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Abstract Diatom assemblages in a 144-cm sediment

core reliably chronicled watershed changes and mod-

ifications of a riverine water-source reservoir in

northeastern Ohio (USA) between 1932 and 2005.

Non-metric Multidimensional Scaling segregated

diatom assemblages into six groups that correspond

to known anthropogenic modifications in the water-

shed and reservoir: zone I (filling, 1932–1936), zone II

(high farming activity, 1937–1949), zone III (declin-

ing farm activity and increased residential develop-

ment, 1950–1976), zone IV (implementation of

sewage bypass, 1977–1982), reduced development

activity caused by economic recession, 1983–1993),

zone VI (renewed population growth and construction

of a dam extension, 1994–2005). Ten watershed and

reservoir environmental variables (percent farmland,

population, pH, total alkalinity, total hardness,

transparency, surface area, air temperature, export of

suspended solids, total phosphorus) were significantly

correlated with diatom aggregate distribution in ordi-

nation space. Changes in species composition, in

concert with watershed and reservoir changes, impli-

cated light, alkalinity, and littoral macrophyte devel-

opment as the primary drivers of diatom aggregate

structure and function. Diatom productivity did not

track nutrient loading (TP) and was likely driven by

factors other than nutrients. Each zone was defined by

a distinct set of environmental variables that differed

from all other zones. Thus, diatom aggregate structure

likely was determined by a dynamic suite of factors in

the watershed and reservoir that had differential

effects on diatom aggregate structure through time.
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Introduction

Riverine reservoirs provide many useful services

including water for domestic and industrial use

(Jørgensen et al. 2005). The value of these services

depends on the quality of the impounded water. Initial

water quality is determined by site conditions, i.e.

geology, climate, hydrology and morphometry. Sub-

sequently, water quality is subject to modification in

response to changes in watershed land use. Unlike

natural lakes, in which conditions prior to human

impacts can serve as a benchmark for determining

human impact on water quality (Bennion et al. 2011),

reservoirs are usually constructed where watersheds

have already been modified by human activities. Thus,

reservoirs have no ‘‘pristine condition’’ as a reference

for impairment. Reservoirs, from their inception, are

subject to anthropogenic stresses. As a consequence,

human activities in the watershed either improve or

degrade the quality of the reservoir water by allevi-

ating (Anderson et al. 2005) or intensifying stressors,

respectively (Kędziora 2003). Stressors external to the

watershed may also affect water quality adversely, and

include airborne nutrients and pollutants (Woodridge

et al. 2014; Larsen 2000) and perhaps climate

warming (McGowan et al. 2012). Because the highest

standards apply to water used for domestic purposes

and recreation, reservoirs constructed to provide these

services are the most susceptible to impairment. Initial

geological conditions are relatively stable over the

lifetime of most riverine reservoirs. Therefore, with

the exception of processes like climate warming, the

magnitude and rate of degradation depends in large

part on watershed use.

Understanding the relationship between external

stressors and water quality is necessary for effective

lake and reservoir management (Battarbee and Ben-

nion 2011). One way to identify these linkages is

paleolimnological methods, often using diatom-based

transfer functions to reconstruct past water chemistry

and correlate such changes with shifts in land use,

atmospheric deposition or climate (Smol 1992; Wolfe

et al. 2001). Paleolimnological methods are powerful

tools that have enhanced our understanding of eco-

logical processes in lacustrine systems (Smol 1992,

2008; Battarbee 1999). There are, however, cases for

which paleolimnology alone is inadequate to decipher

linkages between watershed alterations and lacustrine

ecological processes (Saros 2009). Recently there has

been an appeal to integrate neo- and paleolimnological

methods to discern relationships between watershed

changes and ecological processes, and to use historical

chemical data to validate paleolimnological results

(Battarbee et al. 2005; Saros 2009; Cabecinha et al.

2009; Woodridge et al. 2014).

Numerous paleolimnological studies have docu-

mented the effects of watershed alterations on lake

water quality (Battarbee and Bennion 2011), but there

are relatively few such studies of reservoirs (Shotbolt

et al. 2005) and fewer still that use both historical data

and paleolimnological methods to relate watershed

use to reservoir water quality and service. The paucity

of paleolimnological studies on reservoirs exists, in

part, because traditional radioisotope dating tech-

niques may not apply, making it difficult to obtain

accurate sediment chronologies. Reservoirs also dis-

play higher sediment accumulation rates and sediment

disturbance, compared to natural lakes, and this may

confound interpretation of geochemical indicators

(Shotbolt et al. 2005, 2006; Filstrup et al. 2010;

Winston et al. 2014). Nonetheless, several paleolim-

nological studies have related changes in watershed

conditions to water quality in reservoirs (Serieyssol

et al. 2009; Filstrup et al. 2010; Liu et al. 2011; Costa-

Böddeker et al. 2012; Winston et al. 2014; Woodridge

et al. 2014).

We report the relationship among changes in

watershed use, historical water chemistry data, and

stratigraphic geochemistry and diatom assemblages in

a sediment core from Meander Creek Reservoir

(MCR). The aims of this study were to determine if

(1) the reservoir sediments reliably record changes in

water-column conditions, and (2) changes in diatom

community structure and function correspond to

known watershed use, physical alterations to the

reservoir and historical water chemistry data.

Study site

Meander Creek Reservoir (Fig. 1) is the primary

potable water source for 300,000 people in the

Youngstown–Warren, Ohio metropolitan area. The

reservoir and water treatment plant are managed by the

Mahoning Valley Sanitary District (MVSD). The

reservoir was first filled in January 1932. An inflat-

able dam extension was installed in 1995, adding

41 cm to the full reservoir depth. The reservoir, at
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capacity, has a maximum depth of 15.7 m, mean depth

of 5.1 m and a watershed area of 221 km2. Prior to

1995, the reservoir covered 8.13 km2 and had a

capacity of 37.8 9 106 m3. Since 1995, with the dam

extension, the reservoir area is 8.77 km2 and the

volume is 42.5 9 106 m3, with a mean water residence

time of 188 days. The north basin of the reservoir is

dimictic, with a thermocline forming inMay–June and

breaking down in September–October. The land

immediately around the reservoir (1600 ha) was

planted in red pine (Pinus resinosa) and is a wildlife

refuge that is closed to the public. The long, relatively

narrow reservoir is constricted at four places, forming

five sub-basins (Fig. 1).

