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INRODUCTION
The contribution made by freshwater habitats to biodiversity is known to be
exceptionally large relative to the portion of the landscape occupied. University of New
Hampshire botanist Garrett Crow has called New England “the Amazonia of aquatic
plant diversity” (NEBC Meeting Notes, 1998). In recognition of the unique contribution
aquatic systems make to biodiversity, they have justifiably become a focus for biologists
and conservation specialists (Natural Heritage and Endangered Species Program, 2003;
Weiher et al., 1994; Rörslett, 1991). However, biodiversity patterns (and the ecological
factors from which they arise) are complex, and shortcomings in our understanding
hamper the design of effective conservation and management strategies. In particular,
large, landscape-scale studies are rare and, thus, information on how biodiversity
accumulates and how it is maintained at this scale is scarce.
Parts 1 and 2 of this report document patterns of aquatic plant diversity in lakes
and ponds of the Worcester Plateau Ecoregion in Massachusetts. Part 3 covers the
physical and chemical limnology of waterbodies. The project was designed with two
principal goals in mind: (1) determine how site variables associated with individual lakes
and ponds correlate with key biological attributes (species richness, presence of rare
species, and presence of regionally uncommon species); and (2) quantify how variation in
species composition among lakes and ponds (beta diversity) contributes to the overall
(gamma) diversity of the regional aquatic flora. More generally, the objective was to
elucidate how patterns of species distribution among ponds promote and constrain the
overall biodiversity of the habitat type, and to search for site variables associated with
observed patterns.
Conservation and management efforts typically take place at large, landscape
scales, whereas most ecological data are collected at small plot scales. Translating smallgrain biological and environmental data to larger scales is fraught with pitfalls because
many important ecological processes are scale dependant (Reed et al., 1993; Poiani,
2000; Jonsson and Moen, 1998). To ensure that data were appropriate to the scale of
interest, our approach was to collect biological data at the whole pond scale (i.e., wholepond floras) and site variables at commensurate scales.
In addition to exploring general patterns of biodiversity, we identified a number
of specific questions to be addressed by the study:






Do natural ponds differ biologically from man-made ponds? If so, how? Is it
reasonable to presume that natural ponds, as a group, have higher quality
biological attributes than artificial ponds?
Do ponds that support rare species differ biologically from those that do not? Is it
reasonable to presume that by focusing protection efforts on rare species habitats,
the overall regional diversity can be captured and protected?
Do shoreline and watershed development correlate with species richness or other
biological qualities of ponds?
How many ponds are needed to capture most of the aquatic species in the
Ecoregion?
What specific subset of ponds yields maximum diversity in minimum area?
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Note: Our original scope-of-work included addressing questions about patterns of nonnative invasive plant distributions. However, we were forced to abandon this plan
because too few occurrences (three) were found.
Setting
The Worcester Monadnock Plateau Ecoregion (Figure 1) covers 1,136 km 2 (438
square miles) in North-Central Massachusetts. It is characterized by moderately highelevation (500 to 1,400 feet), hilly terrain, poor acidic soils, and granitic and high-grade
metamorphic bedrock. Population density is low relative to surrounding regions and the
vast majority of the land remains undeveloped. The 1999 landuse statistics show 8% of
the land developed, 3% in agriculture, and the remaining 89% in natural vegetation mostly forest land.
Figure 1 The Worcester-Monadnock Plateau Ecoregion of Massachusetts
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METHODS
POND SELECTION
We used GIS (ARCVIEW) and data layers from Massachusetts Geographic
Information System (MASSGIS) to identify waterbodies for potential inclusion in the
study. The 1:5000 scale DEP Wetlands data layer was used to identify candidate
waterbodies, and all polygons coded as “open water” were extracted in the initial step.
The Open water polygons were clipped by the Upper Worcester Plateau Ecoregion
polygon in the Ecoregions data layer to produce a new layer consisting of open water
bodies contained within the Ecoregion. Water bodies that spanned the New Hampshire
state line or were partially within other ecoregions were excluded. Finally, the surface
area of each waterbody was calculated using ARCVIEW and lakes less than 5 hectares in
surface area were removed. The final tally was 71 waterbodies greater than five hectares
in surface area and totally contained within the Upper Worcester Plateau Ecoregion of
Massachusetts.
The distribution of size classes in the data set was heavily skewed towards small
ponds. To ensure a relatively even distribution of size classes of lakes chosen for the
study, we first stratified the 71 ponds into four size classes (5-10 ha., 10-25 ha, 25-50 ha
and > 50 ha) then randomly selected five water bodies from each class for inclusion in the
study, for a total of 20 ponds. The lower size limit of 5 hectares was set arbitrarily, but
with the intent of avoiding, to the extent possible, small beaver impoundments, farm
ponds, seasonal pools, and other small open-water habitats that are likely to have
ecological qualities that are distinct from larger, more permanent ponds.
Following the first season of field work and preliminary data analyses, we
discovered that the data set was dominated by man-made ponds (19’th century mill
ponds, water supply reservoirs, flood control impoundments, etc.) It turns out that
artificial water bodies far outnumber natural ponds in the region. The study was
designed, among other things, to evaluate differences between natural and artificial
ponds. To ensure the dataset had enough natural ponds to do the necessary analyses, we
added five natural ponds to the dataset using stratified random selection as described
above, after the first year of the study was completed. The final dataset, therefore,
consists of 25 waterbodies. Data on flora and summer water chemistry for the final five
ponds were collected in 2005 (the year following data collection for the original 20
ponds). No spring water chemistry data were collected on the final five ponds.

SPECIES INVENTORIES
Species tallied for pond floras were limited to those perceived to be “true
aquatics”, i.e. species that occur in areas that are routinely flooded for the entire growing
season (although they may be rarely exposed during unusually dry periods). For most
species, there was little ambiguity as to whether they qualified as true aquatic species or
not. Some wetland species, however, occasionally find a foothold in shallow shoreline
areas, and a few amphibious species have both aquatic and terrestrial forms that can
occupy either habitat. Species with population centers in bordering wetlands with only
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rare, errant individuals found growing in shallow water were excluded from the floras.
Examples include: Lythrum salicaria, Decodon verticillata, Triadenum virginiana, and
some Carex species. Amphibious species were counted as present when they had aquatic
populations on a pond, but not if they were limited to bordering wetlands. Examples
include: Proserpinaca palustris, Gratiola aurea, Juncus pelocarpus, Eleocharis
acicularis, and Hypericum boreale. Thus, some species such as Typha latifolia were
counted as present on ponds if found growing as an emergent aquatic, but not if limited to
seasonally emersed bordering wetlands. The frequency of occurrence of a small number
of amphibious species in the data set may not be representative of their actual regional
presence; for instance Carex stricta, a ubiquitous wetland species in the region, is rare in
the dataset, found growing as a true aquatic on only a single pond.
All inventories were completed between August 1, and September 15. Twenty
ponds were inventoried in 2004; five additional ponds were added to the dataset and
inventoried in 2005. Floras were compiled by thoroughly canvassing each lake by boat.
The entire perimeter of each lake was explored in a zigzag pattern from shoreline to the
maximum depth where visual observations were possible (usually about 2 meters).
Frequent grab samples of vegetation were taken using a three-tined garden rake attached
to a pole. The intent was always to find and identify every resident species of vascular
plant, no matter how uncommon or limited in distribution. In practice, even with great
vigilance, some species were undoubtedly overlooked. On all except the very smallest
ponds, an entire field day was devoted to each pond’s inventory; however the actual field
time spent on an inventory varied with size and complexity of vegetation. Collections
were routinely made of difficult-to-identify taxa for later confirmation. Voucher
specimens were prepared for selected taxa and are on file at the University of
Massachusetts herbarium. Nomenclature follows Sorrie and Somers, 1999.
COMPARATIVE LIMNOLOGY
Methods used in collecting lake physical and chemical data are presented in
Section 3; Comparative Limnology.

DEFINITIONS
Some terms that are used throughout this report have been used inconsistently by
various authors, or have meanings that vary depending on context. Others may be
unfamiliar to some readers. The following definitions are provided to clarify how these
terms are used in this report.
Diversity or biodiversity: If not qualified (e.g. alpha diversity or beta diversity) means
species richness, which is a simple count of species.
Alpha diversity: When applied to a specific pond, alpha is the count of species
documented during that pond’s inventory. It is the same as species richness. When
applied to a group of ponds, or the dataset as-a-whole, it is the mean species richness of
ponds in the group. Our alpha diversity estimates are based on intensive, whole-pond
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inventories and, although subject to some small amount of negative bias due to the
possibility of missing species actually present on a pond, are considered reliable
estimates of the true parameter (particularly in comparison to sample-based diversity
estimates).
Gamma diversity: The total number of species, in waterbodies greater than 5 hectares in
surface area, within the Worcester Plateau Ecoregion. For purposes of this study, gamma
is estimated as the total number of species present in the set of 25 waterbodies we
inventoried. There are certainly additional species in the 46 unsurveyed waterbodies,
thus, our gamma diversity estimate is likely to be below the true value.
Beta diversity: The amount of variation in species composition among ponds. Our
search for an appropriate estimator for this seemingly simple concept in the (voluminous)
ecological literature on the topic was an exercise in frustration. Some of the central
research goals of this project hinged on having a clear understanding of beta diversity
patterns. Because of its complexity, we tackle the issue in detail under separate heading
(below).
Species composition: The identities of species present in a particular pond or group of
ponds.
Lake, pond, waterbody: These terms are used interchangeably.
Presence: Applied to species. In general terms, presence equals frequency of occurrence
in the 25-pond dataset. We prefer the term “presence” to “frequency”, because plant
ecologists use the latter term to mean the number of occurrences of a species in a dataset
of equal-area sample plots. “Presence” has a long history of use (particularly by
European phytosociologists) to refer to the proportion of distinctive habitat types, or plant
community types that have occurrences of a given species.
Mean Presence: Applies to sites. The mathematical mean (average) of presence values
of species present in a given pond.
Low Presence Species: Species with few occurrences among the ponds surveyed and, by
extrapolation, are relatively rare in the aquatic flora of the Ecoregion. For some analyses,
Low Presence Species are defined as those with four or fewer occurrences in the dataset.
Singleton: A species with a single occurrence among the ponds surveyed.
Doubleton: A species with exactly two occurrences among the ponds surveyed.
State-Listed Species. Any species listed by the Massachusetts Natural Heritage and
Endangered Species Program (MNHESP) as Endangered, Threatened, Special Concern,
or which appears on the State Watch List. The Watch List is an informal list of species
kept by MNHESP (Sorrie, 1990), consisting of species for which more information is
needed to clarify their status in the state.
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SECTION 1: BIODIVERSITY AND SPECIES DISTRIBUTIONS
GENERAL PATTERNS
Note: Slight discrepancies in values reported for species richness below are due to the
fact that some taxa on some ponds were only identifiable to the genus level. These taxa
are counted in the species-totals for ponds, but cannot be used for comparisons between
pond floras or for generating species presence values (an unidentified Sparganium
species reported on one pond may or may not be the same taxon as that reported on other
ponds)
Species Richness
The mean species richness of the 25 ponds in the dataset (Alpha diversity) was
21.5; with a maximum of 34 (Tully Lake) and a minimum of six [Packard Pond and
Muddy Pond (Figure 1)]. These values are in keeping with published regional studies
reporting the distributions of true aquatic plants among lakes (Table 1). Gamma diversity
(total number of species in the data set) was 62. Beta diversity is discussed under
separate heading below.
Table 1. Diversity stats from other regional aquatic plant studies.

Region

Source

Adirondacks,
New York
Northern Europe

Weiher and
Boylen, 1994
Rorslett, 1990

Berkshire
Taconic Region
Worcester
County,
Massachusetts

Hickler and
Ludlam, 2002
Bertin, R. I.
2002

Worcester
Plateau

Reported Here

Number of
Lakes

Mean Richness

Range

43

11

2-48

622

13.2

15

22.5

45

Between 15 and
20 (visual
estimate from
scatterplot)

3-40 (About 70
total)

25

21.5

6-34 (62 total)

6

0-45
12-33 (71 total)

Figure1. Species Richness By Pond

Species Richness

W
h i W Tu
t m h ll
an itn y L
vi e y a k
lle P e
B
ou Q R es o nd
r n ue e r
-H en vo
a d L ir
U
pp
l a
er L ey ke
o
N n Po
au g n
k P d
La e a o n
ke g L d
G D ak
as e n e
t o is
n o
Tu Po n
W L lly n
ill a P d
ia u o
m re n
sv l L d
L
W o v ille ake
r ig ew P
h e on
U t s R ll P d
pp e o
er se nd
La B Re rvo
ke ea se ir
v r
N W er vo
e w am P ir
to p on
a
H n R no d
as e a
t in s e g
r
R
ic W gs voi
ha a Po r
r d rd nd
s P
K Re o n
en se d
d
S a ll r vo
un P ir
M set on
d
u
P dd La
ac y ke
ka Po
rd n
P d
on
d

Number of Species

40
35
30
25
20
15
10
5
0

Species Presence
Of the 62 aquatic species documented, a disproportionate number were
infrequent. (I use the term “presence” henceforth to denote the frequency of occurrence
of species among ponds). Low-presence species (arbitrarily defined as those occurring in
four or fewer ponds) comprised 42% of the species pool (26 out of a total of 62 species).
There were 14 singletons (species occurring on only one pond). Only one species,
Brasenia schreberi occurred on all 25 ponds.
Figure 2. Distribution of Species Presence Values
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Highly skewed distributions, with many uncommon and few common species are
the norm in ecological data sets, and the distribution reported here does not seem in any
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way exceptional. However, the preponderance of low-presence species makes for some
management challenges, where a goal is to capture the full compliment of aquatic species
associated with the lakes and ponds in the Ecoregion. Because they are many, species in
this group, play a disproportionate role in the regional biodiversity; because they are rare,
they are more prone to extirpation from the Ecoregional flora, and may need special
conservation effort; because they are few, many statistical approaches that might
otherwise be used to shed light on why they have such limited distributions, are
unavailable. Appendix B includes a list of all species documented on the 25 ponds
surveyed with presence values (number of occurrences in a total of 25 ponds).
Rare Species
Fourteen occurrences of three State-listed and two Watch-List species were
documented on the 25 ponds surveyed (Table 5). Ten ponds had at least one species; one
pond (Laurel Lake) had three listed species. Potamogeton confervoides (T) and
Sparganium fluctuans (WL) were rather common with five occurrences each. The
remaining species were infrequent, with only one or two occurrences.
Table 5. State-listed species occurrences
STATUS
Species
Pond
TOWN
Potamogeton confervoides Laurel Lake
T
Erving and Warwick
Potamogeton confervoides Upper Naukeag Lake Ashburnham
T
Potamogeton confervoides Upper Reservoir
T
Gardner
Potamogeton confervoides Lovewell Pond
T
Hubbardston
Potamogeton confervoides Lake Wampanoag
T
Ashburnham and Gardner
Potamogeton diversifolius* Laurel Lake
E
Erving and Warwick
Sparganium fluctuans
WL
Upper Naukeag Lake Ashburnham
Sparganium fluctuans
WL
Long Pond
Royalston
Sparganium fluctuans
WL
Lake Denison
Winchendon
Sparganium fluctuans
WL
Lovewell Pond
Hubbardston
Sparganium fluctuans
WL
Tully Pond
Orange
Utricularia minor
WL
Hastings Pond
Warwick
Utricularia minor
WL
Richards Reservoir
Warwick
Utricularia resupinata*
T
Laurel Lake
Erving and Warwick
E = Endangered
T = Threatened
WL = Watchlist
*Utricularia resupinata record needs verification before it can be accepted as valid. Potamogeton
diversifolius removed from the State flora in 2007 – genetic analysis of our material showed it to be a
previously unknown hybrid between P. bicupulatus and P. epihydrus.

