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Abstract In this study, a bioassessment was con-

ducted to determine the effectiveness of best manage-

ment practices (BMPs) implemented in farms in the

Upper Delaware River watershed, NY (USA). Diatom

and macroinvertebrate communities were analyzed

across 17 low-order streams, designated as reference,

BMP, or non-BMP. Streams lacking improvements

(non-BMP) had significantly greater specific conduc-

tance, pH, TDP, NH4
?-N, and NO3

--N than did

reference streams. Diatom model affinity (DMA)

values were significantly greater in reference and

BMP streams than in non-BMP streams; non-BMP

streams bordered on a ‘‘severely impacted’’ rating.

The Trophic Diatom Index (TDI) varied two-fold

among stream classes, with non-BMP [ BMP [ ref-

erence. TDI and DMA values were highly correlated,

and both varied significantly with conductance, TDP,

NH4
?-N, and NO3

--N. Macroinvertebrate taxa, EPT

richness, and Simpson’s diversity did not differ

significantly among stream classes. Macroinvertebrate

metrics (HBI, Bioassessment Profile, Percent Model

Affinity) varied by stream class, but none indicated

greater water quality in BMP sites. Nonetheless, each

correlated significantly with conductance and TDP in

the directions predicted by each model. Our data

suggest that diatoms are more sensitive to moderate

increases in nutrients, conductivity, and pH in high-

gradient agricultural streams, and may be more useful

in assessing stream management practices.

Keywords Agriculture � Best management

practices � Bioassessment � Diatoms �
Macroinvertebrates � New York � Nutrients �
Streams �Water quality

Introduction

Agricultural runoff degrades water quality in streams

in ways that can be diverse and complex (U.S.E.P.A.,

2000; Gascuel-Odoux et al., 2009). Within a single

watershed, there may be several forms of agriculture,

including row-crops, orchards, dairy pastures, and

poultry or livestock production. Impairment of

streams therefore is often characterized by multiple,

often nonpoint contaminants, including pesticides,

organic wastes, and fertilizers (Skinner et al., 1997;

Brenner et al., 2005; Yates et al., 2007). These

stressors can have stimulatory (e.g., nutrients) or

inhibitory (e.g., pesticides) effects on biological
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communities. Commonly, agricultural streams expe-

rience elevated N and P concentrations, depressed

dissolved O2, increased turbidity, algal blooms, and

loss of sensitive species (Carpenter et al., 1998).

Nutrient enrichment is often mentioned as the most

common chronic problem in these systems. Streams

draining agricultural landscapes in southern Québec

(Canada) had significantly greater inorganic and total

dissolved N (5.7-fold) and P (9-fold) concentrations,

specific conductance (10-fold), and suspended solids

(6-fold) than reference sites (Lavoie et al., 2004).

Several pollutants were positively correlated with

farm animal density and percent cropped area, with

periphyton biomass (as AFDM) on average 2.5-fold

greater in agricultural streams. Similar nutrient effects

were observed in Vermont streams (USA) by Kyriak-

eas & Watzin (2006), who also recorded significant

declines in sensitive macroinvertebrate taxa along

with greater densities of oligochaetes. They concluded

that dairy farms had more severe effects on water

quality than did planted row-crops.

Due to widespread concerns over declining water

quality in agricultural areas, efforts have been made to

mitigate adverse effects by creating riparian buffers,

vegetative filter strips, barnyard improvements, sedi-

ment detention basins, livestock fencing, and no-till

farming, collectively termed best management prac-

tices (BMPs) (Osborne & Kovacic, 1993; Tim et al.,

1995). Riparian vegetation and constructed wetlands

are specifically designed to act as nutrient filters or

sinks that take up and store excess nutrients coming

from agricultural soils (Lowrance et al., 1984). These

methods have been integrated into large-scale land-

scape plans (Gascuel-Odoux et al., 2009). BMPs are

designed to improve ecological conditions in streams

and rivers previously impacted by agriculture, but if a

restoration is to be successful, the particular river’s

ecological condition must be measurably improved

(Palmer et al., 2005).

A few studies have evaluated the ecological

benefits of BMPs. A bioassessment using macroin-

vertebrates compared 32 sub-watersheds draining an

agricultural landscape in southern Ontario (Canada)

and demonstrated clear improvements in overall

ecosystem quality (Yates et al., 2007). Results also

suggested that BMP streams may exhibit a threshold

effect, in which some of the measured improvements

in ecosystem properties (e.g., habitat quality) exhibit a

sharp, rather than a continuous change with degree of

BMP implementation. A follow-up study in the same

region demonstrated that the composition of both fish

and macroinvertebrate communities correlated with

human activity, even though members of each indica-

tor group may have responded to a different suite of

stressors (Yates & Bailey, 2010). This latter finding

suggests that a multiple-assemblage approach may be

especially useful to evaluate BMPs. A comparison of

agricultural streams in SW Georgia (USA) docu-

mented lower dissolved NO3
--N, suspended solids,

and coliform bacteria densities, with greater numbers

of sensitive macroinvertebrate taxa in streams with

riparian buffers consisting of fencing and planted

grasses (Muenz et al., 2006). However, no improve-

ments in amphibian abundance or richness were

observed.

The use of dissimilar taxonomic groups can be an

advantage in monitoring agricultural streams affected

by multiple stressors (Passy et al., 2004; Hering et al.,

2006; Wang et al., 2007). Benthic algae, which are

sensitive to nutrient enrichment (Kelly, 1998; Winter

& Dutie, 2000; Hering et al., 2006), could be added to

routine biological assessments of BMP effectiveness.

However, the record for multi-organism approaches

has been mixed. Several studies using diatoms in

combination with macroinvertebrates in agricultural

streams lacking BMPs have observed contradictory

results (Triest et al., 2001), with a few indicating

greater sensitivity of macroinvertebrate assemblages

to agriculture and eutrophication effects (e.g., Carlisle

et al., 2008) and others in which diatoms more

effectively indicated nutrient pollution (e.g., Soininen

& Könönen, 2004; Newall et al., 2006). Still other

studies have documented that different taxonomic

groups provided consistent and complementary infor-

mation (Johnson et al., 2006; Feio et al., 2007, Torrisi

et al., 2010). We know of no published studies to date,

which have made use of coordinated algal and

macroinvertebrate bioassessment methods to examine

the effectiveness of BMPs to mitigate agricultural

pollution.