Six historical modifications of the reservoir or

watershed that may have affected diatom community

structure and function were identified a priori: (1) the

filling period was a time of rapid physical and

chemical changes as the reservoir filled and stabilized

(1932–1936); (2) non-mechanized farming dominated

Fig. 1 Meander Creek

Reservoir and watershed,

northeastern Ohio, USA.

The core site was near the

dam and is marked by an

‘‘X’’. The five sub-basins are

designated by roman

numerals
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the watershed until the end of WWII (1937–1949); (3)

following WWII, farmland decreased and population

increased rapidly (1950–1976); (4) a sewage bypass,

diverting sewage from the city of Canfield around

MCR, was completed in 1977, marking the beginning

of a period with sharply reduced nutrient loading

(1977–1982); (5) on September 7, 1977 the steel

industry in the Mahoning Valley began shutting down,

initiating a sharp economic recession and population

decline (1983–1993); (6) the local economy improved,

leading to an increase in residential and commercial

development in the MRC watershed, and a dam

extension was added, increasing water volume and

surface area (1994–2005).

Materials and methods

Sediment core

A 144-cm sediment core was collected with a piston

corer in June 2005, near the center of the north basin

(41� 90 4.2300 N; 80� 460 52.9200 W) in about 14 m of

water (Fig. 1). Water above the surface sediment was

removed with a pipette before sectioning. The core was

cut into 1.12-cm sections, a convenient increment for

the extrusion device. The upper few centimeters of the

core were unconsolidated and removed with a large-

bore pipette. Deeper sediments were sufficiently con-

solidated to be sliced and removed with a stainless steel

knife. Sub-samples for diatom counts were taken from

each section with a #2 cork-borer (0.1–0.2 g wet

weight), providing a sub-sample core of 3 mmdiameter

for the entire length of the core. Sub-samples for bulk

density and pore water content were taken with a #5

cork-borer (2–3 g) and placed in tared graduated

centrifuge tubes and reweighed for bulk density deter-

mination. The sediment was centrifuged at 4000g for

10 min. Total volume was measured and the super-

natant water (pore water) was removed with a pipette

and weighed to±0.002 g. The remaining sediment was

weighed and dried at 105 �C for 24 h for determination

of the dry mass. The dried material was ground with a

mortar and pestle and stored in 20-ml glass scintillation

vials. Sub-samples (0.5–1 g) of the dried material were

combusted at 450 �C for 4 h to estimate organic matter

content by weight loss on ignition (LOI).

Sub-samples for diatoms were cleaned by concen-

trated nitric acid digestion at 95 �C for 4 h and washed

5 times with DI water. The cleaned diatom suspension

was diluted 1:10 and an aliquot of the diluted

suspension was settled onto 22 9 22-mm, number

1.5 glass cover slips and mounted in ZRAX�. At least

400 diatom valves were counted, using an Olympus

AO 70A microscope at 10009, along transects on the

slide. Diatom identification was based primarily on the

works of Hoffmann et al. (2011), Krammer and

Lange-Bertalot (1986, 1988, 1991a, b), Houk (2003),

Houk and Klee (2007), Houk et al. (2010) and

Potapova (2010).

Because it was difficult to distinguish between

some taxa, they were combined into aggregates. The

Achnanthidium minutissimum species complex is

difficult to separate with light microscopy (Potapova

and Hamilton 2007) and was grouped as A. minutis-

simum agg. Most of the specimens were A. minutis-

simum (Kützing) Czarnecki var. minutissimum.

Cyclotella bodanica agg. includes C. bodanica Eulen-

stein ex Grunow and Cyclotella radiosa (Grunow)

Limmermann. Aulacoseira spp. is the sum of all

Aulacoseira, excluding Aulacoseira pusilla (F. Meis-

ter) Tuji et Houki, Aulacoseira subarctica (O. Muller)

Haworth and Aulacoseira granulata (Ehrenberg)

Simonsen. Cyclotella spp. is the sum of all Cyclotella,

excluding Cyclotella ocellata Pantocsek and C.

bodanica agg. Fragilarioides is the sum of all Frag-

ilarioides, excluding Fragilaria nanana and Fragi-

laria crotonensisKitton. Only taxa that were identified

to species, comprised at least 1 % of the total counted

valves, and occurred in at least three samples, were

used for inferences of total phosphorus (TP). Aggre-

gate taxa were included for ordination analysis.

Core chronology was determined from a combina-

tion of four time markers: core top (2005), core bottom

(1932) and two 137Cs dates. Cesium-137 analyses

were carried out using gamma spectrometry at the St

Croix Watershed Research Station, Science Museum

of Minnesota, Marine on St. Croix, MN.

Historical water chemistry and physical data are

from the records of the MVSD. These data include:

pH, total alkalinity (TALK), total hardness (HRD),

turbidity, and reservoir surface area (A). Except for

hydrological data, records from 1982 until 1994 were

lost. Watershed land use data were derived from

USDA NASS (2006), population data from the USA

10-year township census data, and the exports of TP

and suspended solids (SS) were calculated from land

use and respective export coefficients (ESM Table 1).
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Mean monthly air temperature data are from the

Youngstown, Ohio weather station located about

10 km north of MCR (NOAA 2014). The environ-

mental variables are expressed in relative terms as the

percent of the maximum observed value, to facilitate

comparisons among variables.