Non-Native Invasive Species
Three ponds had populations of non-native invasive species: Cabomba
caroliniana on Tully Lake, and Myriophyllum heterophyllum on Tully Pond and Gaston
Pond. Most of the ecoregion is in Northern Worcester County Massachusetts. A recent
survey of 45 ponds by Robert Bertin (2002), covering all of Worcester County, found
two-thirds of ponds had invasive aquatic species; Myriophyllum heterophyllum alone
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occurred in over half of the ponds surveyed. Thus, the incidence of invasive species in
the ecoregion is much lower than in adjacent areas.
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ALPHA, BETA AND GAMA DIVERSITY
Diversity Estimators
In recent decades, biodiversity has become a focal topic for biologists, ecologists,
mathematicians, conservation professionals and environmental organizations. The broad
and intense interest has spawned vast amounts of literature, both popular and
professional. One unfortunate consequence has been a proliferation of conceptual ideas
about what diversity actually is, and an even greater number of opinions about how it
should be measured (or estimated), along with a seemingly endless series of
mathematical methods for quantifying it. Thus, before beginning any discourse that
touches on the subject of biodiversity, it becomes necessary to first explain what one
means by biodiversity, define the terms used to qualify it, and defend the choice of
metrics used to quantify it.
Biodiversity
Biodiversity is conceptually very simple: it is the number of taxa in a given
taxonomic group within some defined area of interest [my definition]. For purposes of
this study, we work with species of aquatic vascular plants; our area of interest is
waterbodies greater than five hectares in surface area within the Worcester Plateau
Ecoregion of Massachusetts.
Biodiversity is commonly partitioned into three components: alpha, beta, and
gamma. For purposes of this study, we use the following definitions and metrics:
Gamma Diversity
Gamma diversity is the total number of species, in waterbodies greater than five
hectares in surface area, within the Worcester Plateau Ecoregion. For purposes of this
study, gamma is estimated as the total number of species present in the set of 25
waterbodies we inventoried (62 species). There are certainly additional species in the 46
unsurveyed waterbodies, thus, our gamma diversity estimate is likely to be below the true
value. Ecologists have long sought methods for projecting sample-based species-richness
data to the true richness (gamma) of the total area the sample set is designed to represent.
In the current case, the goal would be to infer the total number of species resident in the
(71) ponds of the Worcester Plateau from our subset of 25 ponds (62 species). Although
great progress has been made on mathematical techniques for doing so (see, for instance
Colwell et al, 2004), computations are complex and confidence intervals for estimates
(when available at all) are rather large. For purposes of this study, we present only the
observed number of species in the sample of ponds, and refer the reader to the species
accumulation curves (figures 4 & 5) if they wish to make a subjective projection.
Alpha Diversity
When applied to a specific pond, alpha is the count of species documented
during that pond’s inventory. It is the same as species-richness. Alpha diversity of
waterbodies in this study range from six to 34. When applied to a group of ponds, or the
dataset as-a-whole, Alpha is the mean species richness of ponds in the group. Alpha for
our 25-pond dataset is 21.5 species. Our alpha diversity estimate is based on intensive,
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whole-pond inventories and, although subject to some small amount of negative bias due
to the possibility of missing species actually present on a pond, is considered a reliable
estimate of the true parameter. In other words, adding more ponds to the dataset should
not have any significant effect on the sample-based alpha estimate of 21.5 species. We
checked this assumption using a Monte Carlo simulation, repeatedly randomizing pond
order and tracking the variance in mean pond richness as ponds are sequentially added to
a simulated data set (figure 3). By the time approximately 20 ponds have been included,
the variance in our alpha estimate has dropped to negligible levels, suggesting that our
alpha estimate (based on a 25-pond sample) is very good estimate of true mean richness
of waterbodies of the Worcester Plateau.
Figure 3. Variance in species richness in randomly selected subsets of ponds.
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Beta Diversity
Beta diversity is the amount of variation in species composition among ponds in
the Ecoregion. At the spatial scale of this study (a collection of discreet water bodies
distributed within a large Ecoregion), gamma diversity is governed, to a large degree, by
beta diversity (i.e. the tendency of ponds to have different species compositions). Some
of the central research goals of this project hinge on having a clear understanding and
accurate estimates of beta diversity; however, our search for an appropriate estimator for
this seemingly simple concept in the (voluminous) ecological literature on the topic was
an exercise in frustration. Because of its complexity and central role in this study, we
tackle the issue in more detail below.
An Evaluation of Beta Diversity Metrics
Among patches of any well defined habitat type, or replicate examples of a given
plant community, variation in species composition is expected. Beta diversity is, by
definition, a measure of the amount of variation in species composition among a group of
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sites or samples. Alpha diversity alone may be a poor indicator of regional (gamma)
diversity. Species-poor sites may contribute substantially to regional diversity if local
species composition is variable or if they attract species that are absent from richer ponds
(Hill et al., 2000). Conversely, habitat types that often have very high local species
richness may contribute relatively small amounts to regional diversity if species
composition varies little from site-to-site.
Beta diversity is, logically, at its lowest when all sites in a dataset have exactly the
same species composition (in this case, all sites would also have the same richness). Beta
diversity is, logically, at its greatest when the sites in a dataset contain only unique
species (no species is shared with any other site). For practical purposes, when Beta is
low, any example of a given habitat type is likely to have a large proportion of the species
associated with the type as a whole. When Beta is high, individual sites are likely to have
only a small proportion of the total species compliment. For some kinds of habitats, a
single, large, species-rich example will hold most of the taxa that occur in the type. For
others, a very large number of examples are needed to capture the overall biodiversity.
From a management standpoint, knowing the amount of beta diversity associated with a
habitat type can be important for directing land protection efforts. From a theoretical
ecology perspective, understanding the specific site variables that promote (or constrain)
variation in species composition among a set of similar habitats is desirable goal.
Metrics for estimating Beta diversity are in disarray. A recent review paper by
Koleff et al. (2003) evaluated 24 measures commonly encountered in contemporary
ecological literature (that number barely scratches the surface) – each returns a different
answer to the simple question: How much variation in species composition is there in a
given dataset consisting of species by sites? Our interest in beta for purposes of this
study is to be able to assign values to individual ponds that reflect their contribution to
the diversity of the regional flora. Thus, the particular metric chosen matters little so
long as it is competent to rank the ponds and distinguish those that contribute much to the
regional flora from those that contribute little. Some specific questions we set out to
address that rely on being able to rank sites by their beta contribution are: How many
ponds do you need in order to find all or most of the species present in the aquatic flora
of the Worcester Plateau Ecoregion? Is there an optimal order in which to add ponds to a
cumulative list that will maximize the number of species captured with the minimum
number of ponds? Can we identify site variables that predict a pond’s beta ranking?
Our initial exploration of the dataset using Whittaker’s Beta (the most commonly
used metric in contemporary literature) produced counter-intuitive results. In particular,
species-poor ponds (even those with floras comprised of regionally common species)
were ranked highly with respect to their beta contribution. We believe the poor
performance of Whittaker’s beta at identifying ponds that are important for beta diversity
is due to the wide range of species richness values among ponds in the data set (6-34).
All of the beta estimators we evaluated, when applied to pairwise comparisons between
ponds, have equivalents in commonly used similarity/distance measures. Whittaker’s
beta, for instance, is exactly equivalent to 2 – Sorensen similarity (a commonly used
measure of ecological similarity or distance) when applied to pairwise comparisons.
Similarity coefficients (and, thus the related beta coefficients) measure ecological
distance as a function of differences in both species composition and species richness.
They measure true species composition differences only in the rare case where the two
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samples being compared have equal species richness. The greater the difference in
species richness between samples being compared, the lower the similarity (higher beta).
Thus in our dataset, species poor ponds, regardless of species composition, have
artificially high calculated beta contributions because they are, on average, much less rich
than the other ponds in the dataset and, consequently, have on average, low similarity
coefficients.
We therefore chose to explore alternatives. Wilson and Shmida (1984 point out
that a relationship exists between beta diversity and the slope of species accumulation
curves. Species accumulation curves are plotted as cumulative species richness across a
group of sites, with sites added sequentially to the data set. Steep slopes are obtained
from data sets with high beta diversity (strong differences in species composition among
sites). Two of the central questions we identified (above) relate to identifying subsets of
ponds, or rank orderings that yield high diversity. Thus, working with species
accumulation curves seemed to have potential for fruitful results.
Species Accumulation Curves
The order in which sites are added to a dataset has a strong effect on the shape of
the resulting species accumulation curve; so for any given data set there is actually a
series of possible curves. The object is to find the particular orderings that produce
optimal results. For comparative purposes, we began by creating a Monte Carlo
simulation (as implemented in EcoSim – Gotelli and Entsminger, 2001) to generate
species accumulation curves for 1000 random orderings of ponds. Figure 4 shows the
mean with 95% confidence intervals for the simulation. This curve reflects the expected
richness for any randomly selected group of ponds on the Worcester Plateau. It rises
rather gradually, without clear asymptote, from approximately 21 species (mean pond
richness) to 62 species (total species in the dataset). The lack of asymptote and
continuous rise in the curve suggests that to capture the full compliment of 62 species
(with a high degree of confidence) by random selection of ponds requires the entire data
set of 25 ponds. This, in turn, is indicative of a large beta component to the regional
aquatic flora. Clearly, randomly selecting ponds is not an efficient way to capture
biodiversity. The poor performance of Whittaker’s beta as a tool for ranking ponds is
clear in the graphic.
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Figure 4: Species accumulation curves for a randomized ordering of ponds compared to the rank ordering
by Whittaker’s beta. The dotted lines define the 95% confidence interval for the random ordering.
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Optimized Pond Order
Is there a more efficient ordering of ponds that would capture all or most of the
aquatic flora? I used an iterative process, starting with the most species rich pond, and
then sequentially adding the pond that contributed the most new species to the cumulative
flora. When ties occurred, the pond with the largest mean number of unique species in all
possible pairwise comparisons was chosen. After the tenth pond was added to the
sequence, all 62 species in the regional flora had been captured and I ended the
procedure. Figure 5 shows the optimized species accumulation curve. The ponds, in
sequential order, are listed in table 2. The curve rises much more steeply than the random
accumulation curve, and reaches an asymptote at ten ponds. The curve falls well above
the upper 95% confidence bound for the randomly ordered accumulation curve.
Figure 5: Species accumulation curves with ponds ordered by three different methods
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Our “brute force” iterative method of ranking ponds by their contribution to beta
is effective, but only works up to the point where the cumulative richness equals gamma
diversity; in our case, the final 15 ponds remain unranked. It also produces one of many
possible solutions to the problem of finding the most efficient ordering (the method of
breaking ties, for instance, is arbitrary). We have sought a more rigorous solution for
assigning values for beta contribution to ponds that would produce a ranking with a
species accumulation curve equivalent to the optimized “brute force” curve.
Assessing Beta Contribution Using Presence Values
I wanted a metric that was sensitive to differences in floristic composition, but
was totally independent of species richness. I shied away from traditional pairwise
comparisons (counting shared and unique species) because of difficulties in factoring out
species richness effects. Instead, I focused on presence values of the component species
in each pond’s flora. The presence value of each species is simply the number of
occurrences in the dataset (see Appendix B). Thus a species that occurs in a single pond
is assigned a presence value of 1; a species that occurs in all 25 ponds is assigned a
presence value of 25. Logically, any singleton, if present in a given pond, can never be a
shared species in any pairwise comparison with another pond. Conversely, any
ubiquitous species, if present in a given pond will always be shared in pairwise
comparisons. More generally, we can consider beta as a function of species presence
values, which can vary from one (singletons) to the number of plots in the data set
(ubiquitous species), and the average of presence values of a pond’s flora should be
related to that ponds beta contribution to the dataset as a whole (i.e., the regional gamma
diversity).
I used a standard species-by-pond matrix, with presence values as cell entries to
explore possibilities. I tried several possibilities for summarizing column totals for
presence values, comparing the rankings produced to the “brute force” ranking. I settled
on converting individual presence values to their inverse (1/presence) and calculating a
simple mean for each column (sum of inverse presence values divided by pond richness).
When ranked accordingly, the ten ponds identified by “brute force” were all found in the
top eleven ranked ponds (Table 3). The ordering of ponds produced by the two methods
varies somewhat, but the species accumulation curves produced by the two rankings are
fundamentally the same – the main difference being a shallower slope in the initial phase.
We are unaware of any prior use of similar methods for ranking sites, (a more
thorough literature search is warranted) and more work needs to be done to evaluate the
method’s properties, but we are tentatively optimistic about its potential as an estimator
of beta, which is unbiased by species richness. Some thoughts on practical application
for using Beta coefficients in conservation are presented at the end of Section 2.
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Table 2. Optimized pond order for species accumulation (“brute force” iterative method)
Cumulative
Lake
Order
Richness
Tully Lake
1
33
Whitney Pond
2
40
Bourn Hadley
3
45
Laurel Lake
4
50
Hastings
5
53
Gaston
6
55
Whitmanville
7
57
Dennison
8
59
Ward
9
61
Wrights Reservoir
10
62
Table 3. Pond ranking by mean presence. Ponds shown in bold are in the high-diversity group identified
by the “brute force” iterative method.
Beta Mean
Cumulative
Lake
Presence
Richness
Hastings Pond
0.1914
18
Bourn-Hadley Pond
0.1913
32
Laurel Lake
0.1773
41
Whitney Pond
0.1651
49
Gaston Pond
0.1429
52
Lake Denison
0.1411
55
Ward Pond
0.1410
57
Tully Lake
0.1354
59
Wrights Reservoir
0.1160
61
Upper Naukeag Lake
0.1121
61
Whitmanville Reservoir
0.1120
62
62
Upper Reservoir
0.1100
62
Long Pond
0.1086
62
Tully Pond
0.0939
62
Richards Reservoir
0.0853
62
Queen Lake
0.0832
62
Packard Pond
0.0826
62
Newton Reservoir
0.0812
62
Williamsville Pond
0.0800
62
Lovewell Pond
0.0793
62
Lake Wampanoag
0.0712
62
Sunset Lake
0.0681
62
Beaver Pond
0.0657
62
Kendall Pond
0.0643
62
Muddy Pond
0.0501

Summary, Beta Diversity
There is substantial beta diversity in Worcester Plateau ponds. This can be seen
in the randomized species accumulation curve, which continues to rise steadily, with no
sign of reaching an asymptote, after 25 ponds have been accumulated. The large
proportion of low-presence species in the dataset is further evidence of high beta
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diversity. With purposeful selection, ten ponds is the minimum number required to
capture all the species in the regional aquatic flora (i.e. gamma as estimated by the 25pond dataset). We have provided two alternate rankings of ponds (i.e. lists of specific
ponds, ordered by their importance for regional diversity) that could be used for regional
conservation planning.
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SECTION 2: ANALYSES OF DIVERSITY PATTERNS
Artificial vs. Natural Waterbodies
Background
One stated goal of this study was to compare the biological (floristic) qualities of
natural and artificial ponds. Man-made waterbodies in the Worcester Plateau Ecoregion
outnumber natural lakes and ponds by about five to one. Thus, most of the habitat
available for aquatic plants (and other biota) is of modern origin, but we have found no
objective studies evaluating how these modern and ancient habitats might differ from
each other.
Natural waterbodies are often presumed to have higher conservation value and to
support higher quality “more intact” biological communities than artificial waterbodies
(see, for example Natural Heritage and Endangered Species Program, 2003a, 2003b).
Indeed, dam removal is seen as an “environmentally friendly” endeavor in today’s
conservation climate – presumably because it restores the landscape to a more natural
condition. However, the biological values of natural vs. artificial ponds have, to my
knowledge, never been objectively evaluated.
Our dataset is well configured to answer specific questions about differences in
aquatic plant distributions and diversity in artificial vs. natural water bodies (other
taxonomic groups may or may not have similar patterns). Specific questions addressed
below are: Are there differences in species richness (alpha diversity)? Are there
differences in occurrences of State-Listed Species? Are there differences in Beta
contribution (i.e. the tendency for species composition to vary from pond to pond)? Are
there any components of the regional flora with a tendency to occur in one group of
ponds or the other?
Pond Origins
Historical information about ponds was compiled from a number of sources
including: historic maps, local histories, interviews with residents and land-managers,
and our own field observations. Rick McVoy from the Massachusetts DEP Division of
Watershed Management and Scott Ryan from the Massachusetts Division of
Conservation and Recreation’s Dam Safety Program were particularly helpful in
providing hard-to-find data from their files. Information on pond origins and histories is
summarized in Appendix E, more detailed information about particular ponds can be
found in Appendix A.
Most waterbodies in the Worcester Plateau Ecoregion are man-made; the initial
random selection of 20 ponds from the total of 71 waterbodies greater than five hectares
in surface area included only four natural ponds (20% of the total). Most of the artificial
ponds were created in the late 18th or 19th centuries by damming streams, and were used
for storing water to run mills. Other waterbodies have more modern origins as water
supply and flood control reservoirs. Many of the older ponds have more recent dams or
modern components such as flow-control structures. The Civilian Conservation Corps
worked on over 300,000 dams nation wide in the 1930’s and were active in restoring old
dams in the study area.
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The distinction between natural and artificial waterbodies is oftentimes blurred.
Many natural ponds have had their water levels augmented to varying degrees by dams,
or have culverted road crossings at outlets, which could alter the natural hydrology of the
pond. In assigning ponds to classes based on origin, I have relied heavily on field
observations of outlet structures, when present, and allowed some natural ponds with
minimal alterations to their outlet streams to be assigned to the “natural” class. Only one
natural pond (Packard Pond, with several meters of water-depth augmentation and tens of
hectares of additional surface area) was unclassifiable as either artificial or substantially
natural. All of the natural ponds in the dataset also appear on a working list of the Great
Ponds of Massachusetts kept by the DEP Waterways Regulation Program. Great Ponds,
which have some statutory standing in Massachusetts, are “ponds containing in their
natural state more than ten acres of land”. The final dataset used for analyses consisted
of 24 ponds; nine natural, and 15 artificial.
Biodiversity and Pond Origin
The following analyses are based on a dataset of 24 ponds (Packard Pond was
omitted because it could not be clearly assigned to an origin group) with nine natural
ponds and 15 artificial). Statistical tests using the non-parametric Mann-Whitney U Test
(non-continuous variables) or t-test (continuous variables) were performed using
SYSTAT). Because the dataset is rather small, weak patterns are unlikely to be detected,
but strong, consistent differences between natural and artificial ponds should be readily
apparent.
Alpha Diversity
The mean species richness of natural ponds was 20.7 species; artificial ponds
were slightly more diverse with a mean of 23.1 species. There was substantial variation
in species richness in both groups. We used a Mann-Whitney U test to test for
differences between the means in the two groups. The difference is not statistically
significant (p = 0.720; Mann-Whitney U Test Statistic = 61.5). Thus, differences in
species richness between natural and artificial ponds are not detectable.
State-Listed Species
Five State-Listed species (including Watch List), with a total of 14 occurrences,
were documented among the nine natural and 15 artificial ponds used in the analysis.
Five natural ponds (55% of total) and five artificial ponds (33% of total) had at least one
state-listed species. A Mann-Whitney U-test was used to determine if the number of
occurrences was different between natural and artificial ponds (mean = 0.9 occurrences
per natural pond and 0.4 occurrences per artificial pond). The difference was not
statistically significant (p = 0.223; Mann-Whitney U test statistic = 85.5). It should be
noted that the small number of rare species occurrences in the dataset results in low
statistical power to detect small, but potentially real differences. Any pronounced and
systematic difference would be detected by the test, but more subtle tendencies would
likely be missed.
In a related study of hardwater lakes in southwestern Massachusetts and adjacent
CT and NY State Hickler and Ludlam (2002), recorded 20 records of State-Listed species
among 15 ponds. Artificial ponds had a higher proportion of listed specie (mean of 1.5
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per pond) than natural ponds (mean of 1.0 per pond) or combined natural and augmented
ponds (mean of 0.9 per pond). The differences were not evaluated statistically.
Beta Contribution
Beta contribution (based on mean presence, see discussion above) was slightly
higher in natural ponds (mean = .048) than artificial ponds (mean = .038). A t-test
showed the difference to be insignificant (t=-.7; p=0.49).
Species Composition
It is possible for the two groups to contribute equally to biodiversity, yet differ
systematically in species composition. This can occur if certain species have an affinity
for one group or the other, but both groups have similar species richness and other
biodiversity qualities. Multi-Response Permutation Procedures (MRPP) is a nonparametric procedure for testing for (multivariate) difference between groups. I used
MRPP (as implemented in PCORD – McCune and Mefford, 1997) to test the hypothesis
of no difference in species composition between artificial and natural ponds. Species
with four or fewer occurrences in the 24-pond dataset were excluded, so the analyses was
based on only 36 species. [For comparison, a second test was conducted using the full
dataset of 24 ponds and 62 species. Results were similar (T= -2.781; p=.014).]
MRPP Results
Options
Weighting option: C(I) = n(I)/sum(n(I))
Distance measure: Euclidean

Results
Test statistic: T =
Observed delta =
Expected delta =

-2.6718570
3.5292672
3.6038889

Probability of a smaller or equal delta, p =.01608996

Results show a significant difference in species composition between natural and
artificial ponds (p = .016). The next question then becomes: Which species tend to occur
preferentially in only one of the two groups?
Indicator Species
I used Indicator Species Analysis (as implemented in PCORD – Dufrene and
Legendre, 1997) to search for species with affinities for artificial (N=15) or natural (N=9)
ponds. Indicator values (not reported here) are calculated for each species, based on its
distribution between the two groups (natural vs. artificial). The probability that an
observed distribution could occur by chance is assessed using a Monte Carlo simulation
where each species is randomly assigned to ponds, simulating the expected distribution if
the species had no ecological preference for one group or the other.
Overall, species in the flora have weak affinities for either natural or artificial
ponds. At Alpha = 0.05, only two species had significant indicator values: Potamogeton
pusillus var. tenuissimus (artificial ponds) and Pontederia cordata (natural ponds).
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Neither of these two species had perfect fidelity. P. cordata, for example, occurred in all
nine natural ponds, but also in seven out of 15 artificial ponds; P. pusillus occurred in 13
artificial ponds, but also in 3 natural ponds. Other species with disproportionate numbers
of occurrences in either natural or artificial ponds appear in table 4. All species with p
values < 0.3 are listed in the table along with their affinity, however those with higher p
values should be evaluated critically – as p increases, so does the probability that a
particular distribution is the result of chance rather than a true affinity.
Note: Among the many low-presence species in the data set, there may be some
with strong biological affinities for artificial or natural ponds, but, due to their low
frequencies, they are statistically intractable. Furthermore, the relatively small size of
the dataset (24 ponds) limits the power of statistical tests to detect weaker patterns in
species distribution. Thus, some species with weak but real affinities for one group or the
other may not be detected in the above analyses.
Table 4. Indicator species and their affinities
Species
Potamogeton pusillus var. tenuissimus
Potamogeton natans
Dulichium arundinaceum
Scirpus tabernaemontani
Utricularia radiata
Eleocharis obtusa
Potamogeton bicupulatus
Najas flexilis
Proserpinaca palustris
Pontederia cordata
Eriocaulon aquaticum
Lobelia dortmanna
Isoetes tuckermanii
Nymphoides cordata

Affinity
Artificial
Artificial
Artificial
Artificial
Artificial
Artificial
Artificial
Artificial
Artificial
Natural
Natural
Natural
Natural
Natural

p
0.016*
0.081
0.11
0.117
0.119
0.12
0.174
0.212
0.254
0.01*
0.054
0.054
0.122
0.165

p* All species with an Alpha < 0.3 are included in the list, although those with p values >
.05 should be viewed critically.
Environmental Differences – Natural vs. Artificial Ponds
Knowing that there are significant differences in species composition between
artificial and natural ponds, and having identified some species that preferentially occur
in each group, the final question I ask is: Are there any environmental variables, from
among those we measured, that vary significantly between groups? [This question is
addressed in more detail, using a larger set of environmental variables and different
methods in the Comparative Limnology Section]
I used logistic regression to explore relationships between origin (artificial or
natural), and nine physical/chemical independent variables. A single variable, Secchi
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disk transparency, was retained in the final model. None of the remaining eight variables
reduced model deviance sufficiently to be retained.
Stepwise Logistic Regression of Environmental Variables on Origin
The environmental variables included in the model were: Water color, Summer
conductivity, Log Pond Area, Log Shoreline complexity, Log littoral area, summer pH,
Oxygen saturation, and summer secchi transparency. Spring water chemistry variables
were not available for this dataset. We used a forward stepwise procedure with p-to-enter
and p-to-exit set at 0.05. The final model retained only summer secchi transparency as a
significant predictor of pond origin.
Results show that artificial ponds tend to have lower water clarity and also have
much less variability in clarity than natural ponds (figure 6). [See Comparative
Limnology, Section 3, for additional discussion]
Logistic Regression Output
Variable
Constant
Secchi Transparency

Coefficient
2.40898
-0.65581

Std Error
1.01995
0.32758

Coef/SE
2.36
-2.00

P
0.0182
0.0453

Figure 6. Box and Whisker plot of pond origin vs. summer secchi transparency. Boxes enclose the middle
50% of data; line denotes the median value; whiskers show the range of non-extreme data. * = possible
outlier, o = probable outlier.
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Summary
Natural and artificial ponds have small but significant differences in flora. No
species has particularly high fidelity for one group or the other, but a small group
of species show some affinity for either artificial or natural ponds.
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Species richness does not differ significantly between artificial and natural ponds.
Rare species (both state-listed and regionally uncommon) are equally likely to be
found in artificial and natural ponds.
Beta diversity does not differ statistically between natural and artificial ponds.
Natural ponds have higher water clarity than artificial ponds, but otherwise have
comparable environmental qualities.
Although a larger dataset could provide more power to detect small
differences between the two groups, we are confident that our analysis is
sufficient to have detected any fundamental differences between artificial and
natural ponds. Our conclusion is that the two groups have roughly equivalent
biological qualities. Future conservation efforts, where a goal is protecting
biodiversity, should give equal countenance to natural and artificial ponds. The
scarcity of natural waterbodies on the landscape limits conservation opportunities,
thus, this finding should be welcome news to conservation professionals. The
finding that aquatic plants in general, and high-conservation-value species in
particular, are largely insensitive to pond origin opens up a wealth of conservation
opportunities.
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Exploratory Analyses of Biological and Environmental Variables
Background
In this section I take an exploratory approach to search for site variables that are
correlated with a selection of biological variables. The biological variables of interest
are: alpha diversity, beta diversity, and the incidence of State-listed species. The suite of
site variables we had to work with is rather large, and the number of ponds relatively
small. Furthermore, the site variables, which include pond morphometry, watershed
characteristics and water chemistry, are complexly intercorrelated. Standard multiple
regression techniques fare poorly with such datasets, so we have elected to employ
Principal Components Analysis (PCA) on the site variables as a first step to eliminate
colinearity and reduce the number of variables to a manageable size. We then use
multiple regression on the standardized PCA axis scores to search for relationships.
Some important water chemistry variables are only available for a subset of 20
ponds (see Section 3, Comparative Limnology). Thus we have two options for
exploratory analyses: Use the larger set of ponds (n=25) leaving out some potentially
important environmental variables, or use the smaller dataset of twenty ponds with the
complete set of environmental variables. Preliminary exploratory work with the
biological variables we are most interested in showed very few correlations with the
(missing) water chemistry variables, so we have elected to rely primarily on the larger, 25
pond dataset in the following analyses. We ran a separate PCA on the 20-pond dataset
with the full set of site variables, and used the results to flag any water chemistry
variables missing from the larger dataset that had high loadings on axes with strong
correlations with biological variables. These variables were then evaluated separately.
PCA Results
Figure 7 shows the per-cent of variance explained by the first 10 PCA axes.
There is no clear break between axes that have high explanatory value and those that do
not, to help choose how many axes to include in the regression model. We set an
arbitrary limit of 75% of the total variance, which requires the first five axes to attain
(table 5).
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Figure 7. Scree plot of variance explained by first ten axes of PCA of site variables for 25-pond dataset.
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Table 5. Variance Extracted, First 10 Axes
AXIS Eigenvalue % of Variance
1
4.420
29.465
2
2.592
17.280
3
2.353
15.686
4
1.304
8.693
5
1.211
8.071
6
1.153
7.688
7
.663
4.419
8
.533
3.550
9
.304
2.025
10
.224
1.492

Cum. %of Var.
29.465
46.745
62.431
71.125
79.196
86.884
91.304
94.854
96.879
98.370

Table 6. Eigenvectors for first five PCA axes showing component loadings. Highlighted cells indicate site
variables that load particularly heavily on each of the five axes.
Eigenvectors 25-Pond Dataset
1
2
3

4

5

-0.3957
0.3745
-0.3415
0.337
0.3119

-0.1571
-0.086
-0.3343
0.3168
-0.2232

-0.2156
0.2618
-0.1383
0.2025
-0.2011

0.0551
0.2187
0.1181
0.0961
0.2419

-0.0139
0.1479
0.2628
-0.2456
-0.1556

0.1676
0.3067

-0.5162
-0.3319

-0.0864
-0.2346

0.0637
0.0085

-0.086
-0.0721

%Buffer Agriculture
O2 Saturation Summer
Secchi Depth Summer

0.009
-0.2464
-0.2378

0.1225
-0.1029
-0.1123

-0.5156
0.3963
0.3571

0.1859
0.2932
0.1793

-0.1041
-0.1075
-0.3357

pH Summer
Dystrophy
%Shed Agriculture

-0.0064
0.0292
0.0034

0.249
-0.2015
0.3968

-0.1813
0.3308
-0.1034

0.492
0.4106
0.4437

0.3082
0.1065
-0.2154

Shoreline Complexity
Conductivity Summer

0.1778
-0.3219

-0.1739
0.0284

-0.0643
-0.1196

0.3182
0.0424

-0.476
-0.5453

%Shed Developed
%Shed Natural
%Buffer Developed
%Buffer Natural
Log Shed Area
Log Pond Area
Log Litoral Area
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Axis 1 is composed primarily of watershed and buffer zone variables: Log watershed
area, and proportions of natural vegetation and developed land in the watershed and in
the 100 meter buffer zone around ponds. Summer water conductivity and log littoral area
also load strongly on this axis.
Axis 2 is composed of two pond morphometry variables: log pond surface area and log
littoral area (area less than two meters deep). Two buffer zone variables associated with
axis one (proportion natural vs. proportion developed) also load heavily on axis two as
does proportion of the watershed in agricultural uses.
Axis 3 includes two physical variables: summer oxygen saturation and summer secchi
disk depth (a measure of water clarity). The proportion of the buffer zone in agricultural
use is the final variable in the group.
Axis 4 has two physical variables with high loadings: summer pH and dystrophy (a
classification based on water color; see Section 3 for details). The proportion of the
watershed in agricultural use is the final variable in the group.
Axis 5 has high loadings for shoreline complexity (a measure of how convoluted the
pond outline is) and summer water conductivity. Summer pH also loads relatively
strongly here.
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Table 7. Eigenvectors for first five PCA axes showing component loadings for 20-pond dataset. Site
variables that are missing from the 25-pond dataset are indicated with an asterisk. Highlighted cells
indicate the site variables that load particularly heavily on each of the five axes.
Eigenvector 20-Pond Dataset
1
2
3
4
5
*pH Spring
*Oxygen Saturation Spring
pH Summer
Shed Natural

-0.3485
-0.3484
-0.3245
0.2882

-0.0186
-0.1214
-0.076
-0.1834

0.0455
-0.0506
-0.0701
0.1112

0.0575
0.1117
0.0421
0.1131

-0.1083
-0.0439
0.022
0.3073

%Buffer Agriculture
O2 Saturation Summer
*Conductivity Spring
Secchi Depth Summer

-0.1426
-0.1749
-0.2363
-0.2151

0.3234
-0.2786
0.2527
-0.2226

0.2362
-0.2658
0.2056
-0.1504

0.0334
0.2349
0.2109
0.0913

0.2255
-0.0268
-0.0471
0.1683

%Buffer Developed
%Buffer Natatural
*Ca/Mg Hardness
%Shed Developed

-0.1127
0.1312
-0.1919
-0.1933

0.2183
-0.2601
0.2211
0.272

-0.4246
0.3839
0.3291
-0.3147

0.0068
0.0044
0.0485
0.0885

-0.0238
-0.0089
0.134
-0.0118

0.0143
0.1497
0.1417
0.223

-0.0363
0.1333
0.1967
0.2714

0.0183
0.1402
-0.2618
-0.0441

0.5558
0.4144
0.3843
0.2812

0.04
-0.021
0.0596
-0.0242

%Shed Agriculture
*Total Phosphorus
*Absorbance Coefficient

-0.1671
-0.0727
0.2071

-0.0826
-0.2183
0.2447

0.251
0.0471
-0.0665

-0.051
0.1207
-0.109

-0.4201
-0.4005
-0.3289

*Total CO2
Dystrophy
*NO3
*Total Chlorophyll

-0.0636
0.1545
0.1013
0.0967

0.1624
-0.1295
-0.1201
0.0481

0.111
-0.1087
0.0597
0.1251

0.1363
0.0535
0.2025
0.0565

0.2756
-0.2725
-0.0899
-0.0713

Shoreline Complexity
LogShed Area
Log Pond Area
Log Littoral Area
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Results
Species Richness Correlations, 25 Ponds. Lake and Watershed Physical Variables With
Limited (Summer) Water Chemistry.
The full regression model for species richness using PCA scores for all five axes
yields an r2 of .465. The best subset model (r2 = .324; p = .013) includes axis 1 and axis 5
scores.
Regression Statistics:
VARIABLE
CONSTANT
Axis 1
Axis 5

COEFFICIENT

STD ERROR

21.480
1.555
-2.254

1.263
0.601
1.148

STD COEF TOLERANCE
0.000
0.454
-0.344

.
1.000
1.000

T

P(2 TAIL)

17.009
2.589
-1.964

0.000
0.017
0.062

ANALYSIS OF VARIANCE
SOURCE
REGRESSION
RESIDUAL

SUM-OF-SQUARES
421.096
877.144

DF

MEAN-SQUARE

F-RATIO

2
22

210.548
39.870

5.281

P
0.013

Axis-1 scores (table 6) are composed entirely of watershed and buffer zone
variables: percentages of natural and developed land in the watershed as a whole and in a
100 meter buffer around the lakes plus (log) watershed area. Together with the signs
(negative or positive) of variable loadings, this component captures a relationship where
larger watersheds tend to have smaller proportions of developed land, and ponds in large
watersheds tend to have less shoreline development. The positive regression coefficient
indicates species richness is higher in ponds in large watersheds with less development.
We explored the relationships further using scatterplots of species richness vs. component
variables (figures 9 through 11). Watershed area alone shows a good correlations with
species-richness. Neither watershed development nor buffer zone development alone
shows any consistent pattern with respect to species-richness.
Variables with strong Axis 5 loadings (table 6) are: shoreline complexity and
summer water conductivity. Both have negative loadings on axis 5 indicating low
shoreline complexity is associated with low conductivity waters. The regression
coefficient is negative against axis 5 scores indicating higher species richness is
associated with complex shorelines and high conductivity waters. Although including
axis 5 scores improves the overall model, it is the weaker of two composite variables in
an already weak model (table 5). Scatterplots of the component variables (shoreline
complexity and summer conductivity) show weak patterns with respect to pond richness
(figures 12 and 13).
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Figure 8. PCA axis scores vs. species richness
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Packard pond and Kendall Pond (lower left quadrant of the scatterplot of axis-1
scores) exert large amounts of leverage on the species richness regression. These are two
of the three groundwater-fed kettle ponds in the dataset, all of which are species poor and
have exceptionally small watersheds. Packard Pond and Kendall Pond have heavily
developed shorelines and large percentages of their watersheds are developed. The third
species-poor, ground-water fed kettle pond (Beaver Pond) is in one of the more pristine
settings we documented and has a rather high axis one score. To better understand the
relationships expressed by the PCA composite variables, the relationships between
species richness and some of the component variables are shown graphically in
scatterplots (figures 9 through 11) below. The relationship between pond richness and
(log) watershed area appears solid. Forty-three per-cent of the variation in species
richness is explained by watershed area alone.
Figure 9. Scatterplot of species richness vs. watershed area
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Figure 10. Richness vs. buffer development

Figure 11. Richness vs. watershed development
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The relationship between pond richness and percentage of developed land in the
watershed is (figure 11), by itself, insignificant. The influence of the two species poor
ponds with exceptionally small watersheds, and substantial watershed development
(Packard Pond and Kendall Pond) is clearly shown (two points in the lower right
quadrant).
The relationship between pond richness and buffer zone development (figure 10)
shows an intriguing arch-shaped relationship, with richness rising up to 30 – 40 per-cent
development and then falling off at higher levels. Because the pattern is non-linear, it
will not be picked up in linear regression. With a quadratic transformation (y = -74.315
x2 + 40.124 x + 20.305) the curve becomes linear (not shown) and the correlation is
apparent (r2 = 0.4132). This suggests there might be a threshold, above which shoreline
development begins to depress diversity. My anecdotal observations are that disturbed
areas around boat-launch structures, docks, beaches, etc. often turn up species not found
elsewhere on ponds. This might explain the initial increase in richness with increasing
development. The pattern is also in keeping with that expected by the well-accepted
intermediate disturbance hypothesis of biodiversity (Connell, 1975; Keddy, 1985; Pickett
and White, 1985), which predicts richness should peak at intermediate levels of
disturbance.
The two variables with high loadings on PCA axis-5, shoreline complexity and
summer conductivity, show little useful pattern when plotted separately against pond
richness (figures 12 and 13).
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Figure 12

Figure 13.
Richness vs. Shoreline Complexity
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Working with the 20 Pond dataset (results not shown), which includes a richer set
of water chemistry variables than the 25-pond model, the full regression model has
equivalent regression coefficients (r2 = .51; p = .05). The best subset model, using scores
for axes 2, 3 and 4 explains less than 30 % of the variability in species richness (r 2 = .29;
p = .037). Component variables include only one water chemistry variable absent from
the 25-pond dataset (Ca/Mg hardness), which falls among the watershed and buffer zone
variables (i.e., axis-1 variables in the 25 pond dataset). Evaluated independently (not
shown), hardness showed no useful correlations with species richness.
Summary and Discussion of Species Richness Correlations
In the final analysis, only two site variables stand out for their relationships with
species richness: Watershed area, which is positively correlated with pond richness, and
buffer-zone development, which is positively correlated with pond richness at low to
moderate levels, and negatively correlated at higher levels.
Watershed area, in-and-of-itself, is unlikely to be of any consequence to aquatic
plants. Rather, its influence is likely to be indirect via effects on physical and chemical
qualities of waterbodies. Our data show watershed area to be positively correlated with
pond surface area, shoreline complexity, and summer oxygen saturation (see additional
discussion in Comparative Limnology Section). However, none of these variables is
directly correlated with pond species-richness, indicating that we failed to measure
whatever variables are the more proximal cause of the species/watershed area
relationship. Hill and Keddy (1992) reported a similar relationship in Nova Scotia lakes
(affecting richness of regionally uncommon species) and concluded that the correlations
with watershed area were due to its influence on hydrology – in particular, greater waterlevel fluctuation in large-catchment lakes has a positive effect on diversity of shallowwater plant communities. Hickler (2003) documented a strong positive correlation
between hydrologic fluctuations and species richness in floodplain ponds, and hydrology
is generally recognized as a key factor in many wetland ecological processes (Mitsch and
Gosselink, 1993). We have little information on hydrology of lakes included in this
study. Two lakes with histories of substantial winter draw-downs (Packard Pond and
Tully Lake) have, respectively, the lowest and highest species richness values
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documented. Hydrographs of water levels in Upper Naukeag Lake (kept by Leo Colette)
show substantial summer draw-downs due to water-supply withdrawals. Species richness
of 29 in this lake is above average. In short, although the possible relationship between
watershed area and pond hydrology is worth exploring further, the limited information in
hand is inconclusive.
The arch-shaped relationship between shoreline development and richness, with
highest richness at intermediate levels of development, deserves more study. In
particular, more ponds with highly developed shorelines are needed to flesh out the
dataset and ensure the apparent pattern is not anomalous.
One surprise that came out of the analyses is a complete lack of even weak
correlations between species richness and pond area, littoral area or shoreline complexity.
We ran separate regressions and examined scatterplots of pond richness vs. these three
variables (both raw and log transformed) and found no glimmer of the expected
relationships (analyses not shown).

Beta Diversity, 25-Pond Dataset.
No significant correlations were uncovered between Beta Presence scores and
PCA axis scores in multiple regression using the 25-pond dataset. The r2 for the full
model was .19 with a p of .48.
One theoretical prediction about beta contribution is that ponds with extreme
values of environmental variables (both high and low) might accumulate species that are
otherwise rare among ponds. For example, if pH was important in governing species
composition, we might predict that ponds with both very high and very low pH values
would attract regionally uncommon species, and, thus, have high beta coefficients.
Patterns like this might not be picked up in analyses using the standardized PCA scores.
We tested for this pattern by converting axis scores for ponds (which were standardized
and centered on zero) to their absolute values (i.e. distance from the mean without regard
to sign). The multiple regression model of absolute axis scores against beta presence
yielded no significant correlations. Thus, the data do not show the hypothesized pattern
of ponds with extreme environmental qualities tending to have more regionally
uncommon species.
A second model, using the smaller dataset with more complete water chemistry
(table 7) was run to search for additional possible correlations. Oddly, this model yielded
much stronger overall regression statistics [(r2 = .60; p = .002 for the best subset model
(not shown)], yet the additional water chemistry variables included in the model appear to
play only a minor roll. The best subset model includes axes 2,3,and 4. The only new
environmental variables comprising the axis scores (i.e., absent from the 25-pond model)
are spring conductivity and total (Ca/Mg) hardness, and neither had especially high
loadings. Scatterplots of richness vs. total hardness and conductivity (figures 14 and 15),
show that Bourn-Hadley pond has extreme values, and appears as an outlier (the point in
the upper right corner of the plots).
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Figure 14

Figure 15
Conductivity vs. Beta
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Conductivity and hardness are themselves strongly correlated (see Comparative
Limnology section). In linear regressions of the two variables against beta contribution,
conductivity alone yields the best model (r2 = .486; p = .001). Adding hardness results in
a negligible improvement. Bourn-Hadley Pond with its exceptionally high conductivity
and high beta coefficient has much leverage on the regression. When removed, the
relationship remains marginally significant, and r2 drops to .25. Given the data we have,
I am reticent to assign much confidence to the observed relationship between beta
contribution and hardness or conductivity.
Figure 16 shows a scatterplot of species richness of the 25 ponds vs. their Beta
Presence values. The correlation is significant (r2 = 0.25; p = .011). Ponds with higher
species-richness tend to have more regionally infrequent species and, thus higher Beta
coefficients.
Figure 16. Relationship between species richness and Beta Presence
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Summary and Discussion Beta Diversity Correlations
No good predictors for Beta contribution were found using the 25-pond dataset.
The 20-pond dataset, with additional water chemistry variables, uncovered two
significant (but potentially spurious) variables: Conductivity and total hardness. The two
variables are correlated, with conductivity being the stronger predictor. However,
conductivity per-se is biologically meaningless. Calcium and magnesium hardness,
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which is directly responsible for much of the electrical conductivity of lake water, (but
see discussion in Limnology section) is much more biologically meaningful. In a region
of acidic bedrock such as the Worcester Plateau, where lake acidification is a welldocumented environmental issue, the buffering capacity provided by carbonates may be
particularly important.
State-Listed Species.
Although no single species has enough occurrences to be amenable to statistical
analyses, there are enough ponds with at least one listed species (n = 10) to search for any
trends that distinguish them from ponds that lack listed species. No significant
correlations between the incidence of state-listed species and PCA axes were uncovered.
Further exploration with multiple regression, using the full range of
physical/chemical variables and a number of other biological variables (e.g. pond
richness and beta contribution) failed to turn up a single significant correlation.
Thus, although individual species may have exacting habitat requirements (we
had too few occurrences of any one species to explore this), as a group we found no site
variables that could be used to predict which ponds will have rare species populations
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Final Summary: Diversity and Species Distributions
Lakes and ponds of the Worcester Plateau have substantial variation in species
composition, species richness, incidence of rare species and other botanical attributes.
By limiting the study to a single ecoregion, many environmental qualities are much less
variable among the ponds than would be the case with a larger regional study. For
instance, many water chemistry variables have much smaller ranges than would be the
case if ponds from the heavily developed eastern portions of the state, or the geologically
distinct western region were included. Never-the-less, a number of site variables
(particularly those related to pond origin, basin morphometry, and physical setting) are
highly variable.
Perhaps the main conclusions to be drawn from the study come from the generally
weak and inconsistent relationships between the biological and environmental variables
we measured. This is not indicative of failure; for instance, failing to find meaningful
biodiversity differences between natural and artificial ponds has important implications
for conservation practices. Failing to find environmental predictors for rare species
distributions suggests the continued need for “fine filter” approaches to locating these
elusive taxa. The failure to find good predictors for identifying ponds with high Beta
diversity value suggests that field inventories, rather than remote sensing and modeling,
will be necessary to find and protect regional aquatic biodiversity. Finally, the results
point clearly towards local, within pond processes as the likely place to find better
explanatory variables. This study did not collect data on habitat heterogeneity within
ponds (but see Appendix C for more on local species distribution patterns). Substrate
variability, variation in exposure, patchy disturbance, and other sources of within-pond
heterogeneity may prove to be more important than the larger-scale variables we explored
here. Hydrologic investigations of individual ponds also have good potential to turn up
important relationships.
General Patterns
 62 species of aquatic vascular plants were documented on 25 ponds.
 Mean pond richness was 21.5; the range was six to 34.
 Many species are infrequent, few are widespread.
 Species composition is highly variable; beta diversity is high.
 Using a systematic selection process, a minimum of ten ponds are required to
capture all 62 species.
Artificial and Natural Ponds
 Natural and artificial ponds have small but significant differences in flora. No
species has particularly high fidelity for one group or the other, but a small group
of species show some affinity for either artificial or natural ponds.
 Species richness does not differ significantly between artificial and natural ponds.
 Rare species (both state-listed and regionally uncommon) are equally likely to be
found in artificial and natural ponds.
 Beta diversity does not differ statistically between natural and artificial ponds.
 Natural ponds have higher water clarity than artificial ponds, but otherwise have
comparable environmental qualities.
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Species Richness
 Watershed area is positively correlated with pond species-richness.
 The percentage the shoreline buffer-zone that is developed is positively
correlated with pond richness at low to moderate levels, and negatively correlated
at higher levels. Richness peaks at moderate levels of development.
 One surprise that came out of the analyses is a complete lack of even weak
correlations between species richness and pond area, littoral area or shoreline
complexity.
Beta Diversity
Conductivity and total hardness (two correlated variables) were positively
correlated with Beta contribution; however, further investigation suggests the possibility
that the relationship is spurious. Further work is needed to clarify the relationship.

CONSERVATION ISSUES
There are any number of generic “boiler plate” conservation issues that are
applicable to waterbodies in the Worcester Plateau Ecoregion. I would include in this
group: acid precipitation, eutrophication, watershed landuse, shoreline development,
invasive species, and pollution (both point-source and non-point-source). These are (and
should be) legitimate issues and cause for concern. This study, however, was not
designed primarily to find human-caused environmental impacts; had that been a central
goal, we would have used different methodologies, particularly with respect to pond
selection criteria. The random selection of ponds employed for this study does provide a
snapshot of typical conditions in the ecoregion; and if any of the above mentioned
environmental quality issues were currently playing a prominent role in altering
biodiversity, it is likely they would have been picked up.
Often times, the ranges in environmental variables (although typical for the
region) were too small to have a discernable influence on diversity (e.g., nutrients
associated with eutrophication). In other cases, ponds with extreme values for variables
were rare, and thus not amenable to analysis (e.g., heavily developed watersheds and
invasive species). Only two variables associated with human presence were found to be
predictive of aquatic plant diversity in the ecoregion:
 Alpha diversity increases with the amount of pond-shore development to a point and
then decreases above a threshold of about 35% developed shoreline.
 Beta diversity increases with conductivity (but see discussion in Section 2 for
caveats). Conductivity in regional ponds is, in turn, strongly influenced by road-salt
inputs and landuse (see discussions in section 3). Thus, there may be an indirect
relationship between some landuse practices and elevated beta diversity.
One threat to regional biodiversity stands out above all others and is discussed in
detail below.
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Artificial Ponds: Qualities and Threats
Artificial and natural waterbodies are, for practical purposes, equivalent in their
contributions to regional aquatic plant diversity. Indeed, simply by virtue of the fact that
artificial ponds are so much more common than natural ponds, as a group they are
quantitatively the more important. This is good news for conservation opportunities
because it means we have much more high-quality aquatic habitat in the region than
would otherwise be the case. However, it brings up some complex conservation issues:
 The pre-settlement landscape probably supported less aquatic plant diversity, and
fewer populations of our high-conservation value species than does the
contemporary landscape. In other words, some of the diversity we enjoy today is
a legacy of past land use practices.
 Most waterbodies in the region (and most of the aquatic plant diversity) are
behind old dams, many of which are beyond their expected life-span or have been
documented to be in poor condition, according to the DCR Dams Safety Program.
 New regulations, promulgated in 2006, place great financial and liability burdens
on small dam owners. Dam removal will, in many cases, be the most expedient
solution.
Leading conservation agencies have identified the approximately 3000 dams in
Massachusetts as one of the most serious sources of habitat degradation and threats to
aquatic biodiversity (e.g., Natural Heritage and Endangered Species Program, 2003).
This has contributed to the popular perception that dam removal is an environmentally
“friendly” endeavor. The generally held perception that dams have a negative impact on
regional biota appears to have two sources:
1. Some well documented cases where specific dams in specific locations have
impeded fish migration, to the detriment of populations.
2. A muddling of two common goals of conservation: conservation of remnants
of our most pristine, least human-influenced landscape elements, and
conservation of biodiversity. For a small subset of our biota, the two goals
may be perfectly compatible; for others they are not.




The EOEA, in a recent “white paper”, urges streamlining environmental review
for dam removal proposals, with the idea that dam removal is a win-win situation
(in terms of public safety and environmental benefits).
The DCR Riverways Program has an active program designed to work with dam
owners and local conservation groups on (among other things) dam removal
projects.
To the extent that natural attrition and the current regulatory environment are
effective at reducing the number of ponds in the Ecoregion in coming years, it is
crucial to be able to evaluate effects on regional diversity on a case-by-case basis.
Fortunately, we have a certain amount of redundancy in the flora, and many
species can be found on several ponds. However, too many species have limited
distributions. After surveying over one-third of the ponds in the Ecoregion, there
are still fourteen species with only a single occurrence, and more than a third of
the aquatic flora is limited to four or fewer ponds. Neither the presence of statelisted species, nor species richness alone are adequate indicators of a pond’s
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contribution to regional aquatic plant diversity. We have developed methods for
ranking ponds for their contribution to regional biodiversity, which are effective
at identifying critical subsets and, conversely, identifying those ponds that are the
most expendable. These concepts are developed more fully below with some
thought on how they might be applied to actual field situations.
Evaluating the Conservation Value of Individual Ponds
We developed a method for ranking ponds with respect to their contribution to
regional aquatic plant diversity (for details see section on Beta diversity, above). Using
this method we were able to identify a subset of ponds that are especially important for
the regional diversity and which (in an ideal world where populations never went extinct)
would secure the Ecoregional gamma diversity (as estimated here) of 62 species. The
method can be used to evaluate additional ponds from among those not sampled in this
study by simply adding them to the existing 25-pond dataset, recalculating species
presence values, and calculating the beta coefficients as described in the section on beta
diversity (above).
Table 8 shows the ranking of the current dataset, with ponds shown in bold
needed to capture the total species compliment of the dataset (subsequent ponds add no
new species). The mean Beta of 0.11 is also near the point in the list where no new
species are accumulated with additional ponds and (provisionally) might be used as a
cutoff point to distinguish ponds with especially high conservation value. Expanding the
method for use in other regions will require, first, collecting baseline data on regional
flora using methods similar to those employed here. The presumption should be that the
pool of characteristic species changes regionally and, thus, each Ecoregion (or floristic
region) needs to be treated as unique.
Once baseline data are collected in additional Ecoregions, it should be possible to
make larger scale (e.g. state-wide) comparisons and draw inferences about how
biodiversity accumulates between and among Ecoregions in Massachusetts or any larger
area of interest. Ultimately, a reasonable goal would be to set gamma diversity as the
entire aquatic flora of the state (a known quantity; c.f. Sorie and Somers, 2000 and other
floristic works) and search for waterbodies with especially strong contributions, or
subsets that capture all or most of the states biodiversity the most efficiently (i.e. in the
smallest number of ponds).
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Table 8. Beta-Presence ranking of ponds
Pond

Beta-Presence

Hastings Pond
Bourn-Hadley Pond
Laurel Lake
Whitney Pond
Gaston Pond

0.19
0.19
0.18
0.17
0.14

Lake Denison
Ward Pond
Tully Lake
Wrights Reservoir
Upper Naukeag Lake
Whitmanville Reservoir
Upper Reservoir
Long Pond
Tully Pond
Richards Reservoir
Queen Lake
Packard Pond
Newton Reservoir
Williamsville Pond
Lovewell Pond

0.14
0.14
0.14
0.12
0.11
0.11
0.11
0.11
0.09
0.09
0.08
0.08
0.08
0.08
0.08

Lake Wampanoag
Sunset Lake
Beaver Pond
Kendall Pond
Muddy Pond

0.07
0.07
0.07
0.06
0.05

Mean

0.11
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Section 3
The Limnology of Lakes, Ponds, and Reservoirs
of the
Worchester Plateau, Massachusetts
Introduction
Since time immemorial humans have sought relationships between the appearance of certain
organisms and the environmental variables which determine the time and place of these appearances. Thus,
we assume swallows will return to Capistrano in the spring, and acid soils will develop a unique flora from
those on basic soils. Often, the environmental variables that actually influence the presence or absence of
particular organisms are not obvious and are only revealed after numerous studies. The limnological work
in this project was designed to produce data on variables that are known to affect aquatic plants and aquatic
life in general, either directly or indirectly. These data were to be compared statistically to the aquatic plant
communities growing on the same sites in order to determine which factors, if any, were important to these
communities. For the most part, the variables used and the relationships between them are given by
Brylinski (1980).
Among morphological variables, some like the area or fetch (the longest straight line distance
between any two points on the lake shore) of a lake are known to influence the way a lake stratifies. In
turn, stratification itself may influence many chemical features of a lake. Yet, if only a small volume of a
stratified lake is found in the hypolimnion, it is probable that anoxia in the hypolimnion will be of little
importance in recycling nutrients when compared to the overall mass of that nutrient entering a lake, so the
shape of a lake basin can also be important. Average depth and turnover time (the average amount of time
it takes to replace all the water in a lake with runoff) are related to lake trophy, that is, the rate of supply
and source of organic matter to a lake or pond (Reckhow, 1980). Terms like eutrophic, oligotrophic, or
dystrophic describe this characteristic of a lake. Even the area of the watershed in relationship to the area
of the lake (Ohle, 1965) or the volume of the lake (Reckhow, 1980) can have an important influence on the
availability of nutrients.
Physical variables include items such as temperature, water clarity, and color. The distribution of
temperature determines if the lake mixes during the summer, and although it should not be directly
important to the flora in shallow water, stratification in deeper lakes does influence chemistry and nutrient
cycling. Water clarity, measured as absorption at 660 nm, and Secchi disc transparency are measures of the
availability of light in the lake for photosynthesis. Because many of these ponds were too shallow to obtain
true Secchi disc readings, absorption at 660 nm was also used. Water color also influences the depth of
light penetration, and, therefore, should have some influence on the distribution of photosynthetic
organisms. Secchi disc transparency has also been used as an estimator of chlorophyll a in the water
column (Cole, 1994) or trophic state (Carlson, 1977).
Among chemical variables, conductance is often used to estimate total dissolved solids, and
salinity. For our purposes the terms are roughly synonymous. The estimate can be quite good if the lakes
measured have a more or less constant chemical makeup that differs primarily in concentration rather than
the proportion of ions making up the salinity. In unpolluted lakes of areas such as the Worchester Plateau it
is often a predictor of the abundance of calcium and bicarbonate as these are the normal dominant ions in
such waters. Since concentration of calcium and magnesium are often correlated it can be a predictor of the
latter ion as well. These ions are known to influence the biota of lakes in many ways. They help define the
pH buffering system along with bicarbonate and carbonate ions.
Oxygen and carbon dioxide represent two sides of the same coin. Oxygen concentration reflects
the photosynthetic output of aquatic plants, algae, and blue-green bacteria. Carbon dioxide is the result of
respiration of these as well as heterotrophic organisms. As such, these measures are indicators of the
balance between photosynthesis and respiration, that is, the biological activity in a lake.
Two measures related to nutrient availability were also made. Total phosphate is closely tied to
photosynthetic rate in the open water and can be considered an indicator of lake trophy (Carlson, 1977).
Nitrate nitrogen is also a measure of nutrient supply but for certain organisms the ratio of nitrate to
phosphate controls their abundance. The two are related to lake trophy and it is this relationship that is
important here.
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However, the best measure of trophy or trophic status is the concentration of chlorophyll a during
spring overturn when runoff is still relatively high. It is not unusual for the different estimators of lake
trophy (water clarity, nutrient supply, and chlorophyll) to show some disagreement (Wetzel, 1975) but
taken together they are accepted and widely used measures of the trophic status of lakes.
There is a large body of literature that links these various measures (Brylinski, 1980). In any
study, it is still important to statistically analyse the interactions between these variables to identify any
unexpected relationships between them, as relationships may vary among lake districts or be influenced by
the choice of lakes to investigate. In this study, these analyses were used to suggest the most productive
methods of linking aquatic plant diversity to environmental variables. In addition, variables were sought
which could be grouped together to form a single variable to further simplify the search for correlations
between plant distribution and diversity and environmental factors. Independent of these goals, the
limnological data collected yield a more complete picture of surface water quality in the Worchester
Plateau than was previously available, and give a much more complete picture of both regional limnology
and the limnology of individual water bodies.

Methods
All water samples were obtained with a Kemmerer water bottle. Analyses of calcium,
magnesium, nitrate nitrogen, total phosphate, and chlorophyll a were performed at the Environmental
Analysis Laboratory at the University of Massachusetts. Samples were delivered to the lab within 24 hours
of the field trip whenever possible. The lab provided the acid washed sample bottles and equipment for
drying the chlorophyll samples. Separate samples were obtained for bicarbonate and carbon dioxide,
analysed by the investigators as soon as possible after collection. Bicarbonate was analysed using acid
titration with a mixed indicator end point, carbon dioxide with base titration (0.05 N NaOH) with
phenolphthalein end point (Golterman, 1969; APHA, 1981). These titrations were performed within hours
of collection.
Chlorophyll samples were composed of a mixture of water samples taken at the surface, the base
of the mixing layer, and an intermediate depth. Mixing was done in the field in a clean 5 gallon bucket.
Samples were vacuum filtered within a few hours of sampling using Gellman A-E glass filters having a
pore size of ca. 1 μ. Filtration continued until the filters were almost loaded to maximize the amount of
material captured. The volume of sample was carefully measured. Filters were then dried in a gentle air
flow and wrapped in aluminum foil for transfer to the Environmental Analysis Laboratory.
A subsample of each water sample collected for chlorophyll analysis was used to measure
absorbance in a 10 cm light path at 660 nm as a comparison and backup to Secchi transparency readings
obtained in the field. Absorbance was considered to be superior to Secchi transparency as the readings
were highly reproducible and possible in very shallow ponds were a Secchi disc could not be used. The
wavelength of 660 nm was chosen as it is close to maximum absorbance for chlorophyll (663 nm) and is
frequently used when absorption measures are obtained in situ.
Separate water samples were obtained at similar depths and stored in Winkler bottles for analysis
of bicarbonate and carbon dioxide. Thus, 2 – 3 separate analyses for these ions were made for each pond.
Temperature, oxygen concentration and saturation, conductance, total dissolved solids, pH, and
turbidity (NTU) were measured in situ using a Hydrolab Quanta. Profiles were made at meter intervals or
closer when anchored at or near the deepest point of each lake. The probe cluster, which has a built in
stirrer, was held at each sample depth until oxygen equilibrated, that is to say the oxygen reading either
became stable or changes in the reading were small, and random around a mean. All the probes were
standardized and maintained using recommended solutions from the manufacturer.
A bathymetric map was drawn for each lake. A series of transects were run and at close intervals
depths were measured either with an electronic depth meter, or in shallower water with either a 3 m ruler.
All depth measurement points were recorded on a Garmin eTrex. In all cases the maps were prepared
without recourse to previously existing bathymetric maps except for Tully Lake. A large amount of
bathymetric data were available from the U.S. Army Corps of Engineers and this was used in preparing the
map of that lake. GIS software was used to draw contour intervals and estimate the perimeter and area
enclosed in each contour so that volume and other morphometric measures could be calculated by standard
methods (Hutchinson, 1957; Wetzel, 1975; Lind, 1979).

Limnology

page -2-

Results
Ranges of Water Quality Measures
Water quality measurements were made during the spring of 2005 and the summer and early
autumn of 2004 on a group of 20 lakes. On several of these lakes additional measurements were made
during the summer of 2006 to supplement these data. Additional measurements were made during the
summer of 2005 on an additional group of 5 natural ponds that were added to improve analysis of
differences between natural and artificial ponds. Thus, spring water quality data were derived from a total
of 20 lakes and ponds, summer water quality data from 25. Summer water quality data are presented either
as profiles or in tabular form in Appendix A, Pond Descriptions.
During the spring, a number of physical and chemical analyses were made that are not available in
the summer data set. These include total phosphorus, nitrate nitrogen, calcium, magnesium, bicarbonate,
carbon dioxide, and absorbance at 660 nm. In addition, on all field trips profiles of temperature,
conductance, oxygen concentration and saturation, pH, and turbidity as NTU were obtained. The values
reported below for the later variables are averages of a number of measures made at 1.0 to 0.5 m depth
intervals through the mixing layer of each water body. The reported values for the former variables are
generally averages of 2 to 3 samples returned to the laboratory for analysis although in some cases only
single samples were obtained. Thus, a single value for each measured variable was obtained for each water
body for both spring and summer. Only data collected from the mixing layer are included here. Secchi
transparency was measured in the field and only a single measure from each water body was made on each
field trip. Summary data are presented in Appendix B.
To better characterize the study area, the maximum, minimum, average and standard deviation for
each variable are reported below for the study area as a whole. Table 1, for example, gives these statistics
for the spring of 2005. At this time all the water bodies were either mixing or had recently mixed. Even
so, some water bodies like Lake Denison already showed extremely low oxygen concentration in the
deepest waters.
Similar data are given in Table 2 for those variables analysed for the period of summer
stratification in a total of 25 water bodies. The depth from the surface of the lake to the top of the
thermocline on the date sampled is also given as epilimnetic depth. One additional variable was estimated
in the field but not reported here, and that was the degree of dystrophy, or “color” of the water. The lakes
varied from transparent to tea colored. For this reason lakes were classified on a 4 point scale from
transparent and colorless to extreme dystrophy with dark brown to maroon brown water. Nine of the 25
lakes were considered moderately dystrophic, and the rest were almost equally divided between
transparent, slightly colored (yellow to yellow green) and highly dystrophic.

Limnology

page -3-

Table 1. Maximum, minimum and average values for each measured variable in the mixing layers of 20
ponds from the Worchester Plateau obtained in May 2005. The standard deviation is also given. To obtain
the standard deviation, the group of lakes was considered to be a sample of the population of lakes, and the
value of each variable for the mixing layer of each water body treated as the single best estimate for that
water body. When concentration was too low for detection, n.d. is listed.
Maximum
Value
Degrees Celsius
Secchi Disc Transparency (m)
Absorption Coefficient A
Turbidity (NTU)
Conductance (ms/cm)
Total Dissolved Solids (g/l)
Ca (mg/l)
Mg (mg/l)
Carbon Dioxide (mg/l)
Bicarbonate (mg/l)
pH
Oxygen (mg/l)
Oxygen Saturation (%)
Nitrate Nitrogen (mg/l)
Total Phosphate (μg/l)
Chlorophyll a

16.58
4.76
2.11
7.73
0.35
0.22
6.47
1.72
6.23
6.27
6.30
9.85
93.92
0.093
31.90
14.71

Minimum
Value
9.32
1.33
0.52
0.03
0.02
0.01
0.52
0.26
1.95
1.05
4.35
7.69
74.00
n.d.
9.10
1.10

Average
Value
13.02
2.88
1.05
2.36
0.08
0.05
2.37
0.69
3.75
2.82
5.30
8.96
85.40
0.011
16.25
4.60

Standard
Deviation
2.01
0.88
0.38
1.82
0.07
0.05
1.24
0.31
1.06
1.38
0.60
0.63
5.35
0.02
5.16
3.37

Table 2. Maximum, minimum and average summer values for each measured variable in the mixing layers
of 25 lakes and ponds from the Worchester. The standard deviation is also given. To obtain the standard
deviation, the group of lakes was considered to be a sample of the population of lakes, and the value of
each variable for each water body treated as the single best estimate for that water body.

Maximum
Value
Degrees Celsius
Epilimnetic Depth (m)
Secchi Disc Transparency (m)
Turbidity (NTU)
Conductance (ms/cm)
Total Dissolved Solids (g/l)
pH
Oxygen (mg/l)
Oxygen Saturation (%)

27.26
6.00
7.88
72.77
0.62
0.40
6.93
7.75
92.83

Minimum
Value
15.66
0.50
0.88
-2.05
0.01
0.01
3.97
3.76
41.25

Limnology

Average
Value
22.57
2.92
2.87
8.62
0.11
0.07
5.75
6.26
72.88

Standard
Deviation
2.63
1.41
1.85
15.39
0.13
0.08
0.72
1.08
13.77
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Geographic Distribution of Water Quality
Geographic distribution of water quality often reveals underlying relationships to geologic and
geographic variables. When the water quality variables for the lakes and ponds considered in this study
were plotted on a map, one of several underlying patterns was revealed. For example, the degree of
dystrophy, transparency, and conductance all showed considerable variation among water bodies, but
similar patterns when plotted on an outline map of the study region. Figure 1 shows this basic pattern using
water color as a variable.
Figure 1. Distribution of water color among ponds on the Worchester Plateau. Each circle is located at the
latitude and longitude of the water body it represents and the color of each symbol represents the water
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A similar pattern emerges for pH, with lower summer pH’s clustered around the eastern and
northern margins of the study area (Figure 2). Since the degree of dystrophy (color, Secchi disc
transparency) is generally closely related to pH, this pattern is to be expected. On the other hand, when
summer oxygen saturation is plotted in this manner a more or less random pattern emerges. Thus, there is a
tendency for high color, low transparency, low pH, and low conductance to be grouped on the eastern and
northern margins of the study area during the summer months, but other variables show no consistent
relationships.
Similar charts, but of course not as detailed because there are fewer ponds sampled, were drawn
for spring concentrations of calcium, magnesium, total phosphate and nitrate. As expected calcium and
magnesium follow conductance with minimal values on the east and north. Nitrate does not show a
particularly strong pattern, while total phosphate shows low concentrations in the west and higher
concentrations in the east.
Because factors other than soil and bedrock geology can influence water quality, a number of land
use variables were plotted, among them being the proportion of a pond or lake’s watershed that was under
natural cover. Figure 3 plots these proportions. The divisions between groupings were determined by
quartiles with each of the 4 categories equally represented. The pattern here shows the majority of
watersheds with high proportions of natural cover clustered primarily in the northern half of the study area.
In some cases, the distribution of a variable showed a different pattern of clumping. For example,
the distribution of vernal chlorophyll a was distinctly clumped, and the clumps had roughly the same
pattern as watershed size, with the highest value for chlorophyll a found among small watersheds,
particularly in urban areas.
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Figure 2. Distribution of pH among ponds on the Worchester Plateau. Each circle is located at the latitude
and longitude of the water body it represents and the color of each symbol indicates the pH of the lake or
pond. The points at which the breaks between pH groupings were made were determined by quartiles with
each of the four groups equally represented.
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Figure 3. The distribution of natural vegetation on watersheds of the ponds on the Worchester Plateau.
Circles represent the location of the lakes fed by the watersheds, and the color of the circle the proportion
of the watershed under natural vegetation. Division into groups was based on natural breaks in the data.
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The consistency of the distribution pattern for transparency, pH, conductance, and other variables
requires an explanation, but the similarity of the patterns does not in itself demonstrate any sort of
significant relationship. It is equally true that the similarity in the patterns of chlorophyll a distribution and
watershed size only suggests the direction to be taken by statistical analyses.
Although such correspondence suggests using correlation coefficients to further define the
interactions between variables, there are few significant correlations between these variables in the summer
data set significant at α = 0.05. Among water quality variables, oxygen saturation and Secchi disc
transparency show a significant r of 0.617 but this is contrary to expectation as oxygen saturation showed
no particular pattern of distribution geographically. Except for the additional correlation between Secchi
disc and water color no other correlation is shown between water quality variables that is significant and
also shows geographic distributions similar to those shown. However there is one important correlation
between conductance and p{watershed natural} with a correlation coefficient of 0.677 which is
significantly different from 0 at α = 0.01.
However, strong correlations between the spring variables are numerous (Table 3). In this data
set, many correlations exist with the percentage of the watershed under natural vegetation (p{watershed
natural}. These include conductance, hardness, pH, and oxygen saturation.
Figure 4 plots the relationship between conductance and p{watershed natural} for the summer
data, and it appears to have 2 outliers, Kendall Pond and Packard Pond. Packard Pond should probably be
eliminated because there is no way of truly knowing the limits of its functional watershed. This is because
there is a flow control structure on the East Branch of the Tully River diverting some of the flow from that
river into Packard Pond, although geologically, the East Branch is not part of the Packard Pond watershed.
There are no records of the percentage of the water flowing through Packard Pond that was derived from
the Tully Lake watershed or the Packard Pond watershed, so there can be no estimate of the degree of
development in the functional watershed. Kendall Pond, although it appears as an outlier, may simply
represent a natural response to development of the watershed indicating a power curve might better
represent the data than a linear fit.
Elimination of Packard Pond from this data set yields a best fitting curve of the form Conductance
= 0.031x-6.6 where x is p{watershed natural} and r2 = 0.645 for the summer data. Even with the inclusion
of Packard Pond data the slope was significantly different from 0 at α = 0.05. Examination of spring data
indicates a similar curve for the regression of conductance on p{watershed natural}. Elimination of data
for Packard Pond yields a regression with the formula Conductance = 0.033x-5.1 where x is p{watershed
area natural}, and the r2 = 0.481. Since conductance and pH are also correlated in the spring data set
(Table 3) it is no surprise that there is an excellent relationship between p{watershed natural} and pH (Fig.
5). In this case the relationship is linear rather than a power function. Packard Pond was not eliminated
from the data. The form of the relationship was pH = -4.53 * pH + 9.21 and the r2 = 0.426. As with the
above relationships, the slope is significantly different from 0 at α = 0.01.
Figure 4. A plot of conductance on the proportion of
a lake’s watershed under natural vegetation. The
data set used was from the summer with all 25 lakes
represented.

Figure 5. A plot of pH on the proportion of a lake’s
watershed under natural vegetation.
The spring
dataset was used.
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Table 3. Correlelogram showing correlation coefficients (r) for all combinations for water quality variables in the spring data set. Correlation coefficients in bold type are
significantly different from 0 at α = 0.05 or better.
Conductanc
e

Hardness

pH

Tota
l
CO2

Oxyge
n
(mg/l)

Oxygen
Saturatio
n

Epilimneti
c depth

Nitrate

Total
Phosphat
e

Color
Code

Absorptio
n

Conductance

1.00

Hardness

0.67

pH

0.48

0.77

1.00

Total CO2

0.10

-0.18

0.05

Oxygen (mg/l)

0.29

0.50

0.61

0.13

1.00

Oxygen Saturation

0.39

0.65

0.79

-0.07

0.78

1.00

Epilimnetic depth

-0.08

0.05

0.11

-0.10

0.59

0.25

1.00

Nitrate

0.04

0.02

0.03

0.05

0.37

0.14

0.13

1.00

Total Phosphate
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-0.26

-0.40

-0.19

0.04

-0.16

0.43

0.34

1.00

Color Code

-0.35

-0.39

-0.51

0.01

-0.25

-0.42

-0.01

0.35

0.65

1.00

Absorption
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-0.14

-0.54

-0.59

-0.17

-0.05

0.30

0.52

1.00
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(m)

Chlorophyl
la

NTU

p{watershe
d natural}

1.00
1.00

Secchi (m)

0.06
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0.55

0.52
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0.23

-0.29

-0.24

-0.76

1.00

Chlorophyll a
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0.09

-0.53

-0.18

0.03

0.05

-0.28

-0.03

-0.13

0.21
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1.00
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Statistical Analysis of Water Quality and Morphometric Measures:
Principal Components Analysis (PCA) was the primary tool used to identify which of the many
variables in a particular data set were closely related to each other. It is similar to multivariate linear
regression, but reduces the number of variables, and more importantly can be used on replicates that are not
statistically independent of one another and with independent variables that show strong correlations to one
another. This analysis groups related variables together allowing each group to be used as a single variable,
and gives an estimate of the amount of variance explained by each group. The percentage of the total
variance explained is then used to choose how many of the groups will be used for factor analysis, that
gives a more realistic and more easily interpreted evaluation of how to sort the original complete set of data
into a few groups of variables.
For example, Table 4 shows how the variables associated with spring water quality can be
grouped to explain the greatest amount of variation in the data. The larger the absolute value of the loading
the more important that particular variable is in explaining variation along that particular axis. The analysis
includes several variables that are likely to influence water quality but are not themselves measures of
water quality. These included the proportion of the watershed that was under natural cover, the proportion
of a 100 m wide buffer zone around each water body under natural cover, and depth of the mixing layer on

Table 4: Rotated loadings for the spring data set for water quality in 20 ponds. Four axes or groupings
were used. They explained 76% of the variation in the data set.
Axis
Conductance
pH
Hardness
Oxygen Saturation
P{watershed under natural cover}
Absorbance
Secchi disc
Color
Total Phosphate
Nitrate
Chlorophyll a
Total CO2

1

2

3

4

0.673
0.855
0.777
0.794
-0.855
-0.867
0.906
0.721
0.793
0.785
0.641
-0.889

the day of the field trip. To simplify matters, oxygen concentration was not included because oxygen
saturation was clearly related and is a more meaningful measure than concentration. Temperature was also
excluded because its major effect is on oxygen solubility. NTU and other variables absent from table 1
simply did not have a loading with an absolute value > 0.6 in any of the groupings.
Summer water quality was analyzed in the same way. In this case there were fewer variables and
they seemed to fall naturally onto 3 axes (Table 5). Morphometric variables were analysed separately in
order to get a better idea of groupings inherent to that data set. Only the full data set of 25 ponds was used
as it was felt the set of 20 had too few natural ponds to be meaningful. Examination of the amount of
variance explained by each component in PCA analysis indicated that only 3 groupings or axes needed to
be examined in factor analysis. The results are tabulated in Table 6.
Of course, it is important to understand if water quality variables can be associated with
morphometric variables, and to this end, rotated loadings for the spring water quality data set plus, the
morphometric data for the same lakes and ponds were computed (Table 7). In this particular example
48.8% of the total variance of the data set could be explained in two groups or axes. So little variance was
associated with each of the remaining axes that they were not considered.

Limnology

page -9-

Table 5. Rotated loadings for summer water quality data. Together these groups or axes explain 67% of
the total variance.
Axis
Color
Epilimnetic depth
Oxygen concentration
Secchi disc
Temperature
Oxygen saturation
Turbidity
Conductance
p{buffer zone natural}
p{watershed natural}

1
0.712
-0.822
-0.645
-0.913

2

3

0.695
0.734
0.831
0.765
-0.766
-0.872

Table 6. Results of PCA and factor analysis on morphometric variables of the 25 ponds in the full data set.
Rotated loadings are given in the columns. A total of 82.9% of the variance in the data base is explained by
these axes or groupings.
Axis
Area
Breadth
Fetch
Maximum Length
Perimeter
Volume
Littoral Area
Volume above 2 m depth
Basin slope between 0 and 2 m
Volume/Watershed Area
Average Depth
Maximum Depth
Shore Line Complexity
Basin slope

1
0.960
0.913
0.913
0.929
0.910
0.802

2

3

-0.873
-0.948
0.843
0.781
0.904
0.841
0.788
0.813

Table 7. Rotated loadings for the data set of 20 ponds, using spring water quality and the morphometric
variables for the same 20 ponds. Total variance explained is 48.8%. If a particular variable is absent from
this list, the absolute value of its loading was less than 0.600.
Axis
Area
Breadth
Epilimnetic depth
Fetch
Maximum length
Perimeter
Total phosphate
Volume
Basin Slope between 0 and 2 m
Littoral Area
Volume above 2 m
Oxygen concentration
Oxygen saturation
pH
Maximum depth

1
0.944
0.920
0.622
0.805
0.822
0.917
0.744
0.884

2

0.806
-0.679
-0.781
0.891
0.827
0.698
0.678
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The same analysis was run using the full set of 25 ponds for both morphometric parameters and
the summer water quality. Three groupings or axes were used although it is evident that only the first two
show strong relationships. The first 2 axes explain about 50% of the variance in the data set and the third
explains an additional 13%. The rotated loadings are given in Table 8.
Table 8. Rotated loadings for the full summer data set of water quality and morphometry for 25 ponds.
Total variance explained by the 3 axes is 63%.
Axis
1
2
3
Variable
Littoral Area
Volume above 2 m depth
Basin slope between 0 and 2 m
Oxygen concentration
Oxygen saturation
Secchi disc
Average depth
Maximum depth
Area
Breadth
Fetch
Maximum length
Perimeter
Volume
Temperature
Shore line complexity
Basin slope
Volume/Watershed area

-0.727
-0.775
0.889
0.817
0.814
0.778
0.622
0.741

0.606
0.960
0.909
0.903
0.925
0.910
0.810
0.616
-0.611
-0.713
0.618

Although examination of relationships between variables revealed a number of regressions that
were non-linear, all the above analyses were run on raw data corrected only for mean and variance which is
necessary for the PCA analyses.
It is to be noted that the primary purpose of PCA analyses is to group variables so that you end up
with a few uncorrelated variables. Just because two of the original variables turn up grouped with others on
different axes it does not mean that if they were examined one on one that they would not be correlated.
An excellent case in point is shoreline complexity. This variable shows a significant (α = 0.01) correlation
to the maximum length of the lake. However, Table 6 places shoreline complexity and maximum length
on different axes. Thus, it is emphasized that the above tables only suggest groupings of variables that
might be subsumed into single variables for statistical comparisons with plant community data after further
analysis.

Differences between Artificial and Natural Ponds
Data sets were also tested to detect any differences between artificial and natural ponds both in
water quality and in morphometry. Although both spring and summer data sets were examined, the number
of natural ponds in the summer data set (9) was much larger than in the spring data set (4) so that the results
for the summer data set can be considered to be more reliable and sensitive.
Three tests were run. For each variable, the equality of variance was tested for the natural ponds
as compared to the artificial ponds using an F-test. If no statistical difference could be detected a t test for
samples with unequal numbers but equal variances was run to detect any difference in the means of the
artificial and natural ponds for that particular variable. If variances were significantly different for a
particular variable, then a modified t test for samples with unequal numbers and unequal variances was
used.
The spring data set included 19 ponds that could be considered either natural or artificial, and 1
pond (Packard) classified as augmented as the source of water varies over time. For this reason, Packard
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Pond was not used in any of the analyses as a result. Among the 19 remaining ponds, only 4 were
classified as natural. With such a small sample size it is not surprising that no differences were detected for
means between artificial and natural ponds for any water quality variable at either α = 0.05 or α = 0.10.
However, there were clear differences in the variances for Secchi disc reading, absorption, and color as
well as for NO-3 and total CO2. Oddly, the amount of variation for all these variables was greater among
artificial ponds than natural ponds, except for total CO2 where variation was greater among the natural
ponds. It is interesting that the natural ponds were the most transparent and had the least color, while NO3and total CO2 were both slightly lower in the natural ponds although these differences were not significant..
The situation was much clearer for the summer data set of 25 ponds 9 of which are natural and 15
artificial. However, fewer water quality variables are available than for the spring data set. Temperature,
oxygen saturation and Secchi disc readings all showed significant differences, although only temperature
was significant at α = 0.05. Oxygen saturation, turbidity, and Secchi disc readings were significant at α =
0.10. Natural ponds were warmer, more transparent, and had higher oxygen levels than the artificial ponds.
For morphometric features, significant differences in the means for the proportion of the surface
area of a pond in the littoral zone (2 m), the volume of water above the 2 m contour, average depth, shore
line complexity, and the volume of the pond divided by the area of the watershed were all found at α =
0.05. Absolute depth also showed a significant difference at α = 0.10. Overall, the natural ponds are
deeper so that the proportion of area in the littoral zone and the proportion of volume above 2 m water
depth is less than in artificial ponds. In our sample, the ratio of volume to watershed area is greater in
natural than in artificial ponds indicating less rapid replacement of water in the ponds with time. Finally,
shore line complexity is less in the natural ponds.
A number of variables that do not show statistically different means between natural and artificial
ponds in the summer data set do show differences in variance. These include conductance and pH among
water quality variables and length of the shoreline (perimeter), slope of the lake basin, volume, and
watershed areas. For pH and conductance, variance was greatest in natural ponds. The variance for slope,
length of shoreline and watershed area is greatest in the subset of artificial ponds. Only volume has a
significantly greater variance in natural rather than artificial ponds. Thus, on the whole, natural ponds are
less variable in their morphometry than are artificial ponds.

Water Quality Profiles, Results
Water quality in the mixing layer for the spring and summer are statistically correlated at α = 0.05
for oxygen saturation, pH, conductance, and Secchi disc transparency. The same is true of the depth of the
mixing layer on the dates of the spring field trip, and the depth of the epilimnion on the dates of the
summer field trips. The latter relationship is Spring Mixing Depth = 0.56*Summer Mixing Depth + 1.40.
It had been our intent to sample the lake while they were still actively mixing, however, April had record
breaking temperatures (the 14th warmest April in 111 years) associated with clear skies so several of the
lakes, most notably Packard Pond) were firmly stratified by early May. However, all lakes showed
evidence that they had recently mixed and most would probably mix again before permanent stratification
set in. There was little change in conductance with depth, bottom temperatures in many of the ponds were
much lower than measured during summer stratification, and the depth of to the bottom of the mixing layer,
as evidenced by the above relationship between spring and summer mixing depths was quite shallow.
On the basis of profiles obtained during summer field trips, the water bodies can be divided into 3
groups. Shallow ponds, ranging in depth to about 4 m, depth mix from time to time during the entire
summer. Lakes 7 m deep or deeper normally remain stratified during the entire summer. Those in between
these depths may be permanently stratified or mix from time to time depending on exposure to the wind,
color of the water, and other factors. Shallow ponds include Beaver Pond, Wright’s and Upper Reservoir,
Richard’s Reservoir, Lovewell Pond, Muddy Pond, Williamsville Reservoir, Gaston Pond, Bourn-Hadley
Reservoir, Tully Pond, Lake Wampanoag, and Long Pond in order of increasing depth.
Deeper lakes that stratify during the entire summer include Newton Reservoir, Kendall Pond,
Laurel Lake, Hastings Pond, Packard Pond, and Upper Naukeag Lake in order of increasing depth. The
remaining ponds include Ward Pond, which at 6.9 m maximum depth is definitely stratified all summer and
behaves as the deeper ponds. The group of ponds of intermediate depth also includes Lake Dennison,
Sunset Lake, Whitney Pond, Whitmanville Reservoir, Tully Lake, and Queen Lake in order of increasing
depth. Some like Whitmanville Reservoir and Tully Lake are most likely stratified through the entire
summer. Queen Lake, less than ½ m shallower than Ward Pond clearly mixes from time to time during the
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summer to judge from the hypolimnetic temperature during summer stratification. Thus, the ponds that
have maximum depths between 4 and 7 m show a number of different mixing patterns during the summer.
Data for all these ponds are given in Appendix A (Pond Descriptions). Profiles are presented
graphically for the deeper ponds and intermediate ponds that illustrate particular types of stratification.
Data is given in tabular form for shallower ponds.

Discussion
Water Quality
Although the water quality data collected are sufficient to examine the relationship between water
chemistry and the composition of aquatic plant communities, they do not give a fully rounded picture of
water quality in the ponds of the Worchester Plateau. Hutchinson (1957) defines the salinity of fresh-water
as the concentration of all ionic material present. Because many ions are usually so dilute he redefines
salinity as the concentration of CO3-2, and HCO3ˉ expressed as CO3-2 plus Na+, K+, SO4-2, and halides. Later
he simply includes Clˉ for halides in descriptive mat erial. Thus, 8 chemical species comprise by far the
most abundant ions dissolved in fresh-water, and together they define salinity. In this study, only 4 of these
ions were analysed, including CO3-2, HCO3ˉ, Ca+2 and Mg+2. Carbonate was always 0 within the limits of
our analyses because of the low pH.
The composition of water from 19 of the 25 lakes is found on data discs obtained from the Water
Resources Research Center of the University of Massachusetts. These discs contain the final data base for
the university’s acid rain monitoring program (ARM, 1996). Ruby et al. (1988) also summarizes data
collected by this program through mid-1980. The ARM data include concentrations of K, Na, Ca, Mg,
HCO3ˉ and SO4-2. Using the full data-base, and averaging data from each water body, the total salinity in
the 19 ponds averaged about 37 mg/l which under natural conditions would indicate that both weathering of
bedrock and soils and atmospheric deposition, particularly of sodium and chloride, would be most
important in determining the chemical makeup of the water. Calcium and HCO3ˉ should be dominant with
Na+ and Clˉ of secondary importance (Gibbs, 1970). Even so, one would not expect Clˉ, an ion derived
primarily from atmospheric deposition in New England, to much exceed the level in local precipitation. In
our area that would be approximately 1 mg/l (Junge and Werby, 1958). Indeed, data from 1905, prior to
the distribution of massive quantities of road salt and other chemicals, indicates the expected natural Clˉ
concentration in surface waters of the study area was only 1 mg/l (Jackson, 1905). Anything much in
excess of that requires an explanation.
M irro r L ake , No rth WeThe
st Tribbest
uta ry source of information concerning concentration of dissolved solids under natural
conditions are historical records. For example, based on HCO3ˉconcentration analysed by acid titration, the
waters in our study area were classified as soft or extremely soft by Brooks and Deevey (1963) with
HCO3ˉconcentration of 10 – 28 mg/l or somewhat less.
Carb onate
P otassium
Sulfate was analysed in rain water by Junge and Werby
(1958) and for our area 2 – 3 mg/l would have been
S od ium
normal in the mid-1950’s. However, sulfate can be
Bicarb onate
derived from both weathering of bedrock and atmospheric
pollution so it is difficult to tease out these separate
threads in modern analyses.
C alcium
Chlo rid e
One of the best studied lakes in New England is
Mirror Lake (Likens, 1985), which lies in a similar
M agnesium
S ulfate
geological situation to our study area (Deevey, 1963). It
provides a point of comparison to our ponds. Figure 6
expresses the concentration of the major ions in terms of
equivalent percents in a Maucha (1932) diagram. Each
ion is expressed as a percentage of the total concentration
Figure 6. Equivalent percents of the 8 most
common ions in fresh-water from a tributary to
of dissolved ionic material, and that percentage is
Mirror Lake, NH.
reflected in the area of the appropriate wedge of the “pie.”
Those wedges projecting beyond the inner circle are more
abundant than the average for all 8 ions. Those that do not project are less abundant, and the deeper the
notch the smaller the percent of total ionic concentration that ion represents. Clearly, in Mirror Lake, the
water is dominated by Ca+2, SO4-2 and HCO3ˉ. Sulfate is clearly enriched above what would be naturally
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Hastings Pond

Laurel Lake

Carbonate

Potassium

Bicarbonate

Carbonate

Sodium

Magnesium

Sulfate

Sodium

Bicarbonate

Calcium

Chloride

Calcium
Chloride

Sulfate

Figure 7. A Maucha diagram for the waters of
Laurel Lake. The pond is enriched in sulfate ion
from acid rain`. Data for all these diagrams are from
the ARM study at the University of Massachusetts.

Potassium

Magnesium

Figure 8. A Maucha diagram for the waters of
Hastings Pond. Because concentrations of sodium,
chloride and sulfate are elevated over natural levels,
the pond seems enriched in calcium and bicarbonate.

Conductance (mS/cm)

expected. In terms of concentration it exceeds 6 mg/l, whereas 2 – 3 would be normal from historical data.
Most of this sulfate results from atmospheric deposition, both wet, and dry (Likens et al., 1985).
Among the ponds in our own study, the one that seems least affected by road salt from ARM data
is Laurel Lake. It had the 2nd lowest conductance among the lakes in our data set and Na+ and Clˉ
concentrations are very similar to Mirror Lake. A Maucha diagram (Figure 7) shows the abundances of the
8 most common ions to be very similar to that for Mirror Lake. On the other hand, waters in Hastings Pond
were dominated by Ca+2 and HCO3ˉ, and conductance was above the median for our data set. ARM data
indicates has Clˉ and Na+ concentrations were 3 to 4 mg/l and SO4-2 6 mg/l, all a little above what would be
expected under natural conditions. Although Hastings Pond illustrates the distribution of ions one would
expect in a soft-water district like the Worchester Plateau, all of these lakes seem enriched in Clˉ and SO4-2
and most probably Na+.
Tables 1 and 2 show that although the range of values for many variables is small, some like
conductance show considerable variation (4 to 5 times the standard deviation). It is tempting to think this
reflects the fact that many of the water bodies are dystrophic while other are not but as Tables 4 and 5
show, color and conductance come out on different axes in factor analyses. In addition, they show no
correlation in either the spring or fall data set. Dystrophy, is generally associated with lake water stained
brown with humic compounds, and is linked with low pH and low concentrations of Ca+2 and Mg+2. But
color shows only weak correlation to either ion, and in the summer, none to pH. In the spring, however, an
excellent correlation exists between color and pH (Table 3).
High conductance is a predictor of high concentrations of dissolved Ca and Mg in our lakes
(Figure 7). Clearly, both Ca+2 and Mg+2 are
linearly related to conductance with excellent
7.00
calcium
correlation coefficients (Table 3). This is expected
6.00
magnesium
in surface waters where these cations are dominant.
y = 14.884x + 1.122
R = 0.7968
But just as there is a disconnect between pH,
Linear
5.00
(calcium)
conductance, and water color, there is another
Linear
4.00
(magnesium)
oddity here, for conductance reaches very high
levels when compared to either Ca+2 or Mg+2
3.00
concentration.
2.00
In hard-water lakes, such as Stockbridge
Bowl
and
Richmond Pond in the Berkshire Hills of
1.00
y = 3.694x + 0.3756
R = 0.7677
Massachusetts, Ca+2 and Mg+2 are not only the
0.00
dominant cations, but concentrations of these ions
0.000
0.100
0.200
0.300
0.400
are much higher than in water bodies of the
Dissolved Ca or Mg (mg/l)
Worchester Plateau. For these 2 lakes, calciummagnesium hardness is in the range of 100- 200
Figure 7. The relationship between Ca+2, Mg+2 and
mg/l as CaCO3 (Hickler and Ludlam, 2002). On
conductance in the spring data set.
the other hand, the ponds of the Worchester plateau
are essentially-soft waters. Their concentrations of
2

2
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meq/l Anions

meq/l Cations

Ca range from 0.5 to 6.5 mg/l, and for Mg 0.26 to 1.7 mg/l yielding a range of CaMg hardness between 4.7
to 46 mg/l as CaCO3. It, therefore, is a surprise that conductance in some of these soft-water ponds was in
excess of that in the hard-water lakes Stockbridge Bowl, and Richmond Pond. Similarly, HCO3ˉ
concentrations are as much as 1000% higher in the Berkshire lakes of similar conductance, and salinity is
normally considered an excellent predictor of alkalinity in New England (Brooks and Deevey, 1963) with
low concentrations of HCO3ˉ at low pH strongly associated with low salinity.
The 3 water bodies with the highest conductance among the Worchester Plateau ponds are in order
Lake Denison, Bourne-Hadley Pond and Kendall Pond. The conductance values for these three ponds were
0.231, 0.323, and 0.693 mS/cm respectively. Fortunately, water quality data for these 3 water bodies exist
from the ARM study that can resolve these contradictions. These data indicate the reported total
alkalinities for these ponds at the time of sampling lay below the limits established by the spring data set in
this study while Ca and Mg concentrations lie within the envelope established in this study. Obviously,
other ions must have supported the high conductivity we found in the 3 ponds in question.
The ARM data show that these 3 ponds have the highest Na+ and Clˉ concentration of any of the
19 ponds in this study for which ARM data exist. Road salt would seem the obvious source since both
Bourne-Hadley and Kendall Ponds lie within a few meters of a major highway. Lake Dennison, despite its
location within a state park, lies within 250 m of Route 202. Thus, if road salt has a major influence on
conductance, then conductance would be a relatively poor predictor of Ca and Mg concentration in these
ponds. Furthermore, if road salt has such a profound effect of these lakes that it increases their
conductance to levels found in hard-water lakes it raises the question of the relative influence of road
drainage on water quality in this area since many other materials than salt collect on road surfaces.
To see if road drainage is closely correlated to conductance and salinity, ARM data from the 19
lakes shared by both the ARM study and the current project were analysed. Theoretically, salinity should
be directly correlated to conductance (APHA, 1981) and comparison of our conductance data and ARM
data for total anions, cations, or total ionic concentration are all correlated at α = 0.05 or 0.01despite the
fact that ARM data was obtained years before our own study. Thus, the ARM data were used to determine
the relationships between dissolved Na+, and Clˉ, and total cations or anions respectively.
For the regression of Na+ on total concentration of cations (as meq/l) r = 0.93, and slope = 1.22.
For the regression of Clˉ on total anions these statistics are 0.95 and 1.02. These data are plotted in Figure
8. The fact that in both cases the slope approaches 1 indicates that Na+ and Clˉ are the primary ions that
determine differences in total ionic strength and, therefore, conductance in this series of lakes. If similar
Na and Cl plotted
an- or cations
for ARM
data substituted for Na the r values are 0.64 and 0.66 respectively, and the
regressions
are against
run total
with
Ca or
Mg
slopes only 0.18 or 0.09 indicating that variation in their concentrations have a relatively minor affect on
salinity. Clearly, in this subset of lakes it is sodium and chloride that drive changes in total dissolved ionic
solids and, therefore, conductance.
1.4
1.2
Whereas the Maucha diagrams for Mirror and
1.2
Laurel Lakes and Hastings Pond suggest more or less
1.0
natural conditions in our study area, Maucha diagrams
1.0
of other lakes surely do not. As the above discussion
0.8
suggests, many ponds show considerable enrichment
0.8
0.6
with both Na+ and Clˉ. For example, in Lake Denison
(Figure 9) Clˉ concentration is over 30 mg/l. In fact,
0.6
0.4
Na+ and Clˉ represent over 80% of the dissolved ionic
solids in this lake, when expressed as meq/l. In Upper
0.4
0.2
Naukeag Lake, Kendall, and Ward Ponds these two ions
0.0
0.2
represent between 70 and 80% of the dissolved ionic
0.0
0.2
0.4
0.6
0.8
1.0
1.2
solids, and in 9 of the 19 lakes for which data exist Na+
+
Na or Cl (meq/l)
and Clˉ represent over 50% of the dissolved ionic
solids. It would be difficult to explain these extremely
Figure 8. Plots of the concentration of sodium and
high concentration in any way but drainage of road salt
chloride ions against the total concentration of
cations (Na+) or anions (Clˉ) as given in the ARM
from local roads and highways. These large numbers
database. Each point represents data from a single
obscure the fact that SO4-2 concentration may also be
lake. Open circles represent Clˉ, closed circles Na+.
abnormally high in these lakes.
It reaches a
Best fitting regressions are given, the dashed line for
concentration
of
6.55
mg/l
in
Lake
Denison, and
+
Clˉ and the solid for Na .
between 10 and 17 mg/l in Wrights, Whitney, and
Kendall Ponds.
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Carbonate

Potassium

It is unfortunate that the ARM data upon
which all these diagrams are based include only 14 of
Bicarbonate
Sodium
the original 20 ponds in our data set. However, there
is sufficient data to indicate average Clˉ was almost
12 mg/l in this group while average SO4-2 was over 7 Chloride
Calcium
mg/l. Clearly both concentrations are above the
average expected under natural conditions.
Sulfate
Magnesium
It should be recalled from Figure 5 that
conductance can be predicted by the proportion of a
Figure 9. Ionic composition of the waters of Lake
pond’s watershed under natural vegetation. The
Denison. Note the enrichment of sodium and
chloride, probably from drainage originating on
greater this proportion, the lower the conductance of
Route 202.
the water. Interestingly, this relationship is not
linear. As the watershed becomes more developed
for agricultural, residential and other uses, conductance increases with increasing rapidity. This link
between land use and conductance, and the clear relationship between conductance and Na + and Clˉ
concentration leaves little doubt that the source of these ions is drainage from roads.
The link between land use and pH (Figure 5) should not be ignored. The less land in a watershed
that is under natural cover, the higher the pH of the lakes becomes. Table 3 indicates CaMg hardness also
increases significantly as the proportion of natural cover decreases, and both Ca and Mg are related to the
pH buffering system. These relationships indicate that clearing the land or returning it to agricultural and
residential uses, among others, increases the amount of Ca and Mg entering the aquatic system, and this in
turn buffers the pH at higher levels. The source of these elements is probably lime spread on lawns and
agricultural fields as well as increased leaching from cleared soils. Dolomitic lime containing large
amounts of Mg is often used. Lime is also used directly on lakes to reduce the impact of acid deposition. A
second cause of rising pH would be increased productivity in the aquatic system as additional nutrients
enter it from cleared areas of the watersheds. In simplistic terms, photosynthesis extracts CO2 from the
water, reducing the concentration of carbonic acid, H2CO3, and thus raises pH.
The real problem among these lakes is that under natural conditions total salinity is very low. This
means that even small amounts of pollutants can have a major effect, not only in terms of ion distribution
but in terms of environmental health. Because of the ubiquitous nature of acid deposition, of which SO4-2 is
an indicator, and the low natural concentrations of HCO3ˉ available to buffer any additions of mineral
acids, any addition of acid can have a profound effect on the pH of the receiving waters. For these reasons,
Godfrey (1988) listed most of the waters of the study area to be either acidified or in critical condition from
acid deposition. Our own data indicate that for the set of 20 lakes for which spring-time data are available,
7 are critical, 11 endangered, and 2 highly sensitive to
Kendall
Bourn-Hadley
further additions of acid rain based on criteria set forth by
Dennison
Godfrey.
Gaston
Ward
Although there is a wide range of values for
Wampanoag
Whitmanville
some variables such as water color, light penetration,
Whitney
Hastings
conductance, Clˉ, and Na+2, others show relatively narrow
Wright's
Newton
ranges. For some parameters that show considerable
U. Reservoir
+2
+2
U.
Naukeag
variation, such as conductance Ca and Mg , most ponds
Sunset
Williamsville
fall in a relatively narrow range of values (Figure 10).
Queen Lake
Bicarbonate, CO2, pH, and dissolved oxygen
T ully Pond
Lovewell
concentrations all fall along a relatively narrow range.
Beaver
T ully Lake
Nutrient concentrations show more variability but indicate
Packard
Richard's
a relatively narrow range of lake trophy from oligoLong
Laurel
mesotrophic through meso-eutrophic (Wetzel, 1975).
Muddy
Similarly, chlorophyll a concentrations indicate all the
0.000
0.100
0.200
0.300
0.400
0.500
0.600
0.700
lakes for which data exist are mesotrophic except for
Conductance (mS/cm)
Long Pond, Newton Reservoir, and Lake Wampanoag
which can be considered oligotrophic. Secchi disc
Figure 10. Distribution of conductance among
transparency, although often used as an indicator of lake
the waters of 25 ponds from the summer data
trophy, is not a good indicator in these lakes because of
set.
their wide range of color.
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Oxygen Saturation (%)

Oxygen concentrations and oxygen saturation are relatively low for lakes in this range of trophy.
The probable cause is humic compounds dissolved in the water which reduce light penetration because of
their color. In addition, although they are generally resistant to decay, they, along with other dissolved
organic compounds, provide a substrate for respiration (Wetzel, 1975). Instructively, plots of oxygen
saturation on Secchi disc transparency, absorption, and color all show the same trend. The higher the
transparency, or the lower absorption or color, the higher is oxygen saturation, i.e., poor light penetration is
associated with low oxygen saturation in these lakes. As absorption is the most reliable of these measures
of light it is plotted against oxygen saturation in Figure 11. The slope is significant at α = 0.01. The
regression of oxygen saturation on Secchi disc transparency shows equal significance. This supports the
idea that oxygen saturation is depressed when humic
95
acids are present in large quantities in the water, for
in clear water lakes, low transparency (high
90
absorption) is more often associated with abundant
phytoplankton and high oxygen saturation.
85
Water color, or degree of dystrophy, seems
to
be
the
most variable of the parameters measured.
80
Water color ranges from completely transparent to
extremely dark maroon brown with every gradation
75
in between. In as much as the humic compounds
y = -8.3308x + 94.202
R = 0.354
controlling the density of color limit the penetration
70
of photosynthetically active radiation it, along with
0.5
0.7
0.9
1.1
1.3
1.5
1.7
1.9
2.1
2.3
Absorption
other factors limiting light penetration. would be
likely to have a significant effect on the distribution
and activity of photosynthetic organisms in these
Figure 11. The regression of oxygen saturation on
water bodies. Thus, the depth to which rooted plants
light absorption at 660 nm. An equally good
relationship exists between oxygen saturation and
can grow will be determined in large measure by
Secchi transparency, except that relationship is
color and transparency of the water. The depth above
curvilinear.
which respiration is less than photosynthesis, is also
be determined by light penetration which helps
determine the depth at which anoxia occurs in the stratified lakes (see profiles in Appendix A).
The lakes and ponds covered by this study show many similarities. Except for a few outliers, they
are of low to moderate conductivity, acid to nearly neutral, and of moderate productivity. Many,
particularly those with high water color and poor light penetration have low oxygen saturation in the
surface waters. Because these ponds are naturally of low salinity, with little buffering capacity against
acid, they are easily influenced by pollutants. They tend to be enriched with SO4-2, probably from acid rain.
One would expect NO3ˉ enrichment from the same source but this signal cannot be easily teased out of the
data. The primary pollutant identified was Na+ and Clˉ, clearly derived from road salt. The concentration
of these ions seems keyed to the degree of development of the watershed. Calcium and Mg, although in
dilute solution, also respond to watershed use, so as natural vegetative cover declines, Ca and Mg increase.
The primary source is probably agricultural lime spread on lawns and agricultural fields, although other
materials, such a dust inhibitors spread at construction sites and some anti-icing compounds might also
contribute as well as natural leaching of soils. As a result of these interactions, conductivity can be used in
the study area to predict salt loading to the lakes, and secondarily give a moderate estimate of the levels of
Ca and Mg.
2

Geographic Distribution of Water Quality Variables, Discussion
The geographic distribution of water quality variables hinted at a number of relationships. For
example, chlorophyll a concentrations seemed to correspond to lake watershed size with smaller lakes
having higher values. Ohle (1965) suggests a relationship between watershed size and nutrient loading.
Although the regression of chlorophyll a against watershed size showed no significant relationship, the
regression of total phosphate on watershed area was tested and found to have an r = 0.422 and significance
at 0.0641 using an F test. This is not a strong relationship, but it is certainly suggestive.
Chlorophyll a is generally considered along with total phosphate and Secchi disc transparency to
be a predictor of lake trophic status (Carlson, 1977). Other variables that would be associated with trophic
status include the depth of the mixing layer (dependent on water transparency in smaller water bodies), and
nutrients.
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All these measures were considered as independent variables in a multilinear regression with
watershed area as the dependent variable. Independent variables that showed little importance in the
regression were eliminated one by one until only spring Secchi transparency, mixing depth, and chlorophyll
a were left. The resulting regression showed an r = 0.677 and significance at α = 0.018 for an F test. This
relationship should not be considered as anything more than a strong suggestion that the trophic status of
the water body is linked in some way to watershed area. This is because mixing depth is closely related to
Secchi disc transparency which is, like the other variables linked to trophic state. However, such a
relationship is to be expected because of the importance of watershed area in determining trophic status of a
lake (Reckhow, 1980). After all, the total mass of a nutrient entering a lake must be related to the area of
the watershed if nutrient loss per unit area of the watershed is more or less constant.
Other relationships hinted at by the water quality variables when plotted on maps of the study area
showed much stronger statistical relationships. The basic relationships can be detected in Table 3 and
Figures 4 and 5. A number of water quality variables are related to the proportion of a pond’s watershed
that remains under natural vegetation, and the latter is in turn dependent upon the settlement patterns
around the major settlements and roads in the region. Thus, there is no need to search for major differences
in soils and bedrock to explain the patterns we detected.
The primary goal of this study was to find meaningful relationships between variables.
Correlation coefficients and linear regression can indicate relationships between pairs of variables but these
processes are either cumbersome or limited. Multiple linear regression is both unwieldy and requires
independence of replicate observations. For this reason, principal components analysis (PCA) followed by
varimax rotation for factor analysis was used to disentangle the relationships between the other variables
and suggest new variables, each compounded from a number of the original ones.

PCA and Factor Analysis of Water Quality: Discussion
PCA analysis allows the substitution of a new series of axes for plotting data, rather than using the
normal x, y, z, and etc. axes of multilinear regression. In the process, a large number of variables can be
reduced to a much smaller set made up of combinations of variables in the original data. This new data set
is then plotted on a new and reduced set of axes. Unfortunately, it is often difficult to describe what these
axes mean in a practical sense. By manipulating these axes by rotating them in space, and choosing a
limited number of axes (3 or 4, rather than 10 or more) they can often be made to be easier to interpret.
For example, the rotated factor loadings for the spring water quality data set (Table 4) combine
pH, CaMg hardness and conductance as important components on the first axis. In our data set,
conductance is a good predictor of both Ca +2 and Mg+2 (Figure 7). Similarly hardness shows a significant
correlation with pH (Table 3) as the carbonates and bicarbonates of calcium and magnesium provide
important buffering capacity for pH. Clearly, these variables are closely related to one another and could
be combined into a single as suggested by PCA (Gotelli and Ellison, 2004).
There also is a close but inverse relation indicated between the above variables on axis 1 and
oxygen saturation and the proportion of the watershed under natural cover p{watershed natural}. Again,
the relationships between p{watershed under natural cover} and conductance or pH has already been
demonstrated (Figures 4 and 5) and discussed. The correlation coefficient between oxygen saturation and
the proportion of the watershed under natural cover is significant (Table 3). The connection seems to be
through pH and CaMg Hardness, as these are related to the degree of dystrophy and, therefore, light
penetration. Thus, it is clear that all the variables lumped on axis 1 are related to each other in meaningful
ways and can be considered a natural grouping.
The second axis also includes variables that form a natural grouping. Secchi disc depth is a
measure of transparency (see Cole, 1994 for a thorough discussion). Transparency, which can be measured
directly as transmittance (T) and absorption are by definition related (T = 100e -absorption). The relationship
between Secchi transparency and absorption for the vernal data set can be represented linearly,
logarithmically or with an exponential function with r2’s ranging from 0.63 to 0.65.
The third axis shows relatively high rotated loadings for color, total phosphate, and nitrate. It is
not surprising that the nutrients are lumped together, however, plotted against each other in a scatter plot no
relationship is evident because of outliers Sunset Lake and Whitmanville Reservoir. Surprisingly, color or
degree of dystrophy also shows a high loading on this axis. Normally dystrophic lakes are low in nutrients,
and inverse rather than a direct correlation between color and nutrients. With the small number of lakes
investigated this may be a result of the choice of ponds or related to how the watersheds have been settled

Limnology

page -18-

and exploited. The axis three grouping does not appear to be natural, therefore, and would not be
recommended for use seeking relationships with aquatic plant communities.
Axis 4 combines chlorophyll a and total carbon dioxide. The relationship is inverse, as expected.
Chlorophyll a is used as a proxy for the rate of photosynthesis in the open water and photosynthesis
reduces CO2 concentration. The relationship is apparently a power function with an r2 of 0.39.
Normally, spring data is considered to be more representative of the potential productivity of a
lake or pond than data taken at other times of year. Total phosphate, Secchi disc transparency, and
chlorophyll a all good predictors of productivity and lake trophic status when obtained during spring
mixing (Carlson, 1977). It is instructive that all these measures fall out on different axes in the PCA
analysis. This may be due to the fact that we are dealing with a small group of ponds with very similar
chemistries so that variation in other variables swamps any relationship that might be observed. For
example, in our sample, color varies from clear water lakes to lakes of intense dystrophy. Since color
reduces penetration of photosynthetically active radiation the variation in color could add so much variation
to the data set that expected relationships were not found .
The summer data set had fewer water quality variables, but a larger number of ponds. Summer
water quality is subject to a different suite of influences than water quality in the spring. It is particularly
sensitive to runoff, whereas in the spring, runoff usually peaks for the year, in the summer it is much lower
and may occur in spates. It is also dependent upon the depth of the thermocline and the rate at which it is
driven downward. Thermocline depth is influenced not only by wind, but also by water transparency and
color. Thus, it is no surprise that the relationships noted among water quality variables in the spring would
change in the summer.
Axis 1 (Table 5) for rotated factor loadings include color as a positive value, and epilimnetic
depth, Secchi disc depth, and oxygen concentration all as negative values. The highest absolute loadings
are for Secchi disc depth and epilimnetic depth. These two variables show a strong linear relationship with
an r2 of 0.553. This is expected. In large lakes, wind is important in mixing the epilimnion and
determining the depth to the top of the mixolimnion. In small lakes and lakes protected from the wind, the
depth or thickness of the epilimnion is determined by the penetration of sunlight, which is primarily
responsible for heating the water column. Oxygen concentration also shows a strong relationship to Secchi
transparency as it should, since light is essential for photosynthesis. The relationship is logarithmic with an
r2 of 0.448. Relationships between color and the remaining variables on axis 1 are weak, however, it
should be of the opposite sign as high color reduces light penetration. Thus, the grouping on axis one
seems natural and easily confirmed by known relationships.
Axis 2 also contains a group of factors that should interact strongly. One might expect oxygen
saturation to come out on the same axis as oxygen concentration. However, at higher temperatures oxygen
becomes less soluble. Thus at any given concentration of oxygen, saturation may be quite high at high
temperatures and quite low at low temperatures, a direct relationship. Turbidity (NTU) measure the
amount of light reflected or scattered from very small particles in the water. These particles include
bacteria, which may be photosynthetic, heterotrophic, chemoautotrophic, etc. Thus, the relationship
between NTU and oxygen saturation or temperature remains obscure. It should be noted that in 2
dimensional scatter plots none of these variables show particularly strong correlations so it is quite possible
that the results were driven by the stronger relationships shown in axis 1. Although the grouping appears to
be natural in part, it does not seem to carry any great importance.
Axis 3 is much easier to explain and is one also observed in the spring data set. Here conductance
is not only grouped with the p{watershed natural} but also by the proportion of the 100 m buffer zone
around the lake which remains under natural cover. Clearly, the degree of development of a watershed into
agricultural and residential lands has a strong influence on the chemical composition of these soft water
ponds a relationship that was discussed above.

PCA and Factor Analysis of Morphometry
Table 6 gives the rotated loadings for 3 axes of the full set of morphometric parameters for all 25
ponds. Axis one contains a series of closely related variables with very high loadings, including area,
breadth, fetch, maximum length, perimeter, and volume. All of these variables relate to size. As would be
expected the inter-relationships can easily be seen on 2-dimensional scatter plots.
Axis 2 also contains a series of variables that forms a natural group. These are littoral area,
volume above 2 m depth, basin slope between 0 and 2 m, the ratio of volume to watershed area, and both
average and maximum depths. The slope of the basin between 0 and 2 m determines the proportion of the
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lakes surface that overlies the littoral zone, as a steep average slope must reduce the proportion of the area
lying within the littoral zone (in our case, the area in which water depth is >= 2m. The relationship
between littoral area and volume above 2m should be direct as observed. The larger the littoral area in a
lake of a given size and the smaller should be the volume of water in deeper strata, thus littoral area and
volume above 2 m must vary together, but variables related to slope would vary inversely as observed.
The ratio of basin volume/area of the watershed is a proxy for turnover time, the average length of
time necessary to fill the lake basin if it were empty. Since runoff can vary from watershed to watershed
this ratio is less subject to environmental effects than turnover time itself. As shallow lakes with shallow
slopes in the 0 – 2 m depth range have smaller volumes, turnover time for a given watershed area should be
inversely related to littoral area. Similarly, lakes with small slopes in the littoral zone would be expected to
be shallow, so the observed relationship between the proportion of the area in the littoral zone and average
or maximum depth is expected. Thus, axis 2 is another natural grouping, but it is based on the shape of a
vertical section through the lake, rather than on the shape or size of the surface area.
The grouping on the third axis was not expected. Lakes with complex shore lines would be
expected to have a larger proportion of their surface area in the littoral zone because of all the embayments
and islands, and large littoral areas are associated with shallow slopes in the 0 – 2 m depth range. Instead
shore line complexity is grouped positively with average slope for the entire lake basin. However,
shoreline complexity is significantly less in natural rather than artificial ponds in our sample. Natural
ponds in general have dams, either natural or anthropogenic, that raise the surface only a small amount,
thus they lie in small glacially eroded depressions, or kettle holes that have simple shorelines. Artificial
water bodies are generally behind dams that generally flood relatively deep river valleys with all the
attendant topographic highs and tributary streams. Thus, flooding of a valley that had been subjected to
erosion since the last glacial retreat might be expected to yield greater shore line complexity and basin
slope than lakes occupying kettle basins or other glacially formed basins. Indeed, the fact that shoreline
complexity is strongly correlated to the maximum length of a water body strongly supports this view.
Thus, the grouping on axis 3 may well be related to the way sites for dams were chosen. In any event,
variance explained by this last grouping is only 13% of the total so this relationship is not particularly
strong. Because of the difficulty in finding a natural explanation for this grouping it is not recommended
for comparison to aquatic plant community statistics.

Morphometry and Water Quality:
It is important to understand the relationships between water quality variables and morphometric
variables before searching for relationships between these two groups. Table 4 shows the important
loadings on varimax rotated loadings for the full 20 pond vernal data set.
Note that most of the variables in axis 1 are the same as those found on axis 1 of the morphometric
data set (Table 6). To these are added depth of the vernal incipient thermocline, and total phosphate. Of
course in large lakes any temporary epilimnion will be driven down rapidly by the wind as well as by light
penetration so lake area and the depth of the mixing layer should be related. What is difficult to explain is
why total phosphate concentration is positively related to larger lakes, and although the relationship is not
strong (r2 = 0.35) it is clearly linear. Perversely, this indicates large lakes tend to be more productive in our
data set. There is no theoretical reason this should be so.
The second axis is also of interest. Here we find basin slope between 0 – 2 m, the proportion of
the lakes surface in the littoral zone, the volume of water above 2 m depth and maximum depth, all of
which are found on axis 2 of the morphometry analysis. In short, the interrelations in the morphometry are
still driving the selection of axes in the analysis of morphometry and water quality. However, associated
with this axis we also find both oxygen saturation and concentration, as well as pH. These were grouped in
axis 1, Table 4, which gives the rotated loadings of the spring data set of water quality variables.
Interestingly, high productivity (high oxygen, high pH) is negatively related to the relative size of the
littoral zone and positively related to maximum depth. The logarithmic relationship between basin slope
between 0 and 2 m and oxygen concentration is quite good, with an r2 of 0.515. A similar relation exists
with oxygen saturation although the r2 is much worse, 0.282. The general relationship seems to suggest
that a small littoral zone is related to higher oxygen concentrations in the spring before rooted macrophytes
reach their maximum growth and when large areas of the littoral zone with their dead and easily decayed
organic matter are exposed to the water column. However Table 8 shows that the relationship in question
is not a seasonal one.
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A similar analysis using summer data (Table 8) also relates oxygen concentration and saturation
with the littoral area and basin slope, and the relationship is identical in sign to that found for the spring
data set. The only difference between axis 1 of Table 8 and axis 2 of table 7 is the addition of both average
depth and Secchi disc transparency to the former axis. Clearly a small littoral area and volume above 2 m
is related to high oxygen values. Again the regression of oxygen concentration or saturation on slope
between 0 and 2 m is logarithmic and r2’s are good, 0.488 for both oxygen concentration and saturation.
There is insufficient evidence to speculate on the reasons for these relationships, however, the fact that it
has been identified both during the spring at a time of low macrophyte biomass and during the summer at
peak biomass indicates it is a characteristic of this lake district and may be of limnologic importance.
The second axis is also of interest. It is reminiscent of axis 1 Table 7 and it contains only
morphometric parameters already identified in table 6. Similarly, axis 3 includes a group of weakly related
morphometric variables plus temperature. It is important to note that temperature turns up on axis 3 rather
than axis 2 for it indicates that is not closely related to the size of the lake and wind stirring, but to more
subtle characteristics.
In summary, there are very few clear relationships between morphometric and water quality
variables and these are not easily explained by theoretical considerations. To determine whether or not
they are artifacts of the particular data set at our disposal or point the way to real relationships will depend
on obtaining additional data.

Differences between Artificial and Natural Ponds
It is apparent that a much larger sample would have been needed to detect any differences between
the artificial and natural ponds during spring overturn. With such a small sample and with variables that
may have such large ranges like Secchi disc transparency it is not always easy to justify the definition of
what is natural and what is artificial. For example, is a lake which is defined as natural because its basin
was naturally formed and its surface level was not raised by damming truly natural if it shows signs of
large additions of road salt because of settlement patterns in its watershed? Is it meaningful to say a natural
lake has a significantly greater chance of having high transparency than an artificial lake, when
transparency is related to color and color is determined by conditions in the watershed and not in the lake?
It is probably best to concentrate on morphometric features, which if they differ probably reflect
the ways dam sites were chosen. For example, artificial lakes have relatively large littoral areas and thus,
relatively large proportions of their volume above 2 m depth. Overall, they are also shallower. Because the
depth of water into which heat energy entering these water bodies can be mixed is limited, the artificial
lakes are significantly warmer in the summer. Of course, processes characteristic of the littoral zone
(Wetzel, 1975) would be expected to be more important in the metabolism of these lakes. Shoreline
complexity is also greater in the artificial lakes and is closely correlated to maximum length. As suggested
above the probably reflects the fact that large artificial dams normally dam and flood river valleys which by
their nature are long, narrow, and have embayments that reflect drowned tributary valleys.
The most important difference between artificial and natural water bodies is that the natural water
bodies have much longer turnover times as shown by the ratio of volume:watershed area. This means that
it takes much longer to replace all the water in a natural basin in this data set than an artificial basin from
runoff alone. Phosphate modeling strongly suggests that lakes with long turnover times would have less
potential productivity than lakes with short turnover times (Reckhow, 1980). However no differences in
water chemistry showed up in the analysis of the spring data set for differences between artificial and
natural water bodies.
During the summer only 2 water quality variables showed significant differences at α = 0.05
between the two groups of ponds. Temperature was higher, and water transparency was greater in natural
ponds. The higher temperature does not reflect morphometric differences. In all probability it reflects the
fact that 5 of the natural ponds were visited in 2005 rather than 2004 and somewhat earlier in the summer.
The difference in water transparency may only reflect the manner in which lakes were chosen for this study
as one of the most transparent ponds in the study was Kendall Pond which is deeply affected by
atmospheric acid deposition and road runoff. In addition, most of the clear water lakes fell into the
grouping of natural ponds, and this was probably a result of the method of selecting ponds for study. It
may not reflect differences in function within the lakes themselves.
Overall, there are a few morphometric differences between natural and artificial lakes. These
differences seem to be related to the way basins were chosen for damming. Despite these differences, few
important water quality differences between natural and artificial ponds could be detected, and their
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validity is open to question. To detect any water quality differences, a larger sample size would be
required, and sampling dates would have to be randomized for variables that are seasonal in nature.
In general, the natural ponds seem to be clearer, have lower respiration, and possibly higher
oxygen saturation as a result of the higher temperatures. They are clearly deeper, have relatively smaller
littoral zones, and less complex shore lines than artificial ponds. The turnover time for water is also lower
than in artificial ponds indicating the latter may have lower planktonic productivity.

Water Quality Profiles, Discussion
Defining Stratification
Normally stratification in a water body is defined by temperature change, with surface water being
warmer in summer than deep water. The upper layer is referred to as the epilimnion, and the lower as the
hypolimnion. The intervening layer is called the metalimnion. Naturally, there is a rapid temperature
change from the warm top of the metalimnion to the cool bottom and the horizontal plane that passes
through the point of maximum temperature change with depth is called the thermocline (Wetzel, 1975 after
Hutchinson). However, the term thermocline has been used in many ways and for the purposes of this
study will be defined after Birge (1897) as that portion of a temperature gradient where the temperature
decreases at least 1 ºC for every meter increase in depth.
Stratification patterns for all the lakes visited are presented either as profiles or in tabular form in
Appendix A, Pond Descriptions. For shallow ponds that mix regularly during the summer data are
presented in tabular form. For deeper ponds that permanently stratify during the summer profiles are given,
and the same is true of ponds of intermediate depth that may or may not permanently stratify in the
summer.

Non-stratified Ponds
Non-stratified ponds are normally thought of as shallow water bodies in which the water mixes
from top to bottom throughout the summer. In the author’s opinion this situation is usually found by
limnologists who prefer to go out on cold, cloudy, and windy days in the summer. It is more usual to find
some sort of stratification in ponds, along with evidence that they have recently mixed on a windy or cold,
cloudy day. Although many shallow ponds were included in this survey, every water body showed thermal
stratification of 1º C or more per meter increase in depth in some part of the thermal profile except for
Gaston and Muddy Ponds. Sunset Lake should probably be included in this group as the only thermocline
extended between 0 and 1 m on a very sunny, almost windless day.
For example, the data table for Long Pond of temperature, conductance, oxygen, pH and NTU on
9 August 2004 Appendix A) clearly shows a thermocline by any definition of that term. A temperature
gradient of ca. 7º C in 3 m exists. However, the temperature of the deepest water is 18 ºC indicating that
the water column has mixed several times since spring when the lake would have been isothermal at a
lower temperature that that found at 3 m. However, clearly the pond had been stratified long enough for
the deepest water to approach or reach anoxia. Furthermore, the rapid increase of pH and conductance near
the bottom indicates some loss of dissolved solids from the sediments that buffer pH against the increased
CO2 associated with the development of anoxia. It must be realized that Long Pond is protected from the
wind by the surrounding forested hills, and this inhibits wind mixing. Even so mixing probably did occur
from time to time during the summer.
Lake Wampanoag (Appendix A) is a much larger lake than Long Pond and far more exposed to
the wind. It, too, was found to be stratified as late as 12 September 2004 with a thermocline lying between
2 and 3 m depth. The thermocline is quite weak with a change of only ca. 2º C with a depth range of only 1
m. In addition, the deepest water is even warmer than that found in Long Pond, and the oxygen profile is
orthograde with little change with depth until just above the sediment. Clearly the lake stratified and
remixed several times, and the last period of mixing was probably quite recent. It is important to note that
the average depth of Lake Wampanoag is only 1.83 m whereas the top of the metalimnion is at 2 m. For
this reason, on this particular day most of the lake was probably unstratified. Another important point is
that less than 5% of the total volume of this lake likes below the top of the metalimnion, so that any
processes occurring in the hypolimnion will have a negligible effect on the rest of the lake.
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Many of the lakes and ponds in this study have similar morphometries so that it is wise to look at
the average depth and distribution of volume with depth when interpreting temperature and chemical
profiles. Profiles of Whitmanville Reservoir (Appendix A) suggest a relatively deep lake with a
thermocline stretching from 2 to 5 m water depth. The profiles obtained on 25 August 2005 indicate
stratification has existed for some time, with a clinograde oxygen distribution reaching ca. 0% saturation
between 3.5 m and the bottom. However, average depth for the reservoir is only 2.23 m so that over the
summer most of the lake probably mixes or mixes and restratifies frequently depending on the depth. In
addition, more than 80% of the lake’s volume lies above 3 m depth so that events below this depth have a
relatively small affect on the lake as a whole..
Even a few relatively deep lakes showed a minimum of stratification. Queen Lake (Appendix A)
was visited on 3 September 2004 and surface temperature was still 24 ºC. A very weak thermocline was
identified between 4 and 5 m and was associated with a very strong clinograde oxygen distribution. The
lowest temperature in the hypolimnion was ca. 21 ºC. Clearly this lake mixed to some extent during the
summer. Compare this deep water temperature to either Ward Pond, sampled 23 August 2005 or
Whitmanville Reservoir sampled 2 days later. In Ward Pond hypolimnetic temperatures of ca. 8º C were
found and the top of the thermocline was located at about 2.5 m. In Whitmanville Reservoir the deep water
temperature was ca. 15º C. However, Ward Pond is smaller so less subject to wind mixing. In addition, it
is dystrophic with a Secchi transparency of only 1.9 m compared to 4.03 m for Queen Lake. Since most of
the energy to heat the surface of lakes is from captured sunlight and since wind mixing helps to force down
the thermocline it is no surprise that moderately deep large lakes such as Sunset and Queen should have
weak thermoclines in mid- to late summer while small, dystrophic ponds may have stronger and shallower
thermoclines and colder hypolimnia.
In general, ponds shallower than about 4 m appeared to mix from time to time during the summer
but showed temporary stratification during warm, clear, calm periods. Ponds between 5 to 6 m maximum
depth often did the same or showed more permanent stratification depending on water color and exposure
to wind mixing. Just as important as the propensity to stratify was the proportion of the lake basin affected
by this process. For all the water bodies described above the vast majority of the water volume lay in the
epilimnion. All except Queen Lake (50%) had more than 60% of their volume above 2 meters depth, the
approximate depth at which aquatic macrophytes became less abundant. Almost all had ca. 70% of their
area <= 2 m in depth. Lake Wampanoag, Sunset, and Queen Lakes were the only exceptions.

Stratified Ponds
Hastings Pond, Kendall Pond, Laurel Lake, Newton Reservoir, Packard Pond, Tully Lake, Upper
Naukeag Lake, and Ward Pond all became permanently stratified during the summer. All of these ponds
are ca. 7 m deep or deeper. All but Hastings Pond and Tully Lake showed clear divisions of epilimnion,
metalimnion, and hypolimnion. In these two cases, the divisions between these water strata were not
clearly marked, although the thermoclines showed considerable temperature change from top to bottom.
Tully and Laurel Lake show the highest bottom water temperature, undoubtedly because the thermoclines
extended to the bottom of the lake so there was no true hypolimnion. These lakes showed a minimum
temperature in their profiles of ca. 11 to 12 ºC.
All the stratified lakes developed anoxic bottom waters during stratification. Although meter
readings never went to 0 mg/l oxygen, readings in the order of 0.3 mg/l or less can generally be considered
anoxia as most oxygen meters will register low readings without oxygen being present if ions such as
sulfide are present. In addition, all the lakes showed increases in specific conductance in the anoxic layers,
indicating leaching of materials from the sediment into the overlying water. One expects high
concentrations of CO2 to be present in anoxic layers and dissolved CO2 causes pH to drop, yet pH increased
toward the bottom of the anoxic layers in all these water bodies. At times the pH of the deep water
exceeded that of the surface water.
This phenomena is common in stratified lakes. Where deeper, stratified water is not in contact
with the sediment, and light availability is low, respiration will exceed photosynthesis. When this happens
CO2 concentration increases while O2 concentration falls, and the pH drops in response. However, where
the water is in contact with the sediment, materials in the sediment begin to leach out into the water,
particularly when oxygen concentrations drop to 0. Some of these materials buffer pH and so pH begins to
rise. Thus, in the metalimnion and upper hypolimnion low oxygen is generally associated with low pH. In
the deep hypolimnion where sediment contact with water is greater, low oxygen is associated with rising
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pH. On the other hand, in the well lit upper waters, photosynthesis exceeds respiration, CO2 concentration
remains low, and so pH is also high. Thus, in lakes with anoxic hypolimnia the expected pH profile is
high near the surface due to photosynthesis, and near the bottom due to an abundance of buffering ions.
However, pH generally shows a minimum, most often in the metalimnion or upper hypolimnion.
This type of pH curve was found to some degree in all the ponds except Laurel Lake which
showed a more interesting condition. Laurel Lake had a 5.64 m Secchi transparency on the day these
profiles were obtained so significant amounts of light were reaching into the top of the thermocline. When
this happens high populations of photosynthetic bacteria (bacterial plates) or occasionally algae may
accumulate there. They use CO2 for photosynthesis and as a result drive up pH. However, because the
water they are in is stratified and does not mix upwards, CO2 is not renewed by contact with the
atmosphere and so the deficit remains and a metalimnetic maximum in pH occurs. Note that
simultaneously oxygen is released and trapped in the same layer creating a metalimnetic oxygen maximum.
In Laurel Lake, oxygen saturation reached nearly 130% in the metalimnion. Note too, a weak metalimnetic
oxygen maximum was observed in Kendall Pond, although the pH profile does not indicate abundant
photosynthesis at that level. It is possible that physical rather than biological processes explain this profile
as maximum oxygen concentration and saturation was actually above the thermocline.
It is interesting to note that turbidity measured as NTU sometimes reflects the presence of
bacterial plates. This is not seen in Laurel Lake indicating algae may have been responsible for the pH and
oxygen maxima. Being larger than bacteria they would have a smaller influence on NTU measurements.
In Upper Naukeag Lake there is a peak in NTU associated with a drop in both oxygen and pH. Although
this feature might well reflect the presence of a bacterial plate respiration must have been greater than
photosynthesis as both oxygen and pH drop in the same region, but Secchi transparency indicates light is
abundant at the top of this strata.
Clearly many types of stratification are shown in the data. Lakes less than about 4 m deep mix
from time to time during the summer. Those deeper than ca. 7 m stratify permanently during the summer.
Those of intermediate depth may do either. In all cases, seasonal stratification patterns will vary with
weather conditions during any particular year. The profiles of the stratified lakes show interesting patterns
that reflect the interactions between oxygen concentration, conductance, pH, sediment contact and light
penetration. Uneven distribution of organisms on the vertical scale may complicate the profiles with
oxygen, pH and turbidity maxima or minima. However, without a series of profiles obtained during the
course of an entire summer little more can be done in interpreting these profiles. Brief descriptions of the
profiles are given in Appendix A.

Summaries
Water Quality
 The lakes and ponds covered by this study are of low to moderate conductance, acid to nearly neutral,
and of moderate productivity.
 Because these ponds are naturally of low salinity they are easily influenced by pollutants. The primary
pollutant identified was road salt which often accounts for 50 to 80% of dissolved ionic solids when
expressed as meq/l.
 Sulfate is often found at above expected concentrations. Some of the excess is undoubtedly from
atmospheric deposition.
 Bicarbonate concentrations in all these lakes is low. As result, all but two of the initial 20 lakes
sampled is either in critical condition or endangered by acid atmospheric deposition. The remaining 2
lakes are highly sensitive to additional inputs of acid.
 These ponds under natural conditions have very low conductance. As a result, even small inputs of
pollutants can have a major effect on conductance, ion composition, buffering against pH, and other
characteristics.
Influence of Watersheds on Water Quality
 Conductance is strongly and directly correlated to the degree of development in the watershed. The
geographic distribution of water quality variables is explained by this relationship.
 Conductance is most strongly correlated to Na+ and Clˉ concentration. Road salt probably controls the
level of conductance found in this group of lakes.
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 Ca and Mg are also correlated to conductance and watershed development. Agricultural lime spread
on lawns and agricultural fields is probably responsible for these relationships, along with natural
leaching of soils.
 Oxygen saturation is generally low in these lakes and strongly, positively, correlated to transparency of
the water. It may be that humic compounds reduce light penetration, slowing photosynthesis, and also
provide a substrate for respiration.
 Watershed size seems to be correlated with variables associated with lake trophic status, particularly
total phosphate. There also seems to be a correlation to a combination of chlorophyll a, spring Secchi
transparency, and mixing depth during early and often temporary thermal stratification in the spring.
PCA Analysis
 PCA analyses show groupings of water quality variables that correspond to expectations based on
limnologic theory. These groupings are recommended for comparison to properties of the aquatic
plant community.
 PCA analysis indicates morphometric variables can be separated into two groups for further analysis,
the first group based on size and the second on shape of the lake basin.
Lake Morphometry
 There are few good relationships between lake basin morphometry and water quality. Those that exist
are difficult to explain and may be a result of choice of ponds for analysis.
 The length, perimeter, and shore-line complexity of a lake basin are all correlated. Artificial ponds,
possibly because they occupy flooded river valleys, tend to be long, have longer perimeters and greater
shore-line complexity than natural ponds in this data set.
Artificial versus Natural Ponds
 Artificial ponds and natural ponds are very similar in terms of water quality although natural ponds
have greater transparency. Other differences may be caused by differences in time of sampling rather
than by differences in the lakes themselves.
 Natural ponds are deeper, have smaller littoral zones measured as a percentage of total pond area, and
less complex shore lines than artificial ponds in this particular data set.
 Water turnover time (the length of time required to fill the lake basin runoff) is significantly lower in
natural rather than artificial ponds. Long turnover time has been linked by other studies to lower
productivity.
Profiles and Stratification
 The depth of the epilimnion or mixing layer is strongly correlated to water transparency in both the
summer and spring.
 Ponds 4 m deep or less stratify and then remix from time to time during the summer. Ponds ca. 7 m
deep or deeper are permanently stratified in the summer. Ponds intermediate in depth may go either
way, most probably depending on water color, weather conditions, size of the pond, and exposure to
wind.
 The typical profile shows a pH minimum at intermediate depths and higher pH at top and bottom of the
water column. The high pH near the surface is associated with photosynthesis and oxygen production,
the high pH near the bottom is due to leaching of buffering materials from the sediment as oxygen in
the deep water is reduced to zero.
 Because the lakes sampled are relatively shallow, only a small percent of the total lake volume is
trapped in the hypolimnion when stratification begins. Because of this small volume, the amount of
oxygen trapped there when stratification begins is small and can rapidly be used up by respiring
bacteria and other organisms.
 Deep water in the stratified lakes typically becomes anoxic during summer stratification, even in lakes
of moderate to low photosynthetic rate.
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Appendix A
Pond Descriptions
A brief description of the major characteristics of each pond follows. For more
specific information see sections on results, or other appendices. For deeper ponds,
profiles of the major water quality variables are given for the period of summer
stratification. For shallower ponds where stratification only lasts briefly, the raw data is
given in tabular form for the date of the summer field trip. The species accumulation
curve is presented for each water body (see Appendix C for details).
Beaver Pond

Beaver Pond
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Species Number
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Town: Royalston
Origin: Artificial
Area 17.7 hectares (43.6 acres)
Richness: 20
Listed Species: 0
Invasive Species: None
Maximum Depth: 2.2 m
Mean Depth: 0.83 m
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Beaver Pond is a shallow, muddy-bottomed reservoir located within the Army Corps of Engineers
Birch Hill Dam Flood Control Area. The land is managed by the Massachusetts Division of Fisheries and
Wildlife. The pond lies behind a low, earthen dam on Stockwell Brook. It appears to predate the nearby
construction for the Birch Hill flood control project (1940s?), but it does not appear on 19 th Century maps
of the area (Blake’s 1831 Plan of Royalston; Beers 1870 Atlas of Worcester County).
Species richness of 20 is near average and beta contribution is low, the flora composed
predominantly of regionally common species (mean frequency of resident species = 17.7 (71%)).
The pond is shallow enough, with 99.9% of its volume above 2.0 m, to support aquatic vegetation
throughout its 17.7 hectare area. Floating-leaved species (Notably Nymphaea odorata, Nuphar variegatum
and Brasenia schreberi) are ubiquitous but typically sparse. Dense and extensive submerged vegetation is
found throughout the pond. Prominent species include Myriophyllum humile, Najas flexilis, Potamogeton
pusillus var. tenuissimus, Potamogeton bicupulatus, and Utricularia gibba, the latter with an unusually
robust growth form).
The pond ranks 7th among the 25 ponds included in this study in conductance, so the water is
relatively low in dissolved solids, otherwise the pond is close to average in many essential measures.
Because it is so shallow, only the raw data are given below. Note the strong but shallow stratification
which results from the influence of dense stands of aquatic vegetation which prevent wind mixing.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
0.5
1.0
1.3

26.0
23.4
21.8
21.2

0.053
0.054
0.054
0.056

7.50
7.76
8.51
6.08

A-1

pH

TDS
(g/l)

6.30
6.06
5.98
5.60

0.034
0.035
0.035
0.036

OxySat Turbidity
%
NTU
93.1
91.6
97.6
69.0

0.7
0.1
14.6
68.3

Bourn-Hadley Pond
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Town: Templeton
Origin: Artificial
Area 11.2 hectares (27.6 acres)
Richness: 27
Listed Species: None
Invasive Species: None
Maximum Depth: 3.4 m
Mean Depth: 1.3 m
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Bourn-Hadley Pond is a 19th Century impoundment on Trout Brook, probably built to provide
water power for down-stream mills. It is generally shallow (about 84% of the area of the pond is less than
two meters deep) and supports well developed and diverse aquatic bed communities throughout most of its
area. Species richness is relatively high, with an aquatic flora of 27 species. It ranks highly in its
contribution to beta diversity (see section xxx) and has three species not found elsewhere in the dataset:
Potamogeton pulcher, Spirodela polyrrhiza and Toryochloa pallida. Proserpinaca palustris, and
Eleocharis acicularis (an exceptionally long-leaved growth form), are surprisingly abundant on the pond
and are often prominent components of deeper-water aquatic communities. These species are often
encountered in shallows along pond shores in the region but are not commonly seen at high densities in
deeper water. However, both species are aggressive at colonizing exposed mud-flats, and I suspect their
prominence on the pond may be a legacy from a past pond draw-down.
This pond has one of the highest conductances and lowest pH’s of any pond in the study. ARM
data indicates sodium and chloride ions, most probably associated with road salt, are the dominant ions in
the water. This is not surprising, as its watershed has one of the lowest percentages of natural vegetation in
the study. Secchi disc transparency, although low, is about the median for these lakes at 2.23 m.
Data for summer stratification is given below. Because over 99% of the pond’s volume is above 2
m, and maximum depth is so shallow, it probably mixes frequently during cool, cloudy spells throughout
the summer.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
0.5
1.0
1.5
2.0
2.5
3.0

24.7
24.7
24.6
22.2
22.1
21.8
21.3

0.324
0.326
0.324
0.319
0.319
0.320
0.332

6.46
6.47
6.40
6.04
5.70
5.18
0.81

A-2

pH

TDS
(g/l)

6.72
6.71
6.67
6.52
6.40
6.26
5.87

0.207
0.209
0.207
0.204
0.204
0.205
0.212

Oxygen Turbidity
% Sat.
NTU
78.3
78.4
77.5
69.8
65.7
59.3
9.1

2.4
2.0
2.2
2.3
1.7
1.8
7.8

Gaston Pond
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Town: Barre
Origin: Artificial
Area 6.4 hectares (15.9 acres)
Richness: 25
Listed Species: None
Invasive Species: Myriophyllum
heterophyllum
Maximum Depth: 2.9 m
Mean Depth: 1.4 m
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Gaston Pond is an old mill pond. The date on the concrete spillway is 1915, although the rest of
the earthen and field-stone dam is clearly much older. The top of the dam is 3-4 meters above the original
stream elevation. The pond is shallow and muddy bottomed, with 83% of the area less than 2 meters deep.
Floating leaved species (Nymphaea odorata dominant) are widespread with locally high cover. Dense
aquatic bed communities develop where floating leaved species are less dense, particularly in deeper water
where Utricularia purpurea and Myriophyllum heterophyllum are often dominant. Utricularia macrorhiza
and Najas flexilis are locally abundant. Gaston Pond is ranked number five or six (depending on
calculation method) in its contribution to beta diversity. Ceratophyllum echinatum is the only species
unique to the dataset.
Gaston Pond has one of two populations of Myriophyllum heterophyllum (a non-native invasive
species) we documented in ponds of the Worcester Plateau, although the species is rather common in
greater central Massachusetts. Dense beds occur in deeper water (generally greater than 1.5 meters deep)
in some portions of the pond.
This is another shallow pond with 96% of the water volume above 2 m. This fact, along with the
shallow maximum depth allows mixing from time to time during the summer so there should be no
permanent stratification patterns. Conductance is very high for this group of lakes and although over 70%
of the watershed is under natural vegetation it still ranks as the 3 rd most developed watershed among the
study ponds. The water is relatively clear for this area.
Sodium and chloride are the dominant ions in the water, and Clˉ is about 7 x the expected
concentration for natural conditions, indicating significant inputs of road salt. However, calcium and
sulfate run a close second.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
1.0
1.5
2.0
2.5
2.6

15.7
15.4
15.3
15.3
15.3

0.089
0.088
0.088
0.088
0.088

7.49
7.50
7.57
7.55
7.45

A-3

pH

TDS
(g/l)

6.30
6.26
6.22
6.20
6.20

0.057
0.056
0.056
0.056
0.056

Oxygen Turbidity
% Sat.
NTU
75.7
75.5
75.9
75.7
74.7

-2.0
-2.3
-2.2
-2.0

Hastings Pond
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Town: Warwick
Origin: Natural
Area 7.9 hectares (19.5 acres)
Richness: 18
Listed Species: Utricularia minor (WL)
Invasive Species: None
Maximum Depth: 9.9 m
Mean Depth: 2.5 m
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Hastings Pond is a natural pond. The elevation of the culverted road crossing at the outlet appears
to approximate the natural elevation of the outlet. Maximum depth approaches 10 meters, however, due to
extensive areas of shallow water mean depth is only 2.5 meters and 55% of the pond area has water less
than 2 meters deep, making for ample habitat for aquatic plants. This is very close to the average area
above 2 m depth for all 25 ponds. Species richness (18 species) is slightly lower than average, however,
beta contribution is relatively high and the pond ranks fifth in the optimized species accumulation ordering
of the 25 pond dataset. Uncommon (low presence) species found on the pond were: Carex lasiocarpa var.
americana, Equisetum fluviatile, and Utricularia minor.
The pond had a Secchi Disc transparency of 2.57 m during summer stratification, a bit below the
mean in this area. Somewhat more than 20% of the pond’s volume becomes anoxic during stratification.
With a pH close to neutral it has the highest pH of any pond in the study, and this reflects its rather unusual
chemistry for this area. According to available
ARM data indicates the two dominant ions are calcium and bicarbonate. These ions form a part
of the buffering system that maintains pH near neutral and explains the relatively high pH in this pond.
This would be considered perfectly normal prior to the advent of acid rain, but now it is unusual in soft
water lakes in this area of New England.

0

0

1

1

2

2

3

3

4

o

Depth (m)

Depth (m)

Hastings Pond

Celsius

mS/cm

5

4
5

6

6

7

7

8

8

9

9

10

10

%
pH
NTU

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80 90

Degrees Celsius
0.10

0.12

0.14

0.16

Oxygen Saturation (%) & NTU
0.18

5.5

5.8

6.1

6.4
pH

Specific Conductance (mS/cm)

A-4

6.7

7.0

Kendall Pond
Kendall Pond
35

Town: Gardner
Origin: Natural
Area 9.1 hectares (22.5 acres)
Richness: 11
Listed Species: None
Invasive Species: None
Maximum Depth: 11.5 m
Mean Depth: 3.8 m
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Kendall Pond is a natural pond, formed in a glacial kettle in sandy outwash. It is fed by
groundwater and lacks inlets or outlets. It is deep, sandy-bottomed, with generally steep shoreline water
depth gradients. It has the third smallest per-cent of the total area less than two meters deep, 26.5%. With
respect to origin, basin morphometry, and hydrology, Kendall Pond has strong affinities with coastal plain
ponds of southeastern Massachusetts.
Species richness is well below average (11 species). Given its unique physical setting, one might
expect the pond flora to include regionally uncommon species. The reverse is actually the case, with
species composition overwhelmingly comprised of regionally common taxa. Mean presence value of the
flora (18.9) is among the highest encountered in the 25 pond dataset. Water clarity was exceptionally high
(secchi transparency = 7 meters), and aquatic beds extended into unusually deep water. Locally abunda nt
and widespread submersed aquatic species included: Potamogeton bicupulatus, Utricularia purpurea, and
Myriophyllum humile. Nymphaea odorata is widespread on the lake, but generally with low to moderate
cover.
Kendall Pond has the highest conductance of any pond in this study and it is clear from ARM data
that it is the presence of Na + and Clˉ that is responsible. Indeed, roughly 76% of the dissolved ionic
material in terms of equivalent weights was Na+ and Clˉ. In the ARM data HCO3ˉ was only 0.60 mg/l
compared to an average of 4.12 for the region, so the buffering capacity of Kendall Pond was very low. It
had the lowest pH of any pond in our study as would be expected. It was also remarkable for high
transparency (7 m) which is probably responsible for the relatively deep epilimnion. Its tiny watershed, the
smallest in this study, and slow turnover time make it very vulnerable to pollutants such as road salt or acid
rain.
Kendall Pond
0

1

1

2

2

Depth (m)

3

o

Depth (m)

0

Celsius

mS/cm

4

3
4

5

5

6

6

7

7

8

8

%
pH
NTU

9

9
5

9

13

17

21

0

25

Degrees Celsius
0.5

0.7

0.9

1.1

1.3

30

60

90

120

150

Oxygen Saturation (%) & NTU
1.5

1.7

2

Specific Conductance (mS/cm)

3

4

5
pH

A-5

6

7

Lake Denison

Lake Denison
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Town: Winchendon
Origin: Natural
Area 44 hectares (108.1 acres)
Richness: 26
Listed Species: Sparganium fluctuans (WL)
Invasive Species: None
Maximum Depth: 5.3 m
Mean Depth: 2.3 m
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Lake Denison is natural pond located in a State Park, and is actively managed for recreation.
Mineral substrates predominate in the littoral zone, but there are occasional more sheltered areas with soft,
organic sediments. Species richness is above average (26 species), and the flora contains several regionally
uncommon (low presence) species. The pond ranks highly in its contribution to regional beta diversity and
is among the ten ponds that produce the maximal species accumulation curve for the regional aquatic flora.
Broad expanses of sandy shallows (<50 cm deep) often support dens stands of the emergent
species, Pontederia cordata. The submersed aquatic community is sparse but has good diversity. Floatingleaved species have a spotty distribution and, when present, tend to be sparse. Occasional dense stands of
Sparganium fluctuans (WL) were observed, typically in water > 1 m deep on sandy substrate. As is typical
for clear-water ponds with mineral substrate, species with isoetid growth forms are a prominent component
of the flora.
Lake Denison has a high conductance clearly influenced by road salt (ARM data). Over 80% of
dissolved ionic material in terms of equivalents is Na + or Clˉ. The pH is high for this region and is
associated with an above average HCO3ˉ concentration of 3.3 mg/l. Transparency was also high (Secchi
disc transparency almost 4 m), although chlorophyll a concentration is average. Total phosphate ranks 5 th
lowest among this group of ponds.
Profiles appear immediately below. The relatively high hypolimnetic temperature and weak
thermocline indicates mixing occurred from time to time into late spring or summer.
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Lake Wampanoag

Lake Wampanoag
35

Town: Ashburnham and Gardner
Origin: Artificial
Area 101 hectares (249 acres)
Richness: 20
Listed Species: Potamogeton confervoides (T)
Invasive Species: None
Maximum Depth: 4.8 m
Mean Depth: 1.8 m
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Lake Wampanoag is a large impoundment near the headwaters of the Whitman River that
historically provided water for mills in South Ashburnham. The earthen dam has a broad, concrete “over the
top” spillway (i.e. lacking splashboards or other means to control water level in the impoundment). The
estimated elevation of the spillway (4-5 meters above the natural outlet elevation) appears sufficient to
account for the full 4.8 meter maximum water depth in the reservoir, indicating the lake is probably entirely
artificial. It is shown on maps in Beers 1870 Atlas of Worcester County, where the southern portion
(Gardner Map) appears to cover the current footprint, while the northern portion (Ashburnham map) appears
much reduced in size. The surveys for the two towns upon which the maps are based may have been
completed at different times, accounting for the discrepancy.
Species richness is average (20 species), with a flora composed primarily of regionally common
species. The littoral shallows are characterized by hard, mineral substrates, with rare patches of organic
muck substrates limited to the most sheltered coves. The pond has well developed, but patchy aquatic bed
communities, persisting into water > 2m deep. This vegetation type is dominated by Myriophyllum humile
and Utricularia purpurea. Alternating with the aquatic beds are patches of sparser, isoetid dominated
vegetation, typically including: Juncus pelocarpus, Elatine minima, Eleocharis acicularis and Isoetes spp.
The State Threatened Potamogeton confervoides occurs in dense patches scattered around the lake in both
deep and shallow water. It does well on even the most exposed, wave-swept rocky shores where few other
species occur.
Although conductance was the 4th highest in our data set, CaMg hardness was only slightly less than
average, and bicarbonate concentration above average. The pH was low at 5.03. The water was definitely
influenced by road salt, ARM data indicating Na+ and Clˉ account for ca. 70% of salinity in terms of
equivalents. High hypolimnetic temperature and oxygen saturation indicates recent mixing. Because the
lake is open to the wind and 77% of the volume of the lake lies above 2 m, periods of stratification in the
small area in which a hypolimnion can develop are probably of short duration. Transparency relatively high
at 3.6 m in keeping with the low chlorophyll a concentration which indicates the lake is oligotrophic in terms
of open water production.
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Laurel Lake

Laurel Lake

Town: Warwick and Erving
Origin: Natural
Area 19.1 hectares (47.3 acres)
Richness: 24
Listed Species: Potamogeton diversifolius (E)
Potamogeton confervoides (T)
Utricularia resupinata (WL)
Invasive Species: None
Maximum Depth: 9.2 m
Mean Depth: 3.3 m
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Laurel Lake is a Great Pond, slightly augmented by a low dam at the outlet stream. Substrate in the
littoral zone is mostly mineral (sand, gravel, stone) with little organic accumulation. The south side of the lake is
State Park, with public swimming beach, boat launching facilities, and other recreational development. The
north shore is lined with private (mostly vacation use) homes. The pond has been limed in the past. Species
richness (24 species) is only slightly above average, but the pond has populations of several of the less common
aquatic species from the regional aquatic flora, including three State Listed species. Its flora has the lowest mean
presence value of the 25 ponds surveyed, making it among the most important ponds in the region for diversity.
The sandy shallows with clear water support some of the best developed isoetid communities observed among
the ponds surveyed. Common isoetids include: Lobelia dortmanna, Elatine minima, Eriocaulon aquaticum,
Gratiola aurea and Juncus pelocarpus. Utricularia resupinata, a State Watch List species was tentatively (but
with some confidence) identified from vegetative material, where it was abundant in rather deep water (> 1m).
This species, with an affinity for sandy pond shores in the eastern part of the state, was unexpected in northcentral Massachusetts. Laurel Lake hosts one of two known populations of Potamogeton diversifolius (E) in
Massachusetts [Note: taxon removed from the State flora in 2007 – genetic analysis showed our material to be a
previously unknown hybrid between P. epihydrus and P. bicupulatus]. Potamogeton confervoides, an
Endangered rank species that appears to be relatively secure on the Worcester Plateau, but rare elsewhere in
Massachusetts, is present on the lake, but uncommon.
High-powered boats, used for water sports, are a regular feature on the lake. Shoreline areas are heavily
scoured by wave action. Sediment suspended by turbulence reduces water clarity in near-shore areas to near
zero during periods when boats are active. The amount of exposure to natural wave action has been shown to be
an important environmental variable governing plant species distribution on Atlantic coastal plain ponds (Keddy
et al 19xxx). The effects, if any, of excess wave action and shoreline turbulence from recreational boating at
Laurel Lake are unknown.
Of the 17 pond from both our survey and the ARM data, Laurel Lake has the lowest level of dissolved
solids. Calcium and SO4-2 are the dominant ions with HCO3ˉ running a close second to sulfate. Chloride is less
than 1 mg/l indicating little if any road salt pollution. Sulfate is 3rd lowest in this data set. Only Muddy Pond
has a lower conductance in our data set. With the low pH we measured (see profiles below) it is likely that
mineral acids are entering the lake through rainfall.
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Town: Royalston
Origin: Natural
Area 19.2 hectares (43 acres)
Richness: 27
Listed Species: Sparganium fluctuans (WL)
Invasive Species: None
Maximum Depth: 4.2 m
Mean Depth: 1.6 m
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Long Pond is a Great Pond located on the East Branch of the Tully River, and is among the most
remote and pristine lakes we surveyed. It is within the Army Corps of Engineers Tully Dam Flood Control
Area. It was not altered by developments associated with the project, although on rare occasions when the
flood-gates are closed, water from Tully Lake will back up into Long Pond causing a short-term spike in
water level. The littoral zone contains areas with muddy organic substrate and others with sandy, mineral
material.
Plant diversity is moderately high (27 species). The flora contains a number of low-to-moderate
presence species (species that are infrequent among ponds of the Worcester Plateau), but Long Pond is not
among the group of ten ponds that produce the optimal species accumulation curve for the regional flora.
The pond supports a healthy population of the State Watch List species Sparganium fluctuans.
Historic records from the pond, all from July, 1950, (provided by the Massachusetts Natural Heritage and
Endangered Species Program) include three additional State Listed species: Megalodonta beckii (WL),
Potamogeton confervoides (T), Nuphar microphylla (E). These records are all from July, 1950. Recent
attempts to relocate these historic populations have failed (Robert Bertin & Melisa Culina, personal
communications).
Deeper water areas typically support dense beds of Utricularia purpurea – the most abundant
species on the pond as a whole. A wide variety of floating-leaved species are found, generally with low-tomoderate local cover. Nymphaea odorata, Nymphoides cordata, Potamogeton epihydrous, Potamogeton
natans, and Brasenia schreberi are the common floating-leaved species. Shallows at the north end of the
pond support extensive beds of the emergent, Pontederia cordata.
Conductance, transparency, and oxygen saturation are all low, while pH is moderate for the study
area. Despite the shallow depth, temperature change with depth is rapid so stratification is firm, very likely
due to protection from the wind by the surrounding hills and forest. The high deep water temperature
indicates mixing into late spring or early summer or partial mixing during the summer. With only 14% of the
water volume below 2 m even a brief period of stratification could reduce oxygen to the observed level at 3
m.
ARM data indicate about 55% of the ionic equivalents in the water are from Na + and Clˉ. Chloride
levels are 9 times expected values. However, there is considerable inconsistency in the ARM data for this
pond so that it simply suggests that road salt is a problem even in this relatively pristine environment.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
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Town: Hubbardston
Origin: Artificial
Area 33.7 hectares (83.1 acres)
Richness: 23
Listed Species: Potamogeton confervoides (T)
Sparganium fluctuans (WL)
Invasive Species: None
Maximum Depth: 2.6 m
Mean Depth: 1.4 m
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Lovewell Pond is a privately owned impoundment, originally built to provide water power for a
sawmill. The current dam (built sometime before 1935 according to residents) is earthen, with a stone
sluiceway fit with splashboards that provide some ability to control water level. The pond is shown in Beers
1870 Atlas of Worcester County occupying its current footprint.
The pond is shallow and muddy bottomed, with a propensity to produce floating islands of detached
bottom sediments. A huge floating island (about 50m x 250 m in extent) currently occupies the center of the
pond.
Species richness (23 species) is about average for ponds in the ecoregion, and the flora is comprised
mostly of regionally common species. The predominant vegetation is typical for shallow, muddy ponds in
the region. It consists of floating-leaved species mixed in with beds of submersed aquatic vegetation.
Brasenia schreberi and Nymphaea spp. are the most abundant floating leaved taxa. Utricularia radiata and
Utricularia purpurea predominate in the aquatic bed communities. A pink-flowered Nymphaea cultivar
(probably the European Nymphaea alