV, and in the uppeshwater zone we compared SAV beds and
narrower linear SAV features. SAV beds supportedenfish and a greater variety of species
than unvegetated habitats in the upper and loveshWwater zones. Elevated abundance of fish
in vegetated freshwater habitats has been repogpeghtedly in past fish and plant interaction
studies (Dibble et al. 1996; Randall et al. 1996)sh abundance and species numbers were
similar in linear features and unvegetated shageliDistinguishing linear SAV features from
shoreline waters may be difficult because many gaumd small fish seek both marginal and
vegetated habitats (Killgore et al. 1999). Mostaes utilizing SAV in the upper and lower

freshwater zones were fish that are known to oti@sstructure or cover, prefer vegetated
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surroundings, and consume of organisms supporteedgtation (Poe et al. 1986; Killgore et al.
1989). Examples of these fish are Centrarchidaefighes, freshwater bass), Cyprinidae
(minnows), and Percidae (darters, yellow perchleya).

In the brackish zone, SAV habitats did not appeaupport more fish than unvegetated
areas, but did support slightly more species. |ablke of an SAV effect on fish density like that
seen in the two freshwater zones may reflect gstredommunity of the brackish estuary. In this
zone, most of the abundant fishes are pelagic (epdace water) species that feed primarily on
plankton. Some pelagic fishes avoid vegetationsandtture, (e.g., menhaden and herring;
Killgore et al. 1993) or are widely distributed haut regard to SAV (anchovies, clupeids,
silversides; Killgore et al. 1989). For these fiSAYV is not a preferred habitat (Bailey 1978;
Bettoli et al. 1991) so we would not expect SA\&lmw differences from unvegetated habitats.
The few additional species found in brackish w&a&¥ include littoral, structure oriented
fishes.

Many larval fish have been documented concentyatirvegetated habitats (Floyd et al.
1984; Paller 1987). We captured a variety of siaadl larval fish in both SAV and unvegetated
shallow waters (data not shown). However, we weiteable to detect a significant effect of
SAV on larval fish numbers. Unlike SAV beds indakor slow-moving rivers that create still
water habitat, many SAV beds in the Hudson River qiarent velocities (average 12 cm/s)
higher than the swimming capacity of larval fisd(8m/s, Scheidegger and Bain 1995). Thus,
larval fish would not be able to remain in SAV habs in the Hudson River through a tidal
cycle. The highest larval fish catches irrespectf’habitat were in the brackish zone, and a
large majority of fish larvae were anchovies thawen through much of the warm portion of the

year.
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No clear differences were found in common foochgeof fish captured in SAV versus
unvegetated habitats for any sampling zone. Mamyngon food items (identified to the Family
level) were the same across all zones, sites, abidiails. Chironomids and amphipods were the
most commonly consumed organisms. Our artifiaidlssrate colonization experiment provided
good evidence that fish in SAV beds are grazingmphytic invertebrates at rates that can
reduce the number of organisms. We can infer thainfish are using invertebrates supported
by SAV as previously concluded by Keast (1985) Hodver et al. (1989). Elevated
macroinvertebrate food supply for fish has beewntea for SAV in many settings (Gerking
1957; Lodge 1985; Hanson 1990; Beckett et al. 188&amura and Sano 2005). This effect
was most clearly seen in the upper freshwater nbtiee river where SAV enhances fish
abundance and species richness. Also, many afpibaes of fish using SAV habitats in the
upper freshwater zone are particularly effectivermiavertebrate consumers, as shown by the
dramatic difference between macroinvertebrate tiessin screened versus open surfaces.
Finally, the most common organisms on the artifisidbstrate samplers, as on actual plants,

were chironomids, the dominant food item in thé fiee analyzed.
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V. SIGNIFICANCE AND SYNTHESIS

A. SAV Significance for the Hudson River
1. Primary Production

We estimated the standing biomass of SAV for campa with other major groupings
of aquatic plants in the Hudson River ecosystemdmehestnut{rapa natany emergent and
broadleaf marsh vegetation and phytoplankton; T&ple~or all these groups we used
information on standing crops from our direct fiehddasurements with estimates of spatial
extent derived from multiple sources. Interes§n@AV has the second lowest biomass per unit
area and second lowest total biomass in the whobsséh River yet it apparently makes
disproportionate contributions as both habitat faedl resource. As described above, 18% of
the macroinvertebrates in the Hudson are assocntedSAV despite the relatively small areal
extent of this habitat and its standing stock. &bwer, shallow water invertebrates have
increased since the zebra mussel invasion (Stemg6Smith 2001) and have quite possibly
increased their reliance on SAV as a food resouEsedence from isotopic tracers also shows a
potential connection from SAV to some fishes (Caretcal. 1998).

The comparison of standing stocks will underedtintibe actual contribution of SAV and
other high turnover components to annual productiors likely that the underestimation for
Vallisneriais at least two-fold while for phytoplankton anhtitanover would be much greater.
Total net production by aquatic plants will sti# bmall relative to allochthonous loading from
the upper watershed (Cole and Caraco 2006) yet filagt communities make a significant

contribution to food webs of the Hudson.
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2. Dissolved Oxygen
Dissolved oxygen in the Hudson River is generafigersaturated although

concentrations in the main channel are no longlevberitical values for most fishes. The zebra
mussel invasion caused a decline in DO and theffatt would have been greater if not for
some compensation by SAV, @roduction under the somewhat improved watertgiéd@araco
et al. 2002). The SAV beds clearly have the paétd raise local oxygen, and by using our
relationship between bed size and the proportidma a bed has super-saturated DO, we can
extrapolate the extent of this effect to the whaler. Figure 20 shows the time spent
supersaturated for all sites ranked by size. Rtosfigure we estimate that a bed > 400,060 m
in area will spend more than half of a 24 hr pexotth DO above 8 mg/L. The cumulative area
of SAV beds of this size or greater is 720 ha @uald40% of the total SAV area. Therefore,
40% of the vegetated area represents locationgbfO in the main channel which may be
significant for some animals, and can influence ynaaox-sensitive biogeochemical processes.

3. Invertebrates

Macrophyte beds in the Hudson support dense areiisi macroinvertebrate

communities. Densities in macrophyte beds wereertttan three times as high as densities on
unvegetated sediments (Strayer and Smith 2001)s,TBAV beds support 18% of all of the
macroinvertebrates in the study region, even thdhgh cover just 6% of its surface area.
Perhaps more importantly, macrophyte beds are potts for populations of prey items for fish.
The rich parts of macrophyte beds, where macroiabesite densities may reach as high as
100,000 animals/famay be the richest foraging grounds in the Huds@wzens of species of

invertebrates are specialized for life among mdaytgs, and are rare or absent elsewhere.
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Thus, macrophyte beds play an essential role ipatipg the biodiversity of invertebrates in

the Hudson.