Data and statistical analysis

Each core section contained less than one year of

deposition, thus seasonal variation in diatom produc-

tivity is not synchronized with core sections and,

consequently, increases the variability in valve counts

and assemblage composition. To compensate for this

variability, valve counts were ‘‘smoothed’’ using the

SPSS algorithm T4253. Total phosphorus reconstruc-

tion (DI-TP) was based on relative abundance

(RA = Xij/
P

Xij, where Xij is the number of valves

of taxon ‘‘i’’ in section ‘‘j’’), using the European

Diatom Data sets (EDDI, Juggins 2014 software and

‘‘combined TP’’ training set). Thirty-eight taxa met the

criteria for inclusion in the fossil data set. Six regional

North American (NA) training sets were considered

along with the EDDI. The EDDI had the greatest

concurrence with the MCR diatom taxa (66 % of

eligible taxa in common) and the greatest inclusion of

MCR valves (80 % of all MCR valves included in the

concurring taxa). The NA training sets that were

considered were 50 % or less in both concurrence and

number of valves included. None of the NA sets

included A. pusilla (syn. Aulacoseira subborealis)

(Nygaard) Denys, Muylarert et Krammer, the most

common diatom in MCR. The assumptions inherent in

diatom-inferred reconstructions were not tested (Jug-

gins et al. 2013), but DI-TP is consistent with

measured values (winter 2000–2003, p\ 0.05 One-

way ANOVA), most of the eligible taxa were plank-

tonic, which better meets the inherent assumptions

than benthic species (Juggins et al. 2013), and for this

study the trend in reconstructed values is more

important than the absolute values.

Shannon–Weiner diversity (H0) was determined

using PCORD software (McCune and Mefford 1999).

Non-metric multidimensional scaling (NMDS) was

used to identify possible stratigraphic assemblage

groups. Significance between groups was assessed

with analysis of similarity software (ANOSIM) from

the Pisces Community Analysis Package (CAP 2007).

The NMDS ordination was fitted using the R

Statistical Environment (R Core Team 2012). Envi-

ronmental variables were fitted to the ordination by the

R package vegan (Oksanen et al. 2013). High multi-

collinearity was identified for farmland (F), SS and TP

export, by way of fitting a redundancy analysis model,

followed by variance inflation factor (VIF) measures

for Canonical Correlation Analysis (CCA).

Results

Core geochemistry

The sediment was composed of uniform black gyttja.

Herbaceous roots and mineral soil in the bottom

segment indicated that the core extended through the

entire reservoir sediment layer. Except for an anoma-

lous decrease in percent dry matter content between 27

and 58 cm, dry matter increased with depth, from

25 % near the top to 50 % near the bottom of the core

(Fig. 2a). The increase in dry matter content is

attributed to a decrease in porosity. Centrifuged pore

water, a partial measure of porosity, decreased from

30 % near the surface to \8 % in the deepest

sediments (Fig. 2b). Fine silt and clay particles

composed about 70 % of the dry sediment from the

surface to 60 cm and then decreased to \30 % by

105 cm depth (Fig. 2c). Organic content decreased

from 7.5 % in near-surface sediment to a low of 4.3 %

at 133 cm, but then increased in the deepest sediment

(Fig. 2d). Bulk density (qd) (= M/V where: M is dry

mass and V is wet volume) increased with depth from

0.3 g cm-3 near the top of the core to 0.7 g cm-3 near

the bottom (Fig. 2e). The increase in bulk density with

depth in the core is consistent with reduced pore space,

changing inorganic composition and decrease in

organic content.

Chronology

The total time from reservoir filling until the core was

taken, i.e. 1932–2005, was 73 yr. Cesium-137 activity

established two additional time markers, unde-

tectable activity at 114 cm (1950 ± 2 yr) and peak

activity at 92 cm (1963 ± 3 yr) (Fig. 2f). The primary

source for 137Cs was above-ground testing of nuclear

weapons. There were few tests prior to 1950 and

testing peaked about 1963. The total accumulated dry

mass at the core site was 72.3 g cm-2. The 137Cs dates
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divide the core into three segments: 144–115, 115–92,

92–0 cm, AD 1932–1950, 1951–1963 and

1964–2005, respectively (Table 1). The mass accu-

mulation rate (MAR) decreased toward the top of the

core, from 1.13 g cm-2 yr-1 in the deepest segments

to 0.93 g cm-2 yr-1 in the top segment (Table 1).

Linear interpolation of MAR on time from the mid-

point of each segment provides an estimate of change

in MAR with time (Eqs. 1, 2, Fig. 2g).

MARi ¼ 0:409þ 0:00557 � depthi i ¼ 104�144 cm

ð1Þ

MARi ¼ 0:892þ 0:0009 � depthi i ¼ 1�104 cm

ð2Þ

A timeline was determined as the quotient of empirical

sediment accumulation and MARi (Eqs. 1 and 2)

(Fig. 2g), where time (yr cm-1) = qdi/MARi. Calcu-

lation of sediment accumulation using Eqs. 1 and 2

provides a much better fit to the empirical data than

usingMAR. There is no significant difference between

the empirical and calculated values for sediment

accumulation (g cm-2) using a paired student t test

(p[ 0.18).

Fig. 2 Geochemical stratigraphy and chronology: a sediment

dry matter (%); b pore water extracted by centrifugation (% of

wet sample mass); c particle size (particle size greater than

250 lm, % of total sample dry mass); d mass loss on ignition

(%); e bulk density; f 137 Cs activity; g mean accumulation rate

(MAR); h time-depth curve with two independently dated

points—‘‘o’’ marks the date when there is a sharp decrease in

diatom-inferred total phosphorus, corresponding with the

completion of the sewage bypass (1977); ‘‘x’’ marks the

beginning of the rapid decline in farming (1950) and the

beginning of the change in sediment grain size from coarse to

fine material (110 cm)

Table 1 Dated core sections

Core section Sediment depth (cm) Determined date D Time (yr) D Sediment (g cm-2) MAR (g cm-2 yr-1)

1 1 2005

82 92 1963 42 39.2 0.93

102 114 1950 13 12.8 0.99

129 144 1932 18 20.3 1.13

Top 2005, bottom 1932; 137Cs dates at Section 82 and 102; D Sediment is the sediment accumulation in g cm-2, MAR is the mean

accumulation rate
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Diatoms

We measured six aspects of diatom assemblage

structure and function: species present, relative abun-

dance, productivity as the rate of valve accumulation,

Shannon diversity index, relative abundance (RA) of

planktonic taxa and RA of centric diatoms. All centric

diatoms in MCR are considered to be planktonic. Of

the 316 taxa present, the taxa or taxa aggregates that

most notably contributed to the delineation of diatom

assemblage zones are depicted in Fig. 3. Aulacoseira

pusilla showed the highest relative abundance at

63 %. The RA of planktonic and centric taxa varied

considerably, from 50 to 89 % for all planktonic taxa

and from 30 to 80 % for centric taxa (Fig. 3).

Planktonic diatom RA (all centric plus pennate

plankton) is correlated significantly with reservoir

surface area (r = 0.522, p\ 0.002). Overall produc-

tivity ranged from 4 to 18 million valves cm-2 yr-1

and Shannon diversity ranged from 2.2 to 2.85

(Fig. 3).

An a priori examination of changes in the watershed

and the reservoir delineated six periods that may have

caused detectable shifts in diatom assemblage

composition: (1) filling of the reservoir and a short

period of diatom colonization and establishment of

macrophyte vegetation, (2) a stable period of high

farming activity and low rural residential development

until the end ofWWII, (3) rapid decline in farming and

a rapid increase in population following WWII, (4)

construction of a sewage bypass from the city of

Canfield around MCR, (5) economic downturn with

the closing of the steel industry in the Mahoning

Valley, and (6) construction of a dam extension,

renewed economic activity and population growth.

Each of these six watershed and reservoir events is

associated with changes in diatom assemblage com-

position identified by NMDS analysis (Fig. 4). Each

zone was significantly different from all others

(pairwise comparison of all combinations gave a

statistic score C 0.914, p\ 0.001) (ESM Table 2;

ANOSIM, CAP software).

Zone I (1932–1937) is characterized by low total

diatom production (5.4 9 106 ± 0.1 valves cm-2

yr-1), relatively low abundance of centric diatoms

(29 ± 1 %), a high total planktonic fraction

(87 ± 3 %) and a relatively low Shannon diversity

index (H0 = 2.5 ± 0.1) (Fig. 3). The most abundant

Fig. 3 Chronological distribution of common diatom taxa, all

centric diatoms, all planktonic diatoms, Shannon diversity index

(H0) and diatom productivity (valves cm-2 yr-1). All graphs

except diversity and productivity are based on relative

abundance (RA). Taxa are ordered from left to right corre-

sponding to their importance in defining zones I–VI
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taxa in zone I, accounting for 81 % of the valves, were

F. crotonensis (23 ± 8 %), Asterionella formosa

Hassall (19 ± 1 %), Aulacoseira spp. (13 ± 1 %),

A. subarctica (O. Müller) Haworth (10 ± 3 %), other

Fragilarioides (8.4 ± 0.6) and C. bodanica Grunow

(7.8 ± 0.1 %).

Zone II (1937–1949) is characterized by continued

relatively low productivity (6 ± 2 9 106 valves cm-2

yr-1), high diversity (H0 = 2.85 ± 0.08) lower total

planktonic RA (75 ± 4 %) and relatively low, but

increasing contribution of centric diatoms (Fig. 3).

The mean RA of centric diatoms increased from

29 ± 1 % in zone I, to 48 ± 5 % (Fig. 3). Achnan-

thidium minutissimum agg. increased sharply to

17 ± 5 %, accompanied by decreases in F. crotonen-

sis (5 ± 3 %), A. formosa (14 ± 4 %) and A. subarc-

tica (7 ± 1 %) (Fig. 3). Aulacosiera granulata, C.

stelligeraCleve &Grunow, Stephanodiscus minutulus

(Kützing) Cleve & Möller and Cyclotella spp. were in

relatively low concentrations, but attained near max-

imum RA in zone II.

Zone III (1950–1976) is characterized by relatively

low diatom productivity (4.5 ± 1 9 106 valves cm-2

yr-1), high diversity (H0 = 2.95 ± 0.08) and

increased total planktonic forms (84 ± 1 %)

(Fig. 3). Asterionella formosa was the most common

diatom (18 ± 3 %), followed by A. pusilla

(10 ± 3 %) and S. minutulus agg. (10 ± 2 %).

Nitzschia acicularis Kützing & W. Smith was nearly

exclusive to zone III. A. subarctica and C. stelligera

declined sharply near the mid-point of zone III.

Zone IV (1977–1982) is characterized by a marked

increase in diatom productivity (13 ± 2 9 106 valves

cm-2 yr-1), high but declining diversity

(H0 = 2.7 ± 0.1), increasing RA of centric diatoms

(56 ± 9 %), and planktonic forms accounted for

86 ± 2 % of the diatoms (Fig. 3). A. pusilla

(18 ± 5 %) was the most common diatom followed

by S. minutulus agg. (12 ± 6 %) and A. formosa

(12 ± 3 %).

Zone V (1983–1993) is characterized by continued

high diatom productivity (18 ± 4 9 106 valves cm-2

yr-1) decreasing diversity (H0 = 2.2 ± 0.1), and

increasing RA of centric diatoms (66 ± 7 %). Total

planktonic forms accounted for 86 ± 2 % of the

diatoms (Fig. 3). The maximum RA of F. nanana

occurred in zone V. Cyclotella ocellata Pantocsk

(7 ± 8 %) first occurred in high numbers during zone

V. Two species, A. pusilla (40 ± 4 %) and C.

ocellata, accounted for 47 % of all valves in zone V.

Zone VI (1994–2005) is similar to zone V in

diversity (H0 = 2.3 ± 0.1) and centric diatoms

(69 ± 5 %), but differs in a decrease in productivity

(14 ± 2 9 106 valves cm-2 yr-1), increase in all

planktonic forms (90 ± 1 %), the maximum and

nearly exclusive occurrence of C. ocellata, and the

first significant occurrence of Cyclostephanos dubius

(Fricke) Round (Fig. 3). The most common taxon was

A. pusilla (29 ± 9 %), followed by C. ocellata

(27 ± 9 %) and A. formosa (8 ± 2 %).

Environmental variables

Watershed

The initial fraction of the watershed in farmland was

high (70 %) and remained high until after WWII

(through zone II), declined to 40 % by 1965 (zone

III), then less rapidly to \30 % by 2005 (zone VI,

Fig. 5a). As farming declined, the number of farms

decreased even faster (Fig. 5b) resulting in fewer,

but larger farms. This transition was likely driven by

farm mechanization, as indicated by a 90 %

decrease in draft animals (Fig. 5c). With the

decrease in draft animals, the land in pasture, hay

and oats decreased (ESM Fig. 1). The first signif-

icant planting of soybeans occurred in the 1970s and

increased rapidly to over 20 % of the farmland by

zone V (Fig. 5d). During the same period that

farming was declining (zone III), the population

Fig. 4 Ordination graph for two-dimensional Non-Metric

Multidimensional Scaling (NMDS) of diatom assemblages.

Each data point represents a sediment section. Six groups

(zones) were delineated and correspond to major watershed or

reservoir events. The assemblage groups are sequential with the

first and last section of each group labeled; S1 is the top core

section, S129 the bottom section
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increased by 39 (30 % of maximum in 1948 to

90 % of maximum by 1980) (Fig. 5e). Export of TP,

similar to DI-TP, increased until 1977, when the

bypass was opened, decreased through zone V, and

then increased to near maximum values in zone VI

(Fig. 5g). The increase in TP export after installa-

tion of the sewage bypass is attributed to increased

rural residential development and increased planting

of soybeans. Productivity does not track nutrient

concentrations, as measured by DI-TP or TP export

(Fig. 5g). Productivity decreased through zone III,

while TP export and DI-TP increased. Then, just

prior to the bypass, it began to increase rapidly,

attaining a maximum in 1986, 10 years after the

peak TP values (Fig. 5g). Productivity and TP

exhibit similar increases in zone VI.

Export of SS was high following reservoir filling,

then declined with the decline in farmland (Fig. 5f).

Unlike the export of TP, SS export did not increase

during zone VI (Fig. 5f). The period of highest

loadings of SS corresponds to the period of depo-

sition of larger sediment particles (Fig. 2c), highest

MAR (Fig. 2g) and non-mechanized farming

activity.

Reservoir chemical and physical properties

The ranges in relative values for all variables except

pH, surface area and air temperature, were[50 % of

the maximum value. The mean annual surface area of

the reservoir had a range of about 20 %. The highest

surface areas all occurred after the inflatable dam

extensionwas installed in 1995 (Fig. 6a). Although the

range in water surface area was relatively low, there

was a significant trend toward larger surface area with

time (R2 = 0.075, F = 10.36, p\ 0.002). Annual

mean air temperatures tended to decline from 100 %

(15 �C) in zone I to 65 %ofmaximum (8.5 �C) in zone
III, then increased during the remainder of the study

period (Fig. 6b). Secchi disk transparency (SD)

increased steadily throughout the period, with the

maximum occurring in zone IV and a range of 80 % of

the maximum (Fig. 6c). The pH was lowest in zone I,

increased until zone III, and then decreased through

zone VI. The range in pH was about 12 % (Fig. 6d).

Total alkalinity decreased sharply after filling to the

minimum during zone II, then increased steadily

through zone VI. The range for TALK was 55 %

(Fig. 6e). Total hardness increased from aminimum in

Fig. 5 Watershed environmental factors expressed as percent

of maximum value for each variable (Xj = 100 Xi/Ximax).

Horizontal lines mark the boundaries of the diatom assemblage

zones: a farmland; b number of farms; c draft animals;

d soybeans; e population in the watershed (maximum 35,000);

f calculated suspended solids export from the watershed; g black
is % of maximum of diatom valve deposition rate, red is % of

maximum total phosphorus exported from watershed and blue

is % of maximum diatom inferred total phosphorus in the

reservoir. (Color figure online)
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zone II to the maximum in zone III, and then declined

until zone IV. The range was 40 % of the maximum

(Fig. 6f).

Diatom-inferred TP was low in the deepest sediment,

and then trended higher to a maximum just after

construction of the sewage bypass, then decreased

rapidly to the lowest concentrations during the mid-

1990s (Fig. 5g). The validity of DI-TP computationswas

assessed by RMSE and Jackknife cross-validation

weighted averaging, with inverse deshrinking. Perfor-

mance statistics were: RMSE = 0.298, R2 = 0.71, ave.

bias = 0.00, max. bias = 0.62. Jackknife errors of

prediction were: RMSE = 0.334, R2 = 0.637, ave.

bias = 0.00286, max. bias = 0.719. The mean mea-

sured TP concentration during the winters of 2000–2003

was 27 ± 4 ppb (Schroeder et al. 2009), which was

similar to the DI-TP for the same period (30 ± 3 ppb).

Biplots

Biplots of variables in ordination space indicate

strengths and potential correlations among variables

(Fig. 7). All variables were highly significant

(p\ 0.001) in the overall discrimination of diatom

assemblages (Table 2). Three groups of environmental

variables showed similar vector directions: (1) hard-

ness (HRD) and pH; (2) farming (F), suspended solids

(SS) and air temperature (T); and (3) population (P),

Secchi disk transparency (SD), total phosphorus export

(TP), total alkalinity (TALK) and reservoir surface

area (A) (Fig. 7). Farmland, SS, and T are negatively

correlated with P, SD, TP and TALK. Surface area is

negatively correlated with HRD and pH. Farming is

inversely related to population (Fig. 7a).

Temporal changes in strengths of variables were

assessed by NMDS analysis for each of the six zones

(Fig. 7b–g). Each zone was distinct in the suite of

variables that significantly accounted for the distribu-

tion of diatom assemblages (Table 2). No variable was

significant across all zones (Table 2).

In zone I (Fig. 7, zone I), there were no significant

variables at p\ 0.01 (Table 2). The absence of signif-

icant variables in zone I likely is attributed to the low

number of diatom data points (four). In zone II (Fig. 7),

all variables except TALK,HRDand SDwere related to

diatom assemblages (Table 2). Farmland (F), T and A

were positively correlated, but negatively correlated

with P, pH, TP and SS (Fig. 7, zone II). In zone III, all

variables except T and SD were significant (Table 2).

Total Alkalinity (TALK), pH, HRD, TP and P were

positively correlated, but negatively correlated to SS

and F (Fig. 7, zone I). Area (A) was significant, but not

correlated with other variables. In zone IV, population

(P), TALK, TP, pH and SD were significant (p\ 0.01,

Table 2). Total phosphorus export and pH were posi-

tively correlated, but negatively correlated with P and

SD (Fig. 7, zone I). Total alkalinity was significant, but

not correlated with other variables. In zone V, because

of missing records from 1980 until 1990, SD, TALK,

HRD, and pH were excluded from the NMDS analysis.

Fig. 6 Reservoir physical

and chemical variables

expressed as percent of

maximum value. Horizontal

lines mark the boundaries of

the diatom assemblage

zones: a surface area;

b mean annual air

temperature; c Secchi disk
transparency; d pH; e total
alkalinity; f total hardness
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All of the remaining variables except A and T were

significant (p\ 0.01, Table 2). Population and TPwere

positively correlated, but uncorrelated with SS and F

(Fig. 7). In zoneVI the significant variables wereA, TP,

P, TALK and HRD (p\ 0.01, Fig. 7). Population (P),

TP and A were positively correlated; TALK and HRD

were positively correlated, but uncorrelated with A

(Fig. 7).

Discussion

Core validation

A variety of factors including water level fluctuation,

density currents, and resuspension and focusing of

sediments has fostered the perception that reservoir

sediments are poor archives for watershed inputs

Fig. 7 Non-Metric Multidimensional Scaling (NMDS) ordina-

tion with environmental variable biplot vectors for all data

(a) and for each diatom assemblage zone (b–g); P = population

in the watershed, F = %of watershed in farmland, TP = annual

total phosphorus exported from the watershed, SS = annual

total suspended solids exported from the watershed. MVSD data

for pH, TALK = total alkalinity, HRD = total hardness,

SD = Secchi disk transparency, A = mean annual water

surface area of the reservoir and T = mean annual air

temperature. High values for NMDS1 correspond to older

sediments, whereas low values are associated with recent

deposition

Table 2 Significance of

watershed and reservoir

environmental variables in

discriminating diatom

assemblage distribution in

NMDS ordination space by

zones and combined (all

zones)

NS not significant,

* p\ 0.05; ** p\ 0.01;

*** p\ 0.001

Variable Zones All zones

VI V IV III II I

Farmland (F) NS *** NS *** ** * ***

Population (P) *** ** *** *** *** * ***

Total phosphorus export (TP) *** ** *** *** *** * ***

Suspended solids export (SS) NS *** NS *** *** * ***

Air temperature NS NS * NS ** NS ***

Surface area (A) *** NS * ** *** NS ***

pH NS – *** *** *** NS ***

Total alkalinity (TALK) *** – ** ** NS NS ***

Total hardness (HRD) *** – * *** NS NS ***

Transparency (SD) * – ** * NS NS ***
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(Shotbolt et al. 2005). This perception has restricted

sediment core studies in reservoirs (Shotbolt et al.

2005; Filstrup et al. 2010; Winston et al. 2014).

However, the distinct onset of 137Cs activity (*1950),

the sharp 137Cs peak (1963), consistency of the

timeline with dated watershed events and the close

correspondence of diatom assemblage composition

with watershed events, confirm that MCR sediments

are suitable archives for chronicling changes in the

watershed.

Environmental variables

Except for installation of the sewage bypass and the

addition of a dam extension, the other environmental

variables displayed relatively gradual change. The

discrete alterations are imbedded in more gradual

changes in farming, population and watershed devel-

opment. Thus, it is unlikely that changes in diatom RA

would identify discrete boundaries of the differenti-

ated diatom zones. We would expect more gradual

shifts in RA and the zone boundaries would only be

defined by changes in the aggregate structure analysis,

but would not necessarily be apparent in a graphical

analysis such as Fig. 3. Further support of the gradual

effects of watershed factors is that the diatom aggre-

gates form a trajectory in ordination space that

corresponds to their position in the sediment core.

Zone boundaries are further obscured by uncertainty

in the chronology. Thus, the zone boundaries are

fuzzier than depicted in Fig. 4. Nevertheless the

discrete groups delineated by NMDS, and the signif-

icant correspondence of the groups with plausible

driving factors, lend credence to the premise that

changes in diatom aggregate structure are attributed to

driving environmental factors in the watershed and in

the reservoir. The zones form the basis for articulating

specific testable hypotheses of cause and effect

between watershed alterations and diatom community

structure.

Diatom assemblage composition reflects the

dynamic influence of temporally changing environ-

mental variables. Within each zone, more than one

environmental variable is correlated with diatom

assemblage composition, and the set of correlated

variables is different for each zone. Thus, chronolog-

ical changes in diatom assemblages record changes in

both the watershed and reservoir water chemistry.

Some insight into which variables are most important

in influencing diatom assemblage composition can be

gleaned from the species composition and autecology

of the common diatoms in each zone.

Periods of reservoir history

Zone I: reservoir formation (1932–1936)

Reservoirs typically undergo a flush in productivity,

the ‘‘trophic upsurge,’’ for a few years after filling.

This is attributed to nutrient enrichment from the

flooded soils and decomposition of inundated vegeta-

tion (Straškraba and Tundisi 1999; Baxter 1977). The

upsurge, however, was not reflected in the diatom

production in MCR. The ‘‘trophic upsurge’’ includes

all producers, thus it may well have occurred in MCR,

but diatoms did not participate. Although light is not a

significant ordination variable, low light transmittance

in zone I (mean Secchi disk = 0.9 m) may have

inhibited both diatom and other algal productivity.

Fragilaria crotonensis and A. formosa are plank-

tonic pennate diatoms that are characteristic of zone I.

They indicate anthropogenic disturbances (Wolin and

Stoermer 2005), mesotrophic to eutrophic conditions

(Stoermer and Smol 1999; Tilman and Kilham 1976),

and are tolerant of low light conditions (Reynolds et al.

2002). Low light, absence of a mature littoral zone,

and the suite of chemical and physical changes that

occur during the formative period of reservoir devel-

opment, likely are the primary variables that deter-

mined the diatom composition of zone I.

Zone II: high farming activity (1937–1949)

The transient conditions of zone I gave way to more

stable diatom assemblages during the farming period,

between 1937 and 1949. The diatom assemblage

composition changed to include more small, single-

celled, centric diatoms that tend to grow faster, and

therefore are more resistant to grazing pressures and

out-wash (Reynolds et al. 2002). High abundance of

the epiphytic diatom Achnanthidium minutissimum

agg., during zone II, may have resulted from devel-

opment of littoral macrophytes as the reservoir

matured. Submerged macrophytes (Eurasian milfoil,

Myriophyllum spicatum) covered 10 % of the reser-

voir area in 1972 (Schroeder unpub.). Achnanthidium

minutissimum is a ubiquitous benthic diatom that is

common in waters with a wide range of alkalinity and
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trophic state conditions (Krammer and Lange-Bertalot

1991b), but is described as occurring in meso-

eutrophic conditions by van Dam et al. (1994). Many

members of the A. minutissimum complex are difficult

to identify with light microscopy, and may have

distinctive ecological requirements that are not often

recognized in the literature (Potapova and Hamilton

2007). Asterionella formosa, the second most common

diatom in zone II, is consistent with light-limiting

conditions (Reynolds 1988). Stephanodiscus minutu-

lus is a centric planktonic species characteristic of

eutrophic conditions (van Dam et al. 1994). The

diatom species composition and relatively low pro-

ductivity, despite increasing DI-TP in zone II, are

consistent with light limitation.

Zone III: decreased farming and increased population

(1950–1976)

The likely driving factor for zone III is reduction in

farming activity after WWII. The decline in farmland

reduced both SS and TP loading, resulting in a

significant increase in transparency. However, the

reduction of TP export from farming is more than

offset by the increase in TP from residential develop-

ment. Thus, TP in the reservoir continued to increase,

as indicated by increased DI-TP. The increase in

centric diatoms is consistent with increased trans-

parency (Saros and Anderson 2014). The increase in

diversity is consistent with a deeper photic zone and

increasing nutrient load from Canfield City sewage

effluent. The common diatoms in zone III (A. formosa,

S. minutulus, S. hantzschia and A. pusilla) all favor

nutrient-rich environments (van Dam et al. 1994). A.

pusilla is a widely distributed, but under-reported,

colonial, planktonic diatom associated with more

alkaline, eutrophic and turbid fresh waters. This is

consistent with increasing alkalinity in MCR (Denys

et al. 2003). Light remained low, consistent with

continued low productivity.

Zone IV: sewage bypass (1977–1982)

The reduction in TP export, associated with comple-

tion of the bypass, marks the beginning of zone IV.

The reduced TP export is also manifested by a sharp

reduction in DI-TP. Contrary to the expected effects of

reduced TP, productivity increased. This apparent

anomaly may be attributed to relatively high and

increasing transparency, forming a deeper photic

stratum that overrode decreased nutrient levels. The

increasing transparency resulted from reduced SS

export and stabilization of the shore and littoral area

from maturation of both the littoral zone macrophytes

and pine planting around the reservoir. The increase in

centric diatoms is attributed to a surge in abundance of

A. pusilla, which was favored by increased alkalinity

and hardness (Denys et al. 2003).

Zone V: economic recession, reduced population

(1983–1993)

During zone V, much of the Mahoning Valley steel

industry shut down, triggering a regional economic

recession. Population growth in the watershed stalled,

and even declined, resulting in a downturn in residen-

tial development that is reflected in reduced export of

nutrients and SS. This was also the period when

enforcement of the Clean Water Act was widely

implemented, likely improving surface water quality

and reducing pollution loading to the reservoir. Acid

mine drainage from an abandoned coal strip mine in

the watershed was also abated (USEPA 1971). Com-

mon diatoms are A. pusilla and the first substantial

occurrence of C. ocellata. Reduction in nutrient and

SS loading from reduced development of the water-

shed is reflected in lower DI-TP and higher trans-

parency. This is consistent with increased abundance

of centric diatoms and mesotrophic water conditions.

The increase in C. ocellata, a centric alkaliphilous

unicellular planktonic diatom, is consistent with

increased alkalinity (Padisak et al. 2009; van Dam

et al. 1994).

Zone VI: renewed population growth and dam

extension (1994–2005)

Zone VI began with the construction of a 41-cm dam

extension. The subsequent increase in water level

resulted in an increase in the pelagic proportion of the

reservoir and should have caused a corresponding

increase in planktonic versus non-planktonic diatoms

(Soballe and Kimmel 1987). This premise is supported

by the significant positive correlation between plank-

tonic diatom RA and reservoir surface area. Concur-

rent with the dam extension, there was renewed

population growth and an implied increase in con-

struction in the watershed. During the latter part of
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zone VI, the MVSD occasionally treated MCR with

copper sulfate to controlCeratium andDynobryon (M.

Kielbasa pers. commun.). Primary diatoms of zone VI

are:C. ocellata, A. pusilla andCyclostephanos dubius,

the latter an alkaliphilous, planktonic, centric diatom

favored by nutrient-enriched water (Clarke 1989; van

Dam et al. 1994). Although C. dubius is a minor

component of the diatom assemblages, it rapidly

increased, exceeding 20 % RA by the end of zone VI.

Prior to 1985,C. dubiuswas rare, occurring at\1 % in

only a few older sediment samples. Its increase is

consistent with continued increase in alkalinity and

nutrient loading from residential population growth.

C. dubius has high TP optima and is generally

considered an indicator of eutrophic conditions.

However, the ratio and levels of NO-3 and NO-2

may be more important than TP in determining C.

dubius abundance (Bradshaw and Anderson 2003).

The high and increasing DI-TP in zone VI may be an

artifact of C. dubius populations that were responding

to changing NO3/NO2 rather than TP.

Although diatom assemblage groups correspond to

definitive events in the watershed and reservoir, they

do not necessarily identify cause and effect relation-

ships. Also, there were other factors that were not

monitored, but may have impacted biota in the

reservoir and contributed to the observed changes in

diatom assemblage structure. In addition to coal

mining and copper sulfate treatment mentioned above,

unexplored factors include: expanded construction of

highway infrastructure beginning about 1945, imple-

mentation of the Clean Water Act (1970s), increased

use of salt as a road deicer after WWII, increased use

of herbicides for weed control in crop lands beginning

in the 1950s, deposition of airborne toxins from

industry, stream bank erosion, grazing predation,

disease, parasitism and allelopathy. All these factors,

in addition to the ten monitored variables, potentially

impacted diatom community structure in MCR.

Diatom productivity and diversity

The increases in LOI and diatom valve abundance

are consistent with increased productivity through

time. Most of the increase in productivity is

attributed to an increase in the planktonic diatoms.

This is consistent with increased plankton habitat

caused by the addition of the dam extension (zone

VI) and increased transparency (zone III and IV).

The Secchi disk transparency increased from *1 m

after filling, to[2 m by zone VI, indicating a near

doubling of the volume of water in the photic zone.

The correspondence between productivity and trans-

parency in MCR is consistent with light being a

common limiting factor for algal growth in reser-

voirs (Kimmel et al. 1990; Bradbury and van Metre

1997).

The disconnect between TP (TP export and DI-TP)

and productivity (zone IV) is consistent with the

premise that diatoms in MCR are not limited by

nutrients, at least not by TP, but rather by other factors.

The high early SS loading from farm activity (zone II)

reduced transparency and kept productivity low,

despite adequate nutrient concentrations. Then, as

transparency increased (zone III), productivity

increased even during the period following installation

of the bypass (zone IV), when both TP export and DI-

TP were relatively low. The close correspondence

between TP export and DI-TP suggests that, although

diatoms are not limited by TP, the composition of the

diatom aggregates is TP-sensitive and tracks TP

concentrations. That is, community species composi-

tion is in part determined by TP, but productivity is

limited by light or other factors. Increased light

penetration may have enabled more effective use of

nutrients, which increased diatom productivity and

caused changes in diatom species composition, par-

ticularly the late occurrence of C. ocellata and C.

dubius. Both A. pusilla and C. ocellata increased

sharply in the more recent sediments, contributing to

the surge in productivity and the concurrent decrease

in the Shannon diversity index.

Both diversity and biomass of diatoms increased

during the filling zone, attaining a stable value after

about four years. During zone II, Shannon diversity

was relatively high, consistent with resource limitation

that suppressed the growth of all diatoms, reducing

competition and preventing competitive release and

dominance by a few taxa. Increased transparency

during zone IV (1977–1982) was then exploited by

diatoms in general, but most effectively by C. ocellata

and A. pusilla. The high biomass of these two species

is consistent with competitive suppression of other

taxa, resulting in lower diatom diversity in the recent

sediments. The pattern of decreasing diversity with

relaxation of limiting factors, as MCR matured, is

consistent with the inverse relationship between

limiting factors and diversity observed in planktonic
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communities in mountain lakes of the western USA

(Interlandi and Kilha 2001).

Conclusions

The combination of long-term chemical monitoring

and sediment core diatom analysis provided reliable

insights into the effects of watershed and reservoir

modification on water quality inMCR.Meander Creek

Reservoir, upon construction, was a resource-limited

system. Benthic and epiphytic diatomswere limited by

space and all diatoms were limited by light. As the

littoral macrophyte community developed and shore-

line erosion diminished, space limitation for benthic

and epiphytic diatoms was relaxed and the fraction of

these diatoms, especially A. minutissimum, increased.

However, productivity remained low and did not

follow the expected trophic state development trajec-

tory (oligotrophic–mesotrophic–eutrophic), probably

because of high turbidity during the years immediately

following construction. Diatom productivity also did

not track changes in nutrients (TP), inferred from

diatom assemblages or calculated as watershed export.

With time, changes in land use, water demand,

reservoir morphometry, and sewage bypass construc-

tion relaxed the limiting factors (principally light, but

also pH, alkalinity, and hardness). As these factors

were relaxed, species composition and species RA

changed, resulting in increased productivity and

reduced Shannon diversity index. The suite of effec-

tive limiting factors changed with watershed use and

reservoir structure, resulting in a unique set of

environmental factors being associated with each

unique set of diatom assemblages (zones).
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