Our study therefore examined differences in bio-

logical communities and water quality in streams

draining an agricultural landscape in southern New

York State (USA), in which a program was established

to finance and implement BMPs on existing farms

(Ashendorff et al., 1997). Program goals were to

manage and reduce nitrogen, phosphorus, and turbid-

ity levels, as well improve the ecological integrity of
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the watershed as a whole. Therefore, our primary

objective was to assess whether BMP implementation

led to improved water quality. To assess the effec-

tiveness of this program, we compared reference, non-

BMP, and BMP streams in the region using diatoms

and macroinvertebrates as biological indicators, and

compared these measures with physical and chemical

properties of these streams. We predicted that streams

with BMPs should exhibit greater taxa richness and

percentages of sensitive diatom and macroinvertebrate

taxa than unimproved streams, and have biotic indexes

similar to those measured in reference streams.

Indexes designed to reflect higher water quality should

be greater in BMP and reference streams, and less in

non-BMP streams. Those designed to indicate eutro-

phic conditions should be greater in agricultural

streams lacking BMPs.

Methods

Study area

The study was conducted in three sub-watersheds

feeding the upper Delaware River in south-central

New York State (Delaware County), USA (Fig. 1).

The streams feed into the West and East Branches of

the Delaware, and are part of the New York City

drinking-water supply (Arscott et al., 2006). The

region is typified by glaciated low mountains covered

with glacial till. Bedrock geology is predominantly

Late Devonian composed of shale, sandstone, silt-

stone, quartz, and conglomerates (Isachsen et al.,

2000). The watershed is sparsely populated (*13/

km2) and mostly rural. Land use is a mosaic of

agricultural and forest land, with scattered small

towns. Nearly 85% of agriculture in the study area

consists of dairy farms and *15% row crops (Arscott

et al., 2006). Beginning in the late 1990s, the

Watershed Agricultural Council (WAC: www.nyc

watershed.org) began assisting farms to reduce

impacts of agriculture on water quality (Ashendorff

et al., 1997). The WAC provided expertise, whole

farm planning and funds to establish BMPs for farms

in the watershed. Improvements included riparian

planting, streamside fencing, barnyard improvements,

and improved manure storage. A key goal of the

program has been to protect and improve New York

City water supplies by reducing targeted nutrient

inputs (Watershed Agricultural Council, 2010) in a

system with chronically high levels of dissolved

nitrogen and phosphorus (Mehaffey et al., 2001).

Stream selection and sampling plan

Our study compared similar-sized, first to third-order

streams draining one of three landscape types within

the Upper Delaware watershed. All streams were

located within a *20-km radius. Three stream classes

were defined as draining landscapes with either (1)

unmanaged farms (termed non-BMP streams), (2)

farms with WAC-sponsored BMPs installed (BMP

streams), or (3) no agricultural activity (reference

streams). Physical and physiographic properties

among the three stream classes did not differ signif-

icantly, with the exception of watershed area

(Table 1). BMP sites had all been in operation for at

least three years. Streams were selected from a list of

participating BMP and non-BMP sites with corre-

sponding farmer contact information provided by the

WAC. Farmers were contacted for permission to

access and sample the stream on their property.

Reference sites selected from the WAC GIS database

had no BMPs installed and no upstream agricultural

activity. Each was confirmed with on-site surveys. A

total of five non-BMP, seven BMP, and five reference

streams met the above criteria. Streams were sampled

during base flow in autumn 2007 (post leaf-fall) and

spring 2008 (before leaf-out). Dates were selected to

capture conditions when biological communities were

relatively stable, to avoid summer drought effects, and

to avoid the possible absence of pollution-sensitive

groups in summer (Barbour et al., 1999; Chessman

et al., 2007; Callanan et al., 2008).

Stream sampling

Sampling methods and assessments of physical prop-

erties of study streams followed standard U.S.E.P.A.

bioassessment procedures (Barbour et al., 1999).

Stream sites were each 50 m in length and contained

at least three riffle-pool sequences. Depth (±1 cm)

and width (±0.1 m) of each reach was recorded, and

stream shading (percent canopy cover) was estimated

using a canopy densitometer from an average of four

replicate measurements. A standard 0–20 scoring
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system was used to assess substratum embededness,

sediment deposition, riffle frequency, and velocity of

each stream (Barbour et al., 1999). Temperature,

dissolved oxygen, pH, and turbidity were measured in

situ using a Hydrolab Quanta (Hach Industries,

Loveland, CO). Water samples were collected for

water chemistry analyses in three acid-washed 8-ml

sample tubes, and filtered using a syringe filter (0.2-

lm pore size), as used previously (O’Brien & Wehr,

2010). Samples were preserved with H2SO4 to pH

\2.0 (U.S.E.P.A., 1987) and stored cold (B4.0�C)

until further analysis.

Fig. 1 Location of the

Upper Delaware River

watershed in New York

State, and detail of the study

streams. Reference, BMP,

and non-BMP sites are

indicated by different

symbols

Table 1 Physical properties of the study streams, compared across the three stream classes

Physical property Stream class

Reference BMP Non-BMP

Mean SE Mean SE Mean SE

Stream width (m) 3.8 1.5 2.9 1.5 5.2 2.1

Stream depth (cm) 27.5 5.5 26.5 5.0 30.7 5.5

Spring canopy cover (%) 83.0 12.8 56.4 16.7 56.4 10.6

Stream gradient (%) 4.7 1.4 3.6 2.0 2.4 1.8

Drainage area (km2) 5.3 1.6 4.9 1.7 18.4 6.0

Current velocity (cm/s) 42.0 8.1 34.3 7.9 53.1 11.2

Embeddedness (score 0–20) 14.8 1.3 12.9 1.4 14.5 1.2

Sediment deposition (score 0–20) 14.8 1.7 14.9 1.4 14.9 1.0

Frequency of riffles (score 0–20) 16.9 1.3 14.5 1.4 14.0 1.8

Velocity (score 0–20) 14.1 1.9 13.6 1.4 14.7 1.3

Predominant substratum Cobble Cobble Cobble

Differences all NS [P [ 0.10] except drainage area (Kruskal–Wallis H = 6.413, P = 0.041
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At each site, periphyton was collected from three

cobbles (collected haphazardly), scraped with a

toothbrush and razor blade, rinsed with stream water,

and pooled as one collection. The size of each cobble

was measured for later surface area calculations. The

volume of the scraped material was measured (nearest

5 ml) and stored in a 175-ml centrifuge tube on ice

until return to the laboratory. Macroinvertebrates were

collected using a traveling kick-net method, using a

D-net (mesh size 243 lm) for 3 min (Yates et al.,

2007). The sample was first poured into a white sorting

tray where coarse matter (leaves, sticks, and stones)

was removed. Remaining material (invertebrates, and

fine particulate material) was placed in a 750-ml

plastic jar and preserved in 70% ethanol.

Laboratory analyses

Water chemistries were measured using an Astoria A2

nutrient autoanalyzer (Clackamas, OR) using the

following methods (American Public Health Associ-

ation, 1985; U.S.E.P.A., 1987). Dissolved ammonium

(NH4
?-N) was measured using the phenol–hypochlo-

rite method. Nitrate (NO3
--N) was measured as

NO2
--N via the sulfanilamide–NNED method, fol-

lowing reduction to nitrite using a Cd–Cu column

(NO2
--N was at or below detection limits). Total

dissolved phosphorus (TDP) was analyzed as soluble

reactive phosphorus (SRP), after acid–persulfate

digestion (Solorzano & Sharp, 1980), using the

antimony–ascorbate–molybdate method.

Periphyton suspensions were processed within 48 h

of collection (after O’Brien & Wehr, 2010). Samples

were homogenized using a small blender and divided

into aliquots for (a) dry mass (DM) and ash-free dry

mass (AFDM), (b) chlorophyll-a (chl-a), and (c) tax-

onomic identification. Biomass as AFDM was deter-

mined following filtration of subsamples using pre-

ashed Whatman GF/F filters, dried at 80�C and ashed

for 2 h at 450�C (American Public Health Association,

1985). Pheophytin-corrected chl-a concentrations

were measured on filtered subsamples extracted in

90% neutral acetone and measured spectrophotomet-

rically (Lorenzen, 1967). Colonized rock surfaces

were calculated based on standard geometric formulas

(most were ellipsoids with smooth surfaces), assuming

that the top half of each rock was colonized by

periphyton. Calculations of mass per unit area incor-

porated the appropriate factors for each subsample to

quantify values as milligram or gram per square meter

as described previously (O’Brien & Wehr, 2010). For

identifications, diatom frustules were cleaned in

boiling 50% HNO3, rinsed 49 in deionized water,

dried onto coverslips, and mounted in Naphrax

(Brunel Microscopes Ltd., Chippenham, U.K.) diatom

mounting medium (R.I. *1.7). Diatoms were identi-

fied using Patrick & Reimer (1966, 1975) and

Krammer & Lange-Bertalot (1986, 1988, 1991a, b,

2000). From each slide-sample, a minimum of 350

valves were counted and identified, most to species.

Counts were quantified as numbers and percentages of

valves.

Macroinvertebrates were first sorted to major

groups (by class or order), then later identified, usually

to genus or family. Prior studies indicated that while

genus-level scores correlate slightly more strongly

with environmental variables than do family-level

scores, greater taxonomic resolution does not affect

the ability of bioassessments to distinguish impacted

streams from reference sites, or add significantly more

information to biological assessments (Bailey et al.,

2001; Chessman et al., 2007). Identifications were

based on McCafferty (1981), Peckarsky et al. (1995),

Merritt & Cummins (1996), and Thorp & Covich

(2001). From each stream, a minimum of 300 (spring)

or 200 (autumn) animals were counted and identified.

Data analysis

Chemical, physical, and biological data were com-

piled and averaged for each stream category (refer-

ence, BMP, non-BMP), treating each stream as a

replicate. To verify nutrient differences among the

designated stream classes, water chemistry data (esp.

N and P) were compared against the eutrophication

scales of Smith et al. (2007) and Potapova & Charles

(2007). Diatom identifications and abundances were

compiled and computed for taxa richness and diversity

(Simpson’s 1-D; Begon et al., 1990), and percent

eutraphentic species, developed for the northeastern

U.S. streams (Hill et al., 2000). Next, three common

bioassessment metrics were computed: (1) the Diatom

Model Affinity (DMA), which compares communities

with a model reference community based on streams

in NY State (DMA: Passy & Bode, 2004); (2) the

Trophic Diatom Index (TDI), which was designed to

quantify the effects of excessive nutrients in the U.K.

(Kelly, 1998, 2000; Kelly and Whitton, 1995); and (3)
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the Generic Diatom Index (GDI), designed to reflect

general pollution load and biochemical oxygen

demand (GDI: Rumeau & Coste, 1988). The DMA

also categorizes streams with values [66% ‘‘non-

impacted’’; 35–66% ‘‘moderately impacted’’; and

\35% ‘‘severely impacted.’’ The TDI and GDI

metrics were chosen because of their widespread use

in many countries, and to compare their performance

with the newer DMA index developed for streams in

our region.

Macroinvertebrate identifications and abundances

were first compiled into measures of taxa richness

and Simpson’s Diversity (Begon et al., 1990), and

Ephemeroptera–Plectoptera–Trichoptera Richness

(EPT: Lenat, 1988). Three bioassessment indexes

were next calculated. (1) The HBI Value was not only

originally designed to assess organic pollution and low

dissolved oxygen (Hilsenhoff, 1987), but was also

sensitive to nutrient enrichment (Kratzer et al., 2006)

and agriculture (Kyriakeas & Watzin, 2006). (2) The

Bioassessment Profile (BAP) was designed to assess

overall water quality (Bode et al., 2002). (3) Percent

Model Affinity (PMA) was specifically developed to

assess non-organic nutrient pollution (PMA: Novak &

Bode, 1992). The DMA and PMA were developed for

streams in NY State.

Statistics

Before hypothesis tests, variables were examined for

assumptions of normality and homogeneity of vari-

ances (Sokal & Rohlf, 1995). Transformations were

used when necessary (usually log10 or arcsine). To

assess BMP effectiveness, richness and diversity

measures and bioassessment indexes among the three

stream types (reference, BMP, non-BMP) were com-

pared using a repeated-measures analysis of variance

(RM-ANOVA), with stream class as the fixed effect

and season as the random (repeat) effect. Because

physical, geological and physiographic properties

overall did not vary among streams in the three

regions (Table 1), no additional covariates were

included in our statistical models other than season.

A Tukey’s HSD was used for specific post hoc

contrasts when ANOVA indicated significance. Pear-

son correlations (Bonferroni-corrected) were per-

formed between bioassessment indexes and chemical

variables to determine the sensitivity of each index to

specific water quality variables. One objective was to

examine the effectiveness of the New York-based

DMA index (Passy & Bode, 2004) in streams affected

by agriculture and managed using BMPs. Because the

TDI is the water quality metric perhaps most widely

used in Europe and elsewhere, a Pearson correlation

was used to examine how closely the DMA agreed

with the better-known TDI. Statistical analyses were

performed using SYSTAT version 13. Because statis-

tical power was limited by the availability of compa-

rable streams in this study, a B 0.10 was used as the

type I error for statistical significance; here, effect size

was given greater emphasis than P values. A relaxed

Type I error rate has been recommended in other

management scenarios to improve power (e.g. Dayton,

1998; Benedetti-Cecchi, 2001), and has been adopted

in various in bioassessment and ecological studies

where streams or lakes are treated as replicates (e.g.

Richards et al., 1993; O’Connor et al., 2000; Kitner &

Poulickova, 2003).

Results

Chemical properties

Concentrations of key nutrients TDP, NH4
? and

NO3
-, and specific conductance varied significantly

among stream classes and/or season, with the least

concentrations in reference streams and intermediate

levels in BMP streams (Table 2). Based on NY State

nutrient criteria (Smith et al., 2007), reference streams

were within the oligotrophic range for TDP in autumn

(B17.5 lg l-1) and mesotrophic ([17.5–65 lg l-1) in

spring. BMP and non-BMP streams ranged from

mesotrophic to eutrophic ([65 lg l-1) conditions. A

similar pattern was observed for NO3
-, with non-BMP

streams within the eutrophic ([980 lg l-1) range, and

BMP and reference streams at or near mesotrophic

conditions ([240–980 lg l-1). TDP concentrations in

BMP streams in autumn were 20% less than in non-

BMP streams, although not as low as in reference sites.

On average, specific conductance of stream water in

non-BMP streams was twice that of reference streams

in autumn (Tukey’s HSD: P = 0.0024) and 3-fold as

great as it was in spring (HSD: P = 0.0002). Con-

ductance values in BMP streams were intermediate

between reference and non-BMP sites and were

significantly less than in BMP streams during spring
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(HSD: P = 0.0157), but not in autumn (HSD:

P = 0.1532). Sites also differed in pH, with non-

BMP sites most alkaline (*0.4 units). In spring, the

pH of non-BMP streams differed significantly from

both BMP (HSD: P = 0.0951) and reference (HSD:

P = 0.0463) streams, but during autumn, reference

streams differed only from non-BMP streams (HSD:

P = 0.0411). Our measurements did not detect sig-

nificantly elevated turbidity or decreased oxygen

saturation in non-BMP streams, although each vari-

able differed by season.

Biological communities

Measurements of benthic chl-a per m2 indicated

significantly greater algal biomass in non-BMP

streams than in reference and BMP streams (Table 3).

Average algal biomass in BMP and reference streams

in autumn was similar (Tukey’s HSD: P [ 0.20), but

in spring algal biomass in BMP sites was somewhat

greater, and intermediate between reference and non-

BMP streams. No seasonal effects were observed.

Patterns for AFDM were less distinct among stream

Table 2 Water quality properties of study streams during autumn and spring sampling periods

Reference BMP Non-BMP Repeated measures ANOVA

Mean SE Mean SE Mean SE

Turbidity

Autumn 6.7 1.9 6.7 1.3 11.2 1.4 Fclass 0.666 0.5306

Spring 4.1 0.6 3.1 1.0 3.1 1.0 Fseason 16.628 0.0013

Fclass 9 season 2.238 0.1466

pH

Autumn 6.95 0.06 7.16 0.11 7.33 0.06 Fclass 3.613 0.0543

Spring 7.24 0.13 7.17 0.13 7.66 0.07 Fseason 19.227 0.0006

Fclass 9 season 5.066 0.0221

Conductance

Autumn 41.3 6.3 64.3 7.9 80.8 3.8 Fclass 6.055 0.0127

Spring 49.4 2.3 83.3 14.3 142.4 19.0 Fseason 41.938 <0.0001

Fclass 9 season 4.341 0.0341

TDP

Autumn 17.8 2.7 48.5 7.9 61.0 6.4 Fclass 6.597 0.0105

Spring 19.6 3.3 87.6 18.1 88.7 23.8 Fseason 5.163 0.0407

Fclass 9 season 1.468 0.2662

NH4
?

Autumn 154.3 16.5 210.8 15.5 243.1 26.7 Fclass 10.089 0.0023

Spring 121.3 20.7 179.0 28.2 222.5 47.9 Fseason 1.114 0.3105

Fclass 9 season 0.018 0.9826

NO3
-

Autumn 406.5 190.8 958.4 211.6 1234.7 150.1 Fclass 2.121 0.1568

Spring 720.1 284.0 1101.0 286.6 1015.5 205.9 Fseason 3.522 0.0814

Fclass 9 season 5.791 0.0147

%O2

Autumn 100.2 2.7 97.4 4.2 100.2 1.9 Fclass 0.541 0.5948

Spring 92.0 2.8 87.2 2.7 94.6 1.7 Fseason 70.446 <0.0001

Fclass 9 season 1.653 0.2293

Values are means by stream class (turbidity values in NTU; conductance in lS/cm; nutrient concentrations in lg/l). Repeated-

measures ANOVA was used to compare stream classes and sampling periods, with significant F and P values B0.10 listed in bold

(n = 5 for reference and non-BMP streams, n = 7 for BMP streams; SE = standard error)
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Table 3 Average biological properties of study streams during autumn and spring sampling periods, by stream class

Reference BMP Non-BMP Repeated measures

ANOVA
Mean SE Mean SE Mean SE

Algal biomass

Chl-a

Autumn 4.7 1.4 5.3 1.8 9.4 0.9 Fclass 6.795 0.0087

Spring 1.8 1.0 4.6 0.8 7.3 1.8 Fseason 2.341 0.1483

Fclass 9 season 0.029 0.9717

AFDM

Autumn 63.4 13.3 92.7 25.2 79.1 13.8 Fclass 0.202 0.8203

Spring 61.6 44.8 122.0 37.5 114.6 49.0 Fseason 0.172 0.6873

Fclass 9 season 0.232 0.7972

Major diatom genera

% Achnanthidium Group

Autumn 69.6% 8.6 51.1% 5.6 31.4% 5.7 Fclass 6.982 0.0079

Spring 47.3% 4.2 41.8% 5.0 25.4% 6.5 Fseason 17.281 0.0010

Fclass 9 season 2.554 0.1134

% Cymbella ? Encyonema

Autumn 3.4% 2.3 3.1% 0.1 2.1% 0.1 Fclass 3.102 0.0767

Spring 7.6% 2.0 11.5% 5.0 29.6% 8.6 Fseason 15.177 0.0016

Fclass 9 season 4.116 0.0393

% Fragilaria ? Synedra

Autumn 3.2% 1.6 7.5% 1.4 3.7% 0.1 Fclass 1.708 0.2170

Spring 6.2% 2.0 4.6% 2.0 1.2% 0.3 Fseason 0.957 0.3446

Fclass 9 season 5.641 0.0160

% Gomphonema

Autumn 1.9% 0.1 5.1% 1.2 1.0% 0.1 Fclass 3.970 0.0431

Spring 7.6% 2.3 2.6% 0.6 1.1% 0.1 Fseason 1.920 0.1875

Fclass 9 season 10.025 0.0020

% Navicula group

Autumn 6.5% 1.9 12.2% 3.3 13.6% 3.2 Fclass 1.817 0.1989

Spring 4.9% 0.1 14.4% 5.4 13.8% 4.4 Fseason 0.011 0.9186

Fclass 9 season 0.196 0.8243

% Nitzschia

Autumn 4.9% 3.1 6.8% 1.9 37.6% 4.9 Fclass 17.832 0.0001

Spring 12.4% 2.4 7.0% 1.9 17.5% 5.9 Fseason 2.858 0.1130

Fclass 9 season 10.679 0.0015

Major invertebrate orders

% Ephemeroptera

Autumn 13.3% 4.4 22.3% 5.0 33.2% 5.6 Fstream 1.296 0.3046

Spring 20.7% 7.2 16.2% 4.4 17.1% 4.2 Fseason 1.769 0.2047

Fstream 9 season 2.703 0.1017

% Plecoptera

Autumn 19.4% 5.4 5.6% 1.0 13.4% 3.2 Fstream 5.756 0.0150

Spring 21.7% 7.3 11.7% 3.7 9.7% 3.7 Fseason 0.158 0.6966

Fstream 9 season 1.158 0.3424
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classes. Algal assemblages were composed mainly of

diatoms, although some sites also had patches of

Cladophora glomerata and Stigeoclonium tenue. A

total of 140 diatom taxa were identified among the 17

streams 9 2 seasons. The 20 most common taxa

accounted for [50% of the total abundances of

diatoms recorded in these streams.

Across all sites, the most common diatom taxa were

Achnanthidium minutissimum (Kützing) Czarnecki,

Encyonema minutum (Hilse in Rabenhorst) Mann in

Round, Crawford & Mann, Achnanthidium biasolet-

tianum (Grunow) Round & Bukhtiyarova, Cocconeis

placentula Ehrenberg (and vars.), Navicula gregaria

Donkin, Rhoicosphenia abbreviata (C.Agardh)

Lange-Bertalot, Reimeria sinuata (Gregory) Kociolek

& Stoermer, Planothidium lanceolatum (Brébisson ex

Kützing) Lange-Bertalot, Fistulifera pelliculosa (Bré-

bisson) Lange-Bertalot, Fragilaria cupucina Desmaz-

ières, and Nitzschia amphibia Grunow. The three most

abundant species of Achnanthidium/Planothidium

were observed in every stream, but their abundances

varied strongly, with significantly more individuals in

reference and BMP streams (Table 3). In contrast,

non-BMP streams had significantly greater percent-

ages of Nitzschia and Navicula spp.

In autumn, benthic macroinvertebrate communities

were dominated numerically by larval midges, may-

flies, caddisflies, and stoneflies (Table 3). The most

common families of mayflies were Ephemerellidae,

Heptageniidae, and Leptophlebiidae, while caddisflies

were dominated mainly by members of the Hydro-

psychidae. Most common stonefly taxa were members

of the Chloroperlidae, Leuctridae, and Perlidae in

reference and BMP streams, but non-BMP streams

had greater numbers of Taeniopterygidae and Chlo-

roperlidae. Oligochaetes rarely exceeded 1% of total

individuals at any site. The relative abundances of

sensitive EPT taxa were predicted to be the greatest in

reference and BMP streams, but in fact were less

(reference = 45.4%; BMP = 39.1%) than the per-

centage in non-BMP streams (63.1%); however,

differences were NS (F = 0.260, P = 0.775). Most

streams had similar percentages of caddis larvae, with

abundance strongly and significantly affected by

Table 3 continued

Reference BMP Non-BMP Repeated measures

ANOVA
Mean SE Mean SE Mean SE

% Trichoptera

Autumn 12.7% 3.3 11.2% 1.0 16.5% 3.2 Fstream 0.628 0.5478

Spring 4.6% 2.2 4.0% 1.3 4.1% 0.4 Fseason 59.678 0.0000

Fstream 9 season 0.776 0.4791

% Coleoptera

Autumn 7.5% 3.7 12.3% 5.6 6.9% 1.9 Fstream 0.530 0.5998

Spring 12.7% 4.8 12.5% 4.5 7.4% 2.6 Fseason 3.668 0.0761

Fstream 9 season 0.830 0.4564

% Chironomidae

Autumn 29.5% 7.8 26.9% 5.0 15.6% 3.7 Fstream 0.421 0.6644

Spring 30.2% 3.7 34.2% 3.9 56.2% 7.4 Fseason 12.534 0.0033

Fstream 9 season 5.231 0.0201

% Oligochaeta

Autumn 0.4% 0.3 2.6% 0.8 1.3% 0.7 Fstream 4.173 0.0379

Spring 0.2% 0.1 0.7% 0.4 0.3% 0.2 Fseason 4.575 0.0506

Fstream 9 season 1.134 0.3495

Repeated-measures ANOVA was used to compare stream classes and sampling periods, with significant F and P values B0.10 listed

in bold Major diatom genera (sensu lato) and invertebrate orders are based on categories with the greatest abundances (means are

percentages of total counts; SE = standard error; n = 5 for reference and non-BMP streams, n = 7 for BMP streams; except spring

non-BMP AFDM, n = 4). ‘‘Achnanthidium group’’ includes counts of Achnanthidium, Planothidium, and Psammothidium.

‘‘Navicula group’’ includes counts of Fistulifera, Mayamaea, Navicula, and Sellaphora
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season. There were some noticeable differences in

stoneflies among stream classes, with a greater

percentage of Chloroperlidae in reference and BMP

streams, and more members of the Taeniopterygidae

in non-BMP streams.

Taxa richness and diversity

Our prediction that diatom richness and diversity

would be the greatest in reference and BMP streams,

and the least in non-BMP sites was supported by

species-richness data, but there was no significant

difference among stream types for Simpson diversity

(Fig. 2). Repeated-measures ANOVAs indicated that

both measures varied significantly by season. The

trend for percentages of eutraphentic diatoms

followed the predicted pattern in autumn (more in

non-BMP sites), but not in spring. While the greatest

average % eutraphentic measure was recorded for

non-BMP streams, none of the stream classes averaged

[50% of total taxa. We detected no significant trends

for macroinvertebrate taxa richness, Simpson diver-

sity, or % EPT among the three stream classes (Fig. 3).

Significant seasonal differences, however, were

observed for all the three measures.

Biotic indexes

The generic diatom index (GDI), whose values are

predicted to decrease with greater pollution load,

ranged from 20 to 4 among our streams, and was the

greatest in reference and BMP streams, and the least in

Fig. 2 Mean diatom

species richness, Simpson

diversity (1-D), and percent

Eutraphentic Species, for

reference, BMP, and non-

BMP streams in the upper

Delaware River watershed,

sampled in autumn 2007 and

spring 2008 (symbols
indicate means ± 1 SE)

256 Hydrobiologia (2012) 680:247–264

123

Author's personal copy



non-BMP streams (Fig. 4). Values[16, an indication

of minimal pollution, occurred only in reference and

BMP sites, as predicted. The pattern among stream

classes was highly significant and exhibited a signif-

icant class 9 season interaction (Fig. 4). The TDI

index, designed to reflect nutrient pollution, increased

as predicted from reference to BMP to non-BMP

streams in both seasons, with non-BMP streams

having significantly greater values on both dates. No

significant difference in TDI was detected between

reference and BMP sites (Tukey’s HSD: P [ 0.20).

The DMA index, based on model reference streams in

NY State, behaved as predicted. Average DMA was

the greatest (61.4%) in reference streams (HSD:

P = 0.0023), where it was nearly twice the average

for non-BMP streams (35.7%). The DMA values for

non-BMPs streams bordered on a ‘‘severely

impacted’’ rating. A correlation analysis between

individual TDI and DMA values among all sites and

seasons showed a strong, significant relationship

(rdf=32 = -0.852; P \ 0.001).

With macroinvertebrates, the Hilsenhoff Biotic

Index (HBI) revealed small but statistically significant

differences among stream classes (Fig. 5), although all

were classified as ‘‘good’’ to ‘‘very good’’ water

quality. None of the values fell within the range

defined as severe pollution ([6.5) in any of the study

streams. Bioassessment Profile (BAP) values varied

slightly but significantly among stream classes, with a

significant stream 9 season interaction (Fig. 5). In

autumn, the average BAP for BMP streams (7.2) was

*13% less than reference (8.1) and non-BMP (8.3)

Fig. 3 Mean

macroinvertebrate taxa

richness, Simpson diversity

(1-D), and EPT Richness for

reference, BMP, and non-

BMP streams in the upper

Delaware River watershed,

sampled in autumn 2007 and

spring 2008 (symbols
indicate means ± 1 SE)
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streams. The PMA, based on reference streams in NY

State, varied significantly with stream class (Fig. 5);

the trends were negative in spring (agreed with

predictions) but positive in autumn (did not agree

with predictions).

Biotic measures versus stream conditions

Given significantly greater pH, specific conductance,

and nutrient levels in non-BMP streams (Table 2),

correlations were performed between biotic measures

and these water quality variables (Table 4). All three

of the diatom indexes correlated significantly with

stream turbidity in autumn, but not during spring.

Despite the lack of a significant difference in stream

turbidity among stream classes, when considered as a

whole, there were significant correlations between

turbidity and all diatom indices and two of three

invertebrate indexes for the autumn sampling period.

Streams with elevated turbidity were characterized by

a greater percentage of eutraphentic diatoms, greater

TDI values, and lower DMA and GDI values.

Similarly, all diatom indices for autumn correlated

significantly with dissolved nutrients and specific

conductance. Correlations were the strongest with the

NY-based DMA measure, but few correlations were

observed for the spring sampling period. There were

fewer correlations between macroinvertebrate metrics

and water quality variables, most of which were with

conductance and TDP.

Fig. 4 Mean diatom

bioassessment indexes for

reference, BMP, and non-

BMP streams in the upper

Delaware River watershed

during autumn 2007 and

spring 2008: Diatom Model

Affinity (DMA), Trophic

Diatom Index (TDI), and

Generic Diatom Index

(GDI) (symbols indicate

means ± 1 SE)
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Discussion

Best management practices are implemented in agri-

cultural watersheds to restore water quality and protect

aquatic life. Improved water quality is traditionally

measured by reductions in dissolved nutrients, specific

conductance, and pathogens, and increases in dis-

solved oxygen and water clarity (Osborne & Kovacic,

1993; Yates et al., 2007). For streams in the Delaware

basin, a watershed that supplies drinking water for

NYC, there is a specific mandate for management of

farm nutrients (Mehaffey et al., 2001; WAC, 2010),

and reductions specifically in nitrogen and phospho-

rus, as listed in the federal and state 303d list

(Ashendorff et al., 1997; Mehaffey et al., 2001;

Kratzer et al., 2006). Our data suggest these efforts

were at least partially successful. Concentrations of

dissolved NH4
?-N and NO3

--N were significantly

less in BMP streams than in unmanaged sites, although

not as low as in reference streams (Table 2). TDP

concentrations in BMP streams during autumn were

20% less than in non-BMP sites, although not so in

spring. While we detected several statistically signif-

icant differences in nutrient levels among stream

classes, impacts of agriculture in our study area was

less extreme than what has been documented in other

regions of North America (Lavoie et al., 2004;

Kyriakeas & Watzin, 2006).

BMP streams were significantly less alkaline than

non-BMP streams in both seasons, and conductivity

Fig. 5 Mean

macroinvertebrate

bioassessment indexes for

reference, BMP, and non-

BMP streams in the upper

Delaware River watershed

during autumn 2007 and

spring 2008: Hilsenhoff

Biotic Index (HBI),

BioAssessment Profile

(BAP), and % Model

Affinity (PMA) (symbols
indicate means ± 1 SE)
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was less during spring (Table 2), further suggesting

improvement due to BMPs. Percent oxygen saturation

was not measurably reduced in any of the non-BMP

streams, which could suggest that agricultural prac-

tices in Upper Delaware watershed may not contribute

organic wastes or excessive algal growth, which

would lead to declines in dissolved O2. Streams in

this region drain high-relief landscapes, which result

in greater current velocities, which in turn contribute

to oxygenation of the water. Because most stressors in

agricultural streams come from non-point sources

(Tim et al., 1995; Carpenter et al., 1998), it is often

difficult to pinpoint specific causes of deteriorated

conditions, making evaluations of improvements

based solely on physical and chemical properties

difficult (Davis et al., 2003, Yates et al., 2007).

Biological data were used in the present study to

assess water quality because organisms tend to be less

susceptible to short-term fluctuations in conditions,

and because they reflect an integrated set of conditions

(Barbour et al., 1999). In our study, we observed

maximum diatom species richness in reference

streams, intermediate levels in BMP streams, and

the least richness in non-BMP streams (Fig. 2).

Diatom indexes agreed with this trend. The DMA,

based on reference streams in New York State, as well

as the widely used Tropic Diatom Index (TDI) each

indicated reduced nutrient levels in BMP streams

(Fig. 4). Further, undesirable conditions, including

elevated P, N, and turbidity, correlated negatively

with DMA and positively with TDI (Table 4), as

predicted. Indeed, these two indexes, developed for

two different continents, were highly significantly

correlated (r = -0.852, P \ 0.001, n = 34). This is

Table 4 Correlations between bioassessment indexes and

chemical properties of study streams during autumn and spring

sampling seasons, for diatom and macroinvertebrate

measurement

Diatoms r r r
Diatom

model

affinity

Trophic

diatom

index

Generic

diatom

index

Turbidity

Autumn -0.772** 0.794** -0.755**

Spring 0.223 -0.378 -0.172

pH

Autumn -0.809** 0.672* -0.681*

Spring -0.502? 0.614* -0.203

Conductance

Autumn -0.875*** 0.813** -0.749**

Spring 0.142 -0.212 0.642*

TDP

Autumn -0.715** 0.689** -0.566*

Spring -0.456? 0.634** -0.400

NH4
?

Autumn -0.603* 0.653* -0.726*

Spring 0.269 -0.046 0.116

NO3
-

Autumn -0.523* 0.493* -0.448?

Spring 0.118 0.290 -0.182

Invertebrates Hilsenhoff

Biotic

Index

Bioassessment

profile

Percent

model

affinity

Turbidity

Autumn -0.404 0.430 0.493*

Spring -0.331 0.320 0.005

pH

Autumn -0.062 0.068 0.680**

Spring 0.056 -0.017 0.163

Conductance

Autumn 0.538* -0.573* 0.183

Spring 0.607* -0.613* -0.541*

TDP

Autumn 0.056 -0.060 0.650**

Spring 0.511* -0.499* 0.060

NH4
?

Autumn 0.313 -0.303 0.399

Spring 0.724** -0.708** 0.113

Table 4 continued

Invertebrates Hilsenhoff

Biotic

Index

Bioassessment

profile

Percent

model

affinity

NO3
-

Autumn 0.008 -0.002 0.641**

Spring -0.153 0.142 0.208

n = 17; r = Pearson Product-Moment correlation coefficient;

P = Bonferroni-corrected probability; symbols: ? B0.10;

* \0.05; ** \0.01; *** P \ 0.001; blank: P [ 0.10

260 Hydrobiologia (2012) 680:247–264

123

Author's personal copy



likely because each metric includes several of the

same diatom taxa in its calculation. Reference and

BMP streams typically had a diversity of Achnanthi-

dium (Achnanthes sensu lato) species, several Encyo-

nema and Cymbella species, plus Rhoicosphenia

abbreviata, Fragilaria cupucina (and vars.), Gom-

phonema angustatum, Synedra ulna, and Cocconeis

placentula. Several of these species are regarded as

‘‘agriculture intolerant’’ (Carlisle et al., 2008). Non-

BMP streams were dominated by fewer species,

typically several Nitzschia spp., Navicula gregaria,

and Achnanthidium biasolettianum. Many of these are

motile taxa, which have been suggested to indicate

increased sediment load or greater frequency of

siltation (Hill et al., 2000; Kelly, 2000).

Species regarded as indicators of low nutrients and

low conductivity (Kelly, 2000; Potapova & Charles,

2007), such as Encyonema microcephala, Frustulia

rhomboides (and vars.), Eunotia bilunaris, E. pecti-

nalis (and vars.), and Tabellaria flocculosa were

present in low or moderate numbers (0.5–1% of total

frustules) in reference and BMP streams, but were not

observed in any non-BMP streams. A few taxa

regarded as indicators of elevated N and P, such as

Mayamaea atomus, Navicula minima, and N. tripunc-

tata, were observed only in non-BMP streams, and

never observed in either reference or BMP streams.

These individual differences and diatom metrics

together suggest that BMPs were effective in reducing

the negative impacts of agriculture, specifically nutri-

ents, in affected streams.

Our benthic macroinvertebrate data were somewhat

less informative than the diatom metrics. Percentages

of ‘‘sensitive’’ taxa (Ephemeroptera, Trichoptera,

Coleoptera) did not vary significantly with stream

class. We observed no statistically significant differ-

ences in macroinvertebrate taxa richness, diversity, or

EPT richness among the three stream categories

(Fig. 3). Percentages of mayflies, predicted to be

greater in BMP and reference streams, were actually

the greatest in non-BMP streams during autumn

(Table 3). Several macroinvertebrate groups also did

not exhibit consistent patterns. Caddis larvae were the

most prevalent in BMP streams in autumn, but had

similar percentages among stream types in spring.

Similarly, percentages of Chironomidae varied by

stream class, and were the greatest in BMP streams

during spring, (as predicted), but the pattern reversed

in autumn.

Arscott et al. (2006) recognized that land use,

especially agriculture, in New York State does influ-

ence the nutrient and sediment content of streams, but

these factors may not be the ones that most affect

macroinvertebrate communities. Novak & Bode

(1992) argue that past metrics (e.g., the HBI) were

not designed to assess the effects of non-organic

pollution, and that the PMA may more accurately

reflect relevant water quality differences. In our study,

PMA values ran opposite of predictions for autumn,

with the greatest average value recorded for non-BMP

streams. This result may be due to similar densities of

Hydropsychidae caddisflies and Chironomidae across

most study streams and relatively large numbers of

Ephemerellidae mayflies in non-BMP streams. Other

authors have also observed higher densities of Hyd-

ropsychidae in agricultural sites, and specifically in

cattle-rearing regions (Lenat, 1984; Kyriakeas &

Watzin, 2006). Different mayfly species, especially

members of the Ephemerellidae have been shown to

have very different optima with regard to TDP and

NO3
- (Smith et al., 2007), making their collective

responses, as calculated in the PMA, less informative.

Differences in the responses of diatom and macr-

oinvertebrate measures may be due to the degree of

impact caused by agriculture in our study area.

Nutrients, particularly N and P, were significantly

elevated in our non-BMP streams (Table 2), although

concentrations would not always be considered highly

eutrophic (Dodds et al., 1998; Smith et al., 2007). Our

limited ability to recognize nutrient impacts among

our study streams using traditional EPT-based indexes

(Table 4; Figs. 3, 5) may in part be attributable to the

modest nutrient enrichment in our sites, as well as

differences in nutrient tolerances and sensitivities

among macroinvertebrate species (Smith et al., 2007).

In our study, diatom indexes more accurately reflected

water quality differences (Table 4; Figs. 2, 4). Our

data and those of past studies (e.g., Kelly, 1998;

Lavoie et al., 2004; Passy & Bode, 2004; Potapova &

Charles, 2007) suggest that diatoms may simply be

very sensitive to small or moderate increases in

nutrients, conductivity, and pH, differences to which

macroinvertebrates may not respond (Soininen &

Könönen, 2004). An analysis of 44 stream sites across

nine land use categories within the New York City

watershed (covering our study area) indicated that

while macroinvertebrate and diatom data closely

corresponded for most aquatic systems, there was
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poor agreement (36% similarity) among these two

datasets specifically with small eutrophic streams

(Passy et al., 2004). In these systems, diatoms were the

best indicators in discriminating gradients of conduc-

tance and dissolved-P.

We initially chose to use several metrics from two

biological communities to identify the best measures

of BMP effectiveness in improving water quality. We

reasoned that benthic macroinvertebrates and algae

each respond to multiple stressors, although some

species and taxonomic groups will necessarily differ

as a result of their physiological and ecological

characteristics. Indexes derived from different com-

munities that are trophically linked should provide

complementary information about the health of

streams (Brenner et al., 2005; Wang et al., 2007;

Yates & Bailey, 2010). However, an assessment of

185 streams across Europe using four taxonomic

groups, including macroinvertebrates and diatoms,

showed that different groups were each effective in

characterizing specific, but different, stressors (Hering

et al., 2006). Diatoms were most strongly correlated

with eutrophication gradients, while macroinverte-

brates were most responsive to organic pollution and

BOD. In our watersheds with high gradient streams,

dissolved oxygen levels in our non-BMP agricultural

streams were not significantly depressed (Table 2).

This is perhaps one reason why macroinvertebrates

were not as responsive to the pollution differences

present across our streams, or effective in assessing

possible BMP benefits (Table 3; Figs. 3, 5). In our

study, only diatoms provided clear and consistent

evidence of greater water quality in streams with

BMPs installed than those in agricultural streams

lacking improvements (Tables 3, 4; Figs. 2, 3, 4).

Hering et al. (2006) point out that it is often difficult

to tease apart eutrophication and organic pollution

effects. A broad range of streams and land use is

required to make valid comparisons. In our study area,

biological data indicated that reference streams had

consistently greater water quality than did non-BMP

streams, but these data did not always differentiate

between BMP and non-BMP streams. One possible

explanation is that differences in conditions between

BMP and non-BMP streams were much narrower than

the full range of conditions that can occur in agricul-

tural landscapes. In our case, more modest differences

in nutrient levels were not detected using macroin-

vertebrate indices, but diatoms were sensitive enough

to detect both impairment in unmanaged streams and

improvements in BMP sites.
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swasserflora von Mitteleuropa, Band 2/2. Gustav Fischer

Verlag: Jena: 596 pp.

Krammer, K. & H. Lange-Bertalot, 1991a. Bacillariophyceae. 3.

Teil: Centrales, Fragilariaceae, Eunotiaceae. In H. Ettl, J.

Gerloff, H. Heynig & D. Mollenhauer (eds), Süsswas-

serflora von Mitteleuropa, Band 2/3. Gustav Fischer Ver-

lag: Stuttgart, Jena: 576 pp.

Krammer, K. & H. Lange-Bertalot, 1991b. Bacillariophyceae. 4.

Teil: Achnanthaceae, Kritische Ergänzungen zu Navicula

(Lineolatae) und Gomphonema, Gesamtliter-

aturverzeichnis Teil 1-4. In H. Ettl, J. Gerloff, H. Heynig &

D. Mollenhauer (eds), Süsswasserflora von Mitteleuropa,

Band 2/4. Spektrum Akademischer Verlag, Heidelberg &

Berlin: 468 pp.

Krammer, K. & H. Lange-Bertalot, 2000. Bacillariophyceae.

Part 5: English and French translation of the keys, Teil 2/5,
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