Table 7. Summary of approximate standing stock of prinpagducers in the Hudson River

Area Mass/Area Biomass in whole river
Producers (100 ha) (g dry mass/nf) (mT dry mass)
SAV 17.7 66.4 1173
Trapa natans 8.0 300 2416
Marsh Graminoid 11.8 1800 21185
Marsh Broadleaf 5.9 150 891
Phytoplankton 200 11 2200
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Figure 20. The proportion of time beds across the entire ange have supersaturated DO

concentrations. Values are derived from a linegression of sampled sites (Fig. 8).
SAV Beds above about 0.4 krspend 50% of a 24 hr period with DO > 8 mg/L.
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4. Fish

Our findings were consistent with past researchstminteractions with aquatic
vegetation, and they provide specific evidencdlerecosystem value of SAV in the Hudson
River Estuary. We can conclude that on the sdaleeowhole Hudson River Estuary SAV
supports more fish, a greater diversity of spe@asd,a highly available food supply relative to
open and unvegetated habitats. We were able tontmdithat the dominant food items
consumed by fish in SAV were associated with agyatnts, and that these organisms were
significantly reduced on artificial substrates \arable to fish predation. Details of the
relationship between fish and SAV across the restuary gradient reveal how SAV support for
fish is affected by both the environmental set{imger zone) and nature of the fish community

in the particular zone.

B. Similarities in Controlling Factors Among Variables

Different SAV beds in the Hudson have differemdtional characteristics, as shown by
the large amount of scatter in many graphs anavitie range in values for functions such as
water quality and animal abundance. We have ifledtiour factors that contribute to
explaining this variation: (1) position along tineer (river kilometer); (2) neighborhood (the
local setting in which the bed occurs); (3) bechaend (4) the density of plant growth in the
bed.

The ecological characteristics of the Hudson ckagrgatly along the 175 km between
the northernmost and the southernmost beds. Chamgalinity are most important. Above
about Rkm 100, the water rarely contains any tode®a salt, but the water becomes

increasingly salty from Rkm 100 to the southern ehthe study area. Most aquatic plants and
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animals are sensitive to salinity, so the compasiaf the plants and animals in the SAV beds
progressively changes seaward of Rkm 100. The pkas themselves shift from nearly pure
Vallisneriato a mixture olallisneria Potamogeton crispyusndMyriophyllum spicatum
Macroinvertebrate communities change markedly mpaosition (Fig. 15) from typically
freshwater animals such as chironomid midges aigdaiaete worms to such characteristically
brackish-water animals as the hydr@idrdylophora the amphipod€orophiumand
Leptocheirusbarnacles, the alien bival\Rangig and polychaete worms. Fish communities in
the freshwater part of the estuary contain spattaner, white perch, shads, herrings and sunfish
species, while those in brackish-water beds aomgly dominated by white perch. There are
also analogous but smaller shifts in macroinvedtband fish species composition between the
beds in the upper versus lower freshwater zones.

Despite these obvious shifts in the kinds of @artd animals that live in SAV beds,
there are only minor differences in the habitatiedbr invertebrates and fishes of SAV beds
along the course of the Hudson. While the taxoeaumposition of the organisms may change
along the River, their higher abundance in SAV uengnvegetated areas points to the value of
SAV as habitat. Neither overall plant biomass aemsity of invertebrates varied along the
course of the Hudson (Fig. 4A and Fig. 15). Thpanot of SAV beds on dissolved oxygen and
turbidity likewise did not change in any simple waigh river kilometer (Fig. 10). There are
some hints that SAV may be less valuable as figlit&ian the brackish Hudson than further
upriver (Fig. 16), perhaps because the Hudsortisdmsnmunity contains few species that both
specialize in vegetated habitats and tolerate Ishakater. In summary, SAV beds play much
the same important ecological role everywhere enHlndson.

The characteristics of the neighborhood in whieh$AV bed is located had an
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important influence on the effects of SAV on dis®al oxygen and turbidity. The dissolved
oxygen in SAV beds was clearly correlated withdissolved oxygen in the main-channel water
that flushed through the beds (Fig. 10). The ghdf SAV beds to reduce turbidity appears to
depend on not just the SAV bed itself, but the am@fi vegetation within a 300 meter radius of
the sampling point (Table 2). We did not look m@ighborhood effects on plant biomass,
invertebrates, or fish, and it is doubtful if weutshdetect neighborhood effects in the relatively
“noisy” biological data. Nevertheless, it seenkglly that such neighborhood effects might
affect the number or kinds of animals that use ®&ds. When we designed this study, we
suspected that the size of the SAV bed would beoa gredictor of its function. Consequently,
we deliberately sampled beds over a wide rangeze$ $0 estimate the effect of bed size. We
were surprised to find that bed size affected femcfions of SAV beds in the Hudson. Plant
biomass (per R) was unrelated to bed size, although a few snealsthad exceptionally high
biomass (Fig. 4). Larger beds were more likelfidwe supersaturated dissolved oxygen than
small beds (Fig. 8), and slightly less likely torbavery turbid water (Fig. 9). Neither the
number nor the kind of invertebrates living in SA¥ds depended strongly on the size of the
bed. The sediments in large beds were finer aeriin organic matter than those in small
beds, but we do not know if the beds caused tHerdrice or responded to pre-existing
differences in sediments. Thus, a few but cerganok all of the functions of SAV beds
depended on bed size, and the correlations bethagsize and function were generally weak.
The thickness of plants in the bed (i.e., plantiss per ) strongly influenced the
number of invertebrates living in the bed (Fig., 1)t not the kinds of invertebrates. Plant
biomass did not affect turbidity or dissolved oxggeor was it related to the catch rates of fish

in different beds.
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Even in a five-year data set, we could see thatynagpects of bed function varied from
year to year. The range in plant biomass ovethtee to four years of study at the four
keystone beds was 49-fold (Appendix 1), or 20-fgithout the highly variable Peekskill
keystone bed. The amount of time that water in $&Us was supersaturated varied by 2.5-fold
across years, and was strongly related to watdtycla the main channel (Fig. 10).
Macroinvertebrate communities also varied substfintirom year to year. Over the three or
four years during which the keystone beds were &&inthe ranges in average areal densities
were 2.6-fold for benthic macroinvertebrates, 1dld-for epiphytic macroinvertebrates, and 5.5-
fold for total macroinvertebrates. Epiphytic deiesi were especially variable because of the
substantial interannual variation in plant biomaske composition of both benthic and
epiphytic macroinvertebrate communities varied siglly from year to year, especially in the
brackish parts of the river. In contrast, fish coumities varied little from year to year (Fig. 18).

Thus, year-to-year variation in SAV function wasge, about the same size as bed-to-
bed variation in a single year. At least somenhdedf Variation was caused by year-to-year
variation in hydrology and turbidity. In view dfie& importance of SAV beds in overall function
of the Hudson River, and the very large year-tory@aiation in function that we saw, we think
that it would be worthwhile to better document amdlerstand the year-to-year variation in SAV

function in the Hudson and other rivers and estsari

C. Relationships Among Functions
Simple correlation analyses among the six commomgsured functions (% time DO >
8 mg/L, % time turbidity > 40 NTU, density of berdlnvertebrates, density of epiphytic

invertebrates, fish abundance, and fish specibsegs) showed only one significant correlation,
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between abundance and diversity of fishes (p =8).06 0.48). The relationship with the next
lowest p value was a negative association betwiggmO and high turbidity (p = 0.17,
r=-0.2).

A principal components analysis (PCA) was useshtmw in two-dimensional space the
relationships among functions in the sampled bEdgs 21). The loadings for functions revealed
some interpretable patterns, for instance the ptmpoof time a bed had DO > 8 mg/L loaded
positively on PCA Axis 2, while local turbidity ldad negatively on this axis. Therefore, on the
PCA figure, sites with higher oxygen will be subdially displaced from sites exhibiting high
turbidity. Such patterns are reasonable giversttung light limitation of species of SAV in the
Hudson (Harley and Findlay 1994). Similarly, starttized fish abundance and richness load
positively on PCA Axis 1 while abundance of botimtic and epiphytic invertebrates load
negatively, i.e., sites tending towards high valieeshe fish-related functions had fewer
invertebrates in the sediments or on the plantmisleéves. As described previously there are
several lines of evidence (predator exclosureset@atundance of invertebrates at bed edges)
implying that fish predation is a significant soei@f mortality for invertebrates in these habitats.
The different loadings for these functions probaieliyect these processes. The vertical axis may
be associated with plant abundance, either massnitesirea or absolute bed size. Epiphytic
invertebrate density was strongly associated wahtmiomass while high DO was correlated
with bed size. This analysis suggests we do ihHage an understanding of factors controlling
individual functions but these regulators differarg functions. The overall effect is that the
various functions we followed vary semi-independgrand conditions in time or space that lead
to high values for a particular function may leadieclines in others. In aggregate, SAV beds

perform important functions but these do not calean time or space.
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Figure 21. Plot of PCA analysis of the six measured fundifor SAV study sites. Closed
circles are sites visited just once; keystone site® visited repeatedly. C = Cruger
South (601), E = Esopus Meadows (688), | = lon®9)0P = Peekskill (1079). Values
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The locations of sampled beds on the first twoARX€s also demonstrate the large
temporal variability among beds resampled in mldtyears. The keystone beds with full data
sets for functional measures across three or meaesyshow wide dispersion of sites in different
years. For instance, the Cruger South site spaas tinits on the first PC axis across the four
years of sampling, demonstrating little year-toryazherence in how these functions are
performing at this site. The Peekskill site simylapans two units on the second axis across the
three years of data collection.

The lack of simple correlations among functiond Emge interannual variability
highlight the importance of different controllingdtors for the various functions and absence of
one or two “master variables” capable of providangnificant predictive power for these
functions. As different controlling factors, qulikely operating at different spatial scales exert
an influence on this range of functions, the patéicfunctions performing at high levels will
fluctuate across space and time. From a managémaection point of view, this means that
the performance of a site may change substantraBybsequent years. Also, the task of
identifying site characteristics that consistenibld high performance across multiple functions
becomes much more difficult. The study as a wkblews the importance of SAV as habitat for
organisms and an influence on water chemistrythysthigh variability means one can not

determine with a single assessment whether a pktisite is (or is not) particularly “valuable”.

80



VI. ACKNOWLEDGEMENTS
The work presented in this report has been supgdry the Hudson River Estuary
Program through the New York Environmental Protectrund, the Hudson River Foundation,
the National Science Foundation, the Andrew W. bteffoundation and the National Oceanic

and Atmospheric Administration.

Grateful appreciation to additional members ofPheject Team and Associates:
Eugenia Barnaba, Cornell University

Betsy Blair, NYSDEC/HRNERR

Fran Dunwell, NYSDEC

Nordica Holochuk, Cornell University, New York S&aant
Susan Hoskins, Cornell University

Geoffrey Eckerlin, Cornell University and NYSDEC/NERR
David Fischer, Institute of Ecosystems Studies

Heather Malcom, Institute of Ecosystem Studies

Jean McAvoy, NYSDEC/HRNERR

Marci Meixler, Cornell University

Kathy Mills, Cornell University

Technical assistance provided by Katherine BlacksH@raig Jankowski, Carolyn Klocker,

Colleen Lutz, Jeroen Meeuse, Krista Munger, BilhBhand Hannalore Tice and Eric Bedan

Special thanks to Amy Galford for patience andifiodie in editing this manuscript.

81



VII. REFERENCES

Acorn Naturalists. 2002. Hester-Dendy invertebsatimplers (fourteen plate). Item # T-9289.
Tustin, CA. http://www.acornnaturalists.com/

Bailey, W. 1978. A comparison of fish populatiorefdye and after extensive grass carp
stocking. Transactions of the American Fisheries&p 107(1):181-206.

Beckett, D., T. Aartila, and A. Miller. 1992. Intebrate abundance éotamogeton nodosus
effects of plant surface area and condition. Caradournal of Zoology 70(2):300-306.

Bettoli, P., J. Morris, and R. Noble. 1991. Chanigethe abundance of two atherinid species
after aquatic vegetation removal. TransactionfiefAmerican Fisheries Society
120(1):90-97.

Bousfield, E. 1973. Shallow-Water Gammaridean Amppta of New England. Cornell
University Press, Ithaca, NY.

Bowen, S. 1996. Quantitative description of the.dre B. Murphy and D. Willis, ed. Fisheries
Techniques, ¥ ed. American Fisheries Society, Bethesda, MD5B-532.

Caraco, N., J. Cole, S. Findlay, D. Fischer, G. paran, M. Pace, and D. Strayer. 2000.
Dissolved oxygen declines in the Hudson River aased with the invasion of the zebra
mussel Dreissena polymorphaEnvironmental Science and Technology 34(7):1204-
1210.

Caraco, N., and J. Cole. 2002. Contrasting impaicésnative and alien macrophyte on dissolved
oxygen in a large river. Ecological Applicationg821496-1509.

Carpenter, S., and D. Lodge. 1986. Effects of subatemacrophytes on ecosystem processes.
Aquatic Botany 26:341-370.

Carter, V., J. Barko, G. Godshalk, and N. Rybid88. Effects of submersed macrophytes on
water quality in the tidal Potomac River, Maryladdurnal of Freshwater Ecology
4(4):493-501.

Carter, V., N. Rybicki, and R. Hammerschlag. 19ffects of submersed macrophytes on
dissolved oxygen, pH, and temperature under difteczenditions of wind, tide, and bed
structure. Journal of Freshwater Ecology 6(2):133-1

Chesapeake Bay Program. 2005. Bay Trends and todsc8ay Grass Abundance (Baywide).
Annapolis, MD. http://www.chesapeakebay.net/stafos?sid=88

Christiansen, K., H. Jensen, F. Andersen, C. Wigand M. Holmer. 1988. Interferences

between root plaque formation and phosphorus dibiafor isoetids in sediments of
oligotrophic lakes. Biogeochemistry 43(2):107-128.

82



Coch, N., and H. Bokuniewicz. 1986. Oceanographtt geologic framework of the Hudson
system. Northeastern Geology 8(3):96-108.

Cole, J., and N. Caraco. 2001. Carbon in catchmeaitsecting terrestrial carbon losses with
aguatic metabolism. Marine & Freshwater Resear¢h)501-110.

Cole, J., N. Caraco, and B. Peierls. 1992. Phytigda primary production in the tidal
freshwater Hudson River, New York (USA). Proceedingnternational Association of
Theoretical and Applied Limnology 24:1715-1719.

Dibble, E., K. Killgore, and S. Harrel. 1996. Asse®nt of fish-plant interactions. American
Fisheries Society Symposium 16:357-372.

Downing, J. 1986. A regression technique for tharegion of epiphytic invertebrate
populations. Freshwater Biology 16(2):161-173.

Engel, S. 1985. Aquatic community interactionsudsraerged macrophytes. Wisconsin
Department of Natural Resources, Technical Bullg&f, Madison, WI.

Engel, S. 1990. Ecosystem responses to growth@mdot of submerged aquatic macrophytes: a
literature review. Wisconsin Department of NatiRalsources, Technical Bulletin 170,
Madison, WI.

Findlay, S., M. Pace, and D. Fischer. 1996. Spahdltemporal variability in the lower food
web of the tidal freshwater Hudson River. Estuati@gl):866-873.

Findlay, S., R. Sinsabaugh, D. Fischer, and P.dfian 1998. Sources of dissolved organic
carbon supporting planktonic bacterial productiomhie tidal freshwater Hudson River.
Ecosystems 1(3):227-2309.

Findlay, S., C. Wigand, and W.C. Nieder. 2006. Seits®d macrophyte distribution and
function in the tidal freshwater Hudson River. Jnlevinton and J. Waldman, ed. The
Hudson River Ecosystem. Cambridge University Pigss230-242.

Floyd, K., R. Hoyt, and S. Timbrook. 1984. Chrorg®f appearance and habitat partitioning
by stream larval fishes. Transactions of the AnaariEisheries Society 113(2):217-223.

Fonseca, M., J. Fisher, J. Zieman, and G. Thag&2.linfluence of the seagragZsstera
marinal., on current flow. Estuarine, Coastal and SBeience 15(4):351-364.

Freshwater Submerged Aquatic Vegetation Partner@0ipb. Chesapeake Research
Consortium, Edgewater, MD. http://www.chesapeakg®hV/partnershiphome.htmi

Gee, G. and J. Bauder. 1986. Particle size analysis. Klute, ed. Methods of Soil Analysis,

Part 1, Physical and Mineralogical Methods. Amari€aciety of Agronomy, Madison,
WI. pp. 383-411.

83



Gerking, S. 1957. A method of sampling the littaredcrofauna and its application. Ecology
38(2):219-225.

Gosner, K. 1971. Guide to Identification of Margwed Estuarine Invertebrates, Cape Hatteras to
Bay of Fundy. Wiley-Interscience, New York, NY.

Hanson, J. 1990. Macroinvertebrate size-distrilmgtiof two contrasting freshwater macrophyte
communities. Freshwater Biology 24(3):481-491.

Harley, M., and S. Findlay. 1994. Photosynthesmdiance relationships for three species of
submersed macrophytes in the tidal freshwater Hu&swer. Estuaries 17(1B):200-205.

Harlin, M., and B. Thorne-Miller. 1982. Seagrasdisent dynamics of a flood tidal delta in
Rhode Island (U.S.A.). Aquatic Botany 14:127-138.

Hester, F. and J. Dendy. 1962. A multiple-plate @amfor aquatic macroinvertebrates.
Transactions of the American Fisheries Society PUZ0-421.

Holsinger, J. 1972. The Freshwater Amphipod Crestas (Gammaridae) of North America.
Biota of Freshwater Ecosystems Identification MdrfudJ.S. Environmental Protection
Agency, Washington, DC.

Hoover, J., K. Killgore, and R. Morgan. 1989. Fdwbits of fishes associated with hydrilla beds
and open water in Lake Seminole, Florida-GeorgiaProceedings, 23rd Annual
Meeting of the Aquatic Plant Control Program, Mitam@eous Paper A-89-1, U.S. Army
Engineer Waterways Experiment Station, Vicksbur&. Mp. 202-218.

Howarth, R., R. Schneider, and D. Swaney. 1996abtdism and organic carbon fluxes in the
tidal freshwater Hudson River. Estuaries 19(4):-888.

Hummel, M. and S. Findlay. 2006. Effects of wateestnut Trapa natanybeds on water
chemistry in the tidal freshwater Hudson River. Hjalologia 559:169-181.

Kathman, R., and R. Brinkhurst. 1998. Guide toRheshwater Oligochaetes of North America.
Aquatic Resources Center, College Grove, TN.

Keast, A. 1985. Development of dietary special@adiin a summer community of juvenile
fishes. Environmental Biology of Fishes 13(3):21242

Kemp, M., W. Boynton, and R. Twilley. 1984. Influsss of submersed vascular plants on
ecological processes in upper Chesapeake Bay.emnédy V., ed. The Estuary as a
Filter. Academic Press, Orlando. pp. 367-394.

Kenworthy, W., J. Zieman, and G. Thayer. 1982. Erak for the influence of seagrass on the

benthic nitrogen cycle in a coastal plain estuagrBeaufort, North Carolina (U.S.A.).
Oecologia 54(2):152-158.

84



Killgore, K., R. Morgan lll, and N. Rybicki. 198®istribution and abundance of fishes
associated with submersed aquatic plants in thenfaat River. North American Journal
of Fisheries Management 9(1):101-111.

Killgore, K., E. Dibble, and J. Hoover. 1993. R&aships between fish and aquatic plants: a
plan of study. Miscellaneous Paper A-93-1, U.S. ABmgineer Waterways Experiment
Station, Vicksburg, MS.

Killgore, K., W. Pearson, and L. Sanders. 1999.rRgaof fishes in a vegetated littoral zone.
Aquatic Plant Control Technical Note MI-04, U.S.my Engineer Research and
Development Center, Vicksburg, MS.

Koch, E. 1999. Sediment resuspension in a shalloalassia testudinurfbanks ex Konig) bed.
Aquatic Botany 65:269-280.

Lampman, G., N. Caraco, and J. Cole. 1999. Spatdltemporal patterns of nutrient
concentration and export in the tidal Hudson Ritastuaries 22(2A):285-296.

Lodge, D. 1985. Macrophyte-gastropod associatiobservations and experiments on
macrophyte choice by gastropods. Freshwater Bioldgg):695-708.

Losee, R., and R. Wetzel. 1988. Water movementnvéhbmersed littoral vegetation.
Proceedings - International Association of Thecedtand Applied Limnology 23:62-66.

McCune, B., and J. Grace. 2002. Analysis of EcalagCommunities. MjM Software Design,
Gleneden Beach, OR.

Nakamura, Y., and M. Sano. 2005. Comparison ofriebeate abundance in a seagrass bed and
adjacent coral and sand areas at Amitori Bay, lotenisland, Japan. Fisheries Science
71(3):543-550.

Nieder, W.C., E. Barnaba, S. Findlay, S. HoskinsHblochuck, and E. Blair. 2004. Distribution
and abundance of submerged aquatic vegetatioil @péd natansn the Hudson River
Estuary. Journal of Coastal Research 20 (Specatkld45): 150-161.

Paller, M. 1987. Distribution of larval fish betwemacrophyte beds and open channels in a
southeastern floodplain swamp. Journal of Freshviatelogy 4:191-200.

Peckarsky, B., P. Fraissinet, M. Penton, and D ktmn1990. Freshwater Macroinvertebrates of
Northeastern North America. Cornell University Rrdghaca, NY. 442 pp.

Poe, T., C. Hatcher, C. Brown, and D. Schloesg861Comparison of species composition and

richness of fish assemblages in altered and uedlti@toral habitats. Journal of
Freshwater Ecology 3:525-536.

85



Posey, M., C. Wigand, and J. Stevenson. 1993. &ff#fcan introduced aquatic plaktydrilla
verticillata, on benthic communities in the upper Chesapealye Bstuarine Coastal and
Shelf Science 37(5):539-555.

Randall, R., C. Minns, V. Cairns, and J. Moore.@.9Bhe relationship between an index of fish
production and submerged macrophytes and othetabdbatures at three littoral areas in
the Great Lakes. Canadian Journal of FisheriesAguugtic Science 53 (Supplement
1):35-44.

Rooney, N., and J. Kalff. 2003. Submerged macragbwgd effects on water-column
phosphorus, chlorophyll a, and bacterial producti€sosystems 6(8):797-807.

Rooney, N., J. Kalff, and C. Habel. 2003. The aflsubmerged macrophyte beds in phosphorus
and sediment accumulation in Lake Memphremagogb@ueCanada. Limnology and
Oceanography 48(5):1927-37.

Rybicki, N., H. Jenter, V. Carter, and R. BaltZE397. Observations of tidal flux between a
submersed aquatic plant stand and the adjacenhehanthe Potomac River near
Washington, D.C. Limnology and Oceanography 42():317.

Scheidegger, K., and M. Bain. 1995. Larval fisma&tural and regulated rivers: assemblage
composition and microhabitat use. Copeia 1995:125--1

Secor, D., J. Dean, and J. Hansbarger. 1992. Matiibin of the quatrefoil light trap for use is
hatchery ponds. The Progressive Fish-CulturisR@24205.

Smith, D. 1995. Keys to the Freshwater Macroinl®etes of Massachusett8? 2d. Douglas G.
Smith, Sunderland, MA. 243 pp.

Strayer, D., N. Caraco, J. Cole, S. Findlay, andPite. 1999. Transformation of freshwater
ecosystems by bivalves: a case study of zebra isusste Hudson River. BioScience
49(1): 19-27.

Strayer, D., and L. Smith. 2001. The zoobenthaswefreshwater tidal Hudson River and its
response to the zebra musdaidissena polymorphanvasion. Archiv fir Hydrobiologie
Supplementband 139(1): 1-52.

Strayer, D., C. Lutz, H. Malcom, K. Munger, and M/.Shaw. 2003. Invertebrate communities
associated with a nativ¥/éllisneria americangpand an alienTrapa natany macrophyte
in a large river. Freshwater Biology 48:1938-1949

Vermaat, J., L. Santamaria, and P. Roos. 2000. Mlate across and sediment trapping in

submerged macrophyte beds of contrasting growth.férchiv fir Hydrobiologie
148(4):549-562.

86



Ward, L., W. Kemp, and W. Boynton. 1984. The influe of waves and seagrass communities
on suspended particulates in an estuarine embayManne Geology 59:85-103.

Wiederholm, T., ed. 1983. Chironomidae of the Halarregion: keys and diagnoses. Part 1.
Larvae. Entomologica Scandanavica Supplement #%71-

Wigand, C., J. Stevenson, and J. Cornwell. 199f&cE of different submersed macrophytes on
sediment biogeochemistry. Aquatic Botany 56(3-43:234.

Zippen, C. 1958. The removal method of populatistmgation. Journal of Wildlife Management
22: 82-90.

87



VIIl. APPENDICES

88



Appendix 1. SAV bed characteristics and ecologicdlinctions

Bed Identification Bed size and shape
g _ ~ g
2 g = Ely | < _ 5
«:N: g % _§ g, % & § E [ ‘_CU .5 é g %
a Se a g = 3 £ £ © S | g2 | = | 2| s
5 5 £ > £ o o = g S c 2 2 | B 2
(O] &) P (&) @ (0] = [} < (O] o= [} )
) m e o > n ) < a n o LA a = 3
Lin 60 235 | linear 2002 604948.24, 4725757.91 1600 800 2 40(
Lin 50 231 | linear 2002 603924.07, 4724252.87 668 334 2| 167
Lin 50 231 | linear 2003 603924.07, 4724252.87 668 334 2| 167
Lin 36 229 | linear 2002 602639.53, 4721612.07 484 242 2 121
Lin 15 225 | linear 2002 601455.96, 4717628.28 620 310 2| 15§
Lin 15 225 | linear 2003 601455.96, 4717628.28 620 310 2| 15§
169 | Mill Creek 202| bed 2000 600438.43, 4695567.78| 20376 945/ 1.864 0.04p 1.381 400 A4 9
176 | Opp. Mill Ck 202| bed 2000 599849.62, 4695148.99 486 109 1.396 0.225 1.517 28 11 3
221 | Stuyvesant 200 bed 2000600066.88, 4693766.7 1692 286 1.960 0.169 1.522 132 14 10
221 | Stuyvesant 200 bed 2003600066.88, 4693766.7 1692 286 1.960 0.169 1.522 132 14 9
250 | NuttHk 197 | bed 2000 599777.2 , 4690555 3383 333 1.616 0.098 1.430 130 34 4
330 | Opp. Stockp 193 bed 2000600164.49, 4684887.28 100 37| 1.029 0.364 1.561 12 10 1
344 | Stockp 191| bed 2000 600633.65, 4683506.48| 21295 652 1.261 0.031L 1.300 243 93 3
504 | Cheviot * 167| bed 2000 589613.09, 4663318.48| 364273| 7691 3.595 0.021  1.397 20/5 247 8
504 | Cheviot * 167| bed 2001 589613.00, 4663318.48] 364273 7691 3.595 0.021 1.397 2075 247 8
504 | Cheviot * 167| bed 2002 589613.00, 4663318.48] 364273 7691 3.595 0.021 1.397 2075 247 8
504 | Cheviot * 167| bed 2003 589613.00, 4663318.48] 364273 7691 3.505 0.021 1.397 2075 247 8
504 | Cheviot * 167| bed 2004 589613.09, 4663318.48| 364273 7691 3.505 0.021 1.397 2075 247 8
504 | Cheviot * 167| bed 200% 589613.09, 4663318.48| 364273| 7691 3.59% 0.021 1.397 2075 447 8
601 | Cruger South * 15 bed 2000588747.19, 4653047.32| 186917 3476 2.268 0.019 1.343 1327 12 108
601 | Cruger South * 15 bed 2001588747.19, 4653047.32| 186917 3476 2.268 0.019 1.343 1327 12 108
601 | Cruger South * 15 bed 2002588747.19, 4653047.32| 186917 3476 2.268 0.019 1.343 1327 12 108
601 | Cruger South * 15 bed 2003588747.19, 4653047.32| 186917 3476 2.268 0.019 1.343 1327 12 111
601 | Cruger South * 15 bed 2004588747.19, 4653047.32| 186917 3476 2.268 0.019 1.343 1327 12 108
601 | Cruger South * 15 bed 2005588747.19, 4653047.32| 186917 3476 2.268 0.019 1.343 1327 12 108

a) bed numbers from GIS polygon analysis
b) kilometers north of Battery Park

¢) GPS UTM coordinates (East, North)

d) Patch Analyst software, 1.0=circle
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Bed Identification Bed size and shape
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688 | Esopus Meadows * 139 bed 200087613.65, 463609455 190306| 6772 4.379 0.036 1.451 1951 46 43
688 | Esopus Meadows * 139 bed 200%87613.65, 463609455 190306| 6772 4.379 0.036 1451 1951 46 43
688 | Esopus Meadows * 139 bed 200287613.65, 463609455 190306| 6772 4.379 0.036 1.45%51 1951 46 43
688 | Esopus Meadows * 139 bed 200387613.65, 463609455 190306| 6772 4.379 0.036 1.45%51 1951 46 42
688 | Esopus Meadows * 139 bed 200487613.65, 463609455 190306| 6772 4.379 0.036 1.45%51 1951 46 43
688 | Esopus Meadows * 139 bed 200%87613.65, 463609455 190306| 6772 4.379 0.036 1.451 1951 46 43
778 | Rogers Point 127 bed 2001587828 |, 4624135 34236| 3622 5.522 0.106 1570 14p4 18 80
858 | WaFalls 110/ bed 2001 587874.99, 4606477.59 720 129| 1.360 0.180 1.478 56 15 4

950 | Quassaic 96 bed 2001582956.68, 4593778.76 323 73 1.149 0.227 1.486 30 14 2

1049 | ConHook 80| bed 2001 586669.5 , 4578195 57207 1869 2.20f 0.033 1.375 6P1 99 6
1049 | ConHook 80| bed 2001 586669.5 , 4578195 57207 1869 2.20f 0.033 1.375 6P1 99 6
1069 | lona * 74| bed 2001 586250 , 4572416 88592| 1848 1.752 0.021 1.321 469 155 3
1069 | lona * 74| bed 2002 586250 |, 4572416 88592| 1848 1.752 0.021 1.321 459 155 3
1069 | lona * 74| bed 2002 586250 |, 4572416 88592| 1848 1.752 0.021 1.321 459 155 3
1069 | lona * 74| bed 2003 586250 |, 4572416 88592| 1848 1.752 0.021 1.321 459 155 3
1069 | lona * 74| bed 2004 586250 |, 4572416 88592| 1848 1.752 0.021 1.321 459 155 3
1069 | lona * 74| bed 2008 586250 |, 4572416 88592| 1848 1.752 0.021 1.321 459 155 3
1079 | Peekskill * 71| bed 2001 588834 , 4571342 250747 2314 1.3083 0.009 1.246 984 324 3
1079 | Peekskill * 71| bed 2002 588834 , 4571342 250747 2314 1.303 0.009 1.246 9834 324 3
1079 | Peekskill * 71| bed 2003 588834 , 4571342 250747 2314 1.303 0.009 1.246 9834 324 3
1079 | Peekskill * 71| bed 2004 588834 , 4571342 250747 2314 1.303 0.009 1.246 984 324 3
1079 | Peekskill * 71| bed 200% 588834 , 4571342 250747 2314 1.303 0.009 1.246 9834 324 3
1105 | Indian Point 70| bed 200( 588308 , 4569922 3837 309 1.408 0.081 1.390 101 A5 2
1177 | Haverstraw 59 bed 200[1588122.9, 4559494 4993 584| 2.33( 0.11y 1.496 171 9 9
1177 | Haverstraw 59 bed 200[1588122.9, 4559494 4993 584| 2.33( 0.11y 1.496 171 9 9
1177 | Haverstraw 59 bed 200B588122.9, 4559494 4993 584| 2.33( 0.11y 1.496 171 9 9

a) bed numbers from GIS polygon analysis
b) kilometers north of Battery Park

¢) GPS UTM coordinates (East, North)

d) Patch Analyst software, 1.0=circle
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Sediment characteristics Water chemistry Plants
s 5 E) 3
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Lin 60 2002| 17| 74 9 3 50 14D 18.30 0.p0 125 199824
Lin 50 2002| 12| 82 g 3 100 140 23.40 0.po 65 43153
Lin 50 2003| 24| 64 17 3 83 140 .35 0.69 83 55751
Lin 36 2002| 13| 82 5 4 17 14D 0.00 0.00 61 29490
Lin 15 2002 19| 73 9 3 100 140 24.50 4.80 46 28P84
Lin 15 2003| 26| 61 14 3 100 140 3.47 1.39 53 32711
169| 2000| 50| 37 13 4 100 100 55.00 17,70 11 219816
176| 2000| 21| 73 5 2 100 100 0.00 18.h0 50 24134
221 | 2000| 49| 34 17 5 100 60 0.00 2.10 84 141851
221 | 2003| 38| 43 19 G 100 100 38.18 101 137 230958
250 2000| 27| 63 1Q 3 100 60 4.00 15.p0 28 93946
330| 2000| 19| 76 5 2 100 6p 4.00 9.00 20 1954
344 | 2000| 43| 48 8 4 100 6p 8.00 7.80 52 11063860
504 | 2000 60| 43.00 5.30
504 | 2001 100| 59.00 0.90
504 | 2002 160| 48.30 4.80
504 | 2003 100| 55.40 4.37
504 | 2004 60| 27.96 1.88
504 | 2005 100| 52.00 5.3(
601 | 2000| 45| 42 13 4 100 70 0.02 21.80 66 12411663
601| 2001| 40| 46 14 4 100 120 43.00 7.30 15 2854783
601| 2002| 37| 51 11 4 100 135 44.40 0.00 36 6764339
601 | 2003| 36| 49 15 4 100 120 41.80 0.00 95 17687956
601| 2004 90| 38.55 0.0Q
601| 2005 100| 55.20 3.10




Sediment characteristics Water chemistry Plants
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688 | 2000| 54| 26 21 9 100 70 4 810323
688 | 2001| 57| 22 21 1 100 120 9 1620646
688 | 2002| 58| 18 24 1 100 135 47.70 0.00 77 14610553
688 | 2003| 52| 21 26 g 100 120 6141 0.00 154 29324155
688 | 2004 90| 18.59 0.0Q
688 | 2005 100| 29.40 3.60
778 | 2001| 54| 23 22 6 100 120 11.40 12,00 59 2018246
858 | 2001| 26| 61 13 g 100 120 0.00 2.p0 77 199634
950 | 2001 0 120 0.80, 30.0( 479 154585
1049| 2001| 63| 16 21 7 100 120 15.00 18,80 46 2605207
1049 | 2001 120 6.40{ 20.10
1069| 2001| 68 5 24 9 100 120 2.70 0.50 4 347546
1069| 2002| 60| 15 25 100 130 22.10 7.20 35 3320871
1069 | 2002 130
1069| 2003| 63 71 30 8 100 70  26.13 6.60 8 735314
1069 | 2004 60| 21.91 2.52
1069 | 2005 95 0.30
1079| 2001| 67 5| 27 g 100 120 3.40 1.10 0 6269
1079| 2002| 56| 13 31 7 100 130 27.70 3.30 0 6269
1079| 2003| 62 9 29 8 100 70 78.98 0.34 7 1859289
1079 | 2004 60| 16.12 0.76
1079 | 2005 95 0.50 0.00
1105 2001| 64 4, 32 8 100 120 5.80 1.80 3 12574
1177| 2001| 26| 68 7 2 100 140 74.90 7.10 29 14452
1177| 2001 140| 78.90] 12.0(
1177| 2003| 23| 70 7 2 100 70  41.12 1.82 42 210205
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Macroinvertebrates Fish
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Lin 60 2002 7993 53474 37 10 -0.3890 1
Lin 50 2002 9422 11816 4p 10 -0.2518 1
Lin 50 2003 52 9 -0.0176 0
Lin 36 2002 8701 64471 31 3 -0.5263 0
Lin 15 2002 6234 11305 44 12 -0.2114 1
Lin 15 2003 66 10 0.3135 1
169| 2000 8821 16446 89 5 19 4 0.8004
176| 2000 19716 15356
221 | 2000 18137 17778 45 8 tS] 2 -0.22(18
221 | 2003 77 12 4 1 0.0271 ¢
250 | 2000 4735 1034 51 5 8 1 -0.1119
330 | 2000 10022 1271
344 | 2000 10187 3104 62 10 36 |4 1.21p5
504 | 2000
504 | 2001
504 | 2002
504 | 2003
504 | 2004
504 | 2005
601| 2000 5767 5295 85b 1 26 3 1.10p4
601| 2001 13665 1683 58 7 16 |4 0.23[76
601| 2002 6492 6871 112 10 24 |3 1.2142
601| 2003 17288 33734 74 6 13 |3 0.3585
601| 2004
601| 2005

o o O o
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Macroinvertebrates
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688 | 2000 6263 605 61 1p 13 2 0.2217

688 | 2001 5920 351 48 f 14 3 0.1524

688 | 2002 8836 17184 66 8 8 1 0.01P6

688 | 2003 3561 61038 70 7 7 2 0.03p4

688 | 2004

688 | 2005

778 | 2001 5338 33648 8 3| -0.2565 1
858 | 2001 10538 24159

950| 2001 0 22666

1049| 2001 8187 7174 5 2| -0.5276 0
1049| 2001

1069| 2001 11225 2594 7 2| -0.3207 -1
1069 | 2002 4303 26031 9 3| -0.1137 1
1069| 2002

1069| 2003 4968 1573 8 3| -0.2493 0
1069| 2004

1069| 2005

1079| 2001 6791 12 13| 3 0.1646 (0
1079| 2002 2634 25 16| 3 0.4857 (0
1079| 2003 2918 3101 14 3 0.2573 (0
1079| 2004

1079| 2005

1105| 2001 6312 648 3 1| -0.6989 -1
1177| 2001 6857 4146 6 2| -0.3992 0
1177| 2001

1177| 2003 3 1| -0.6703 -1

O O O o
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Appendix 2. Densities of macroinvertebrates in plant beds,ayexst over all sampling sites and
dates, along with the percentage of the populdtiahlives on the vegetation.

Mean density (no. /i) | % Epiphytic

Turbellaria (flatworms)

Dugesiaspp. 85 99
Hydrolimax grisea 59 1
Microturbellaria 13 92
Polycladida 1 100
Cnidaria (hydroids)
Cordylophora caspia 1020 99
Hydra sp. 660 100
Jellyfish 2 37
Nematoda (roundworms) 771 3

Oligochaetes (earthworms)

Arcteonais lomondi 4 0
Aulodrilus americanus 5 0
Aulodrilus limnobius 35 0
Aulodrilus pauciseta 34 0
Aulodrilus pigueti 24 0
Chaetogastesp. 0.03 100
Enchytraeidae 1 0
llyodrilus templetoni 9 0
Limnodrilus hoffmeisteri 469 0
Limnodrilus udekemianus 69 1
Lumbriculidae 3 0
Nais communis/variabilis 625 97
Nais simplex 0.8 100
Stylaria lacustris 534 88
Tubificidae w/hairs 176 1
Tubificidae w/o hairs 2635 0.2
Tubificoides heterochaetus 21 0
Polychaetes
Hobsonia florida 3 0
Marenzellaria viridis 92 0.01
Neanthes succinea 15 17
Polydorasp. 1 0.01
Sabellidae 4 0
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Mean density (no./ ni) | % Epiphytic

Hirudinea (leeches) 2 100
Bivalvia (clams, mussels)

Dreissena polymorpha 140 46

Mytilopsis leucophaeta 36 84

Pisidiumsp. 169 0.2

Rangia cuneata 224 0.5
Gastropoda (snails, nudibranchs

Amnicola limosa 107 80

Elimia virginica 12 91

Ferrissia fragilis 878 97

Gyraulus parvus 67 95

Littoridinops tenuipes 105 7

Micromenetus dilatatus 14 100

Physellasp. 49 98

Pyrgulopsis lustrica? 0.05 100

Stagnicola catascopium 1 0

Tenellia fuscata 6 100
Mysidacea (opossum shrimps)

Neomysis americana 1 21
Cirripedia (barnacles)

Balanus improvisus 129 73
Amphipoda (scuds)

Corophiumsp. 89 67

Gammarussp. 549 32

Hyallela sp. 4 100

Leptocheirusp. 250 0
Isopoda (sow bugs)

Chiridotea almyra 1 0

Cyathura polita 58 0
Decapoda (crabs)

Rhithropanopeus harrissi 6 79
Cumacea

Almyracuma proximoculi 10 0
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Mean density (no./ni) | % Epiphytic

Copepoda 38 25
Ostracoda 73 4
Cladocera (water fleas)

Chydorussp. 190 99

Eurycercussp. 8 100

Sida crystallina 521 83

Simocephalusp 1 100
Acari (mites) 179 75
Collembola (springtails) 1 0
Ephemeroptera (mayflies) 3 19
Plecoptera (stoneflies)

Shipsa rotunda 1 0
Odonata (damselflies)

Enallagmasp. 54 94
Hemiptera (true bugs)

Neopleasp. 0.2 100

Other Hemiptera 2 0
Lepidoptera (moths, butterflies)

Petrophilasp. 1 100
Trichoptera (caddisflies)

Hydroptilasp. 53 96

Nectopsychep. 15 92

Oecetissp. 13 12

Oxyethriasp. 2 100

Phylocentropusp. 8 1

Trianodessp. 0.4 100
Coleoptera (beetles)

Dubiraphiasp. 1 0

Oulimniussp. 6 21

Pyrrhalta sp. 0.02 100
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Mean density (no./ni) | % Epiphytic

Diptera (true flies)
Ceratopogonidae 17 0
Other Diptera 11 100
Ablabesmyiap. 6 80
Chironomussp. 98 0
Cladopelmasp. 4 0
Clinotanypussp. 1 0
Coelotanypusp. 153 0
Cricotopus bicinctus 1467 92
Cricotopusnot bicinctus 1 1
Cryptochironomusp. 43 0
Cryptotendipesp. 69 0
Dicrotendipessp. 1033 91
Harnischiasp. 65 0
Hayesomyia seneta 2 3
Orthocladius annectens 24 100
Paralauterborniellasp. 9 0
Phaenopsectra s.I. 43 0
Polypedilumsp. 941 71
Procladiussp. 295 0
Rheotanytarsusp. 3752 93
Stichtochironomusp. 3 0
Synorthocladiusp. 5 100
Tanytarsussp. 324 1
Thienemanniellap. 78 68
Chironomid pupae 676 96

Total 20587 61
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Appendix 3. Dominant fish species by zone, habitat, and sagphethod. Species are listed in
decreasing order of abundance up to a cumulatteédbat least 75% of all fish

-

-

captured.
Zone Vegetation | Sampling method Dominant Species
. Spottail shiner, pumpkinseed, alewife,
SAV Electrofishing American eel, redbreast sunfish, white perc
Upper _ American eel, spottail shiner, pumpkinseed,
Freshwater LSAV Electrofishing yellow perch, redbreast sunfish, bluegill
UNV Electrofishing American eel, redbreast sunfish, white perc
Spottail shiner, white perch, alewife,
Electrofishing American shad, Atlantic menhaden,
SAV pumpkinseed
Gill nets White perch, American eel, spottail shiner
Lower
Freshwater
Electrofishing White perch
UNV
Gill nets White perch, gizzard shad
SAV Gill nets White perch, bluefish
Brackish
UNV Gill nets White perch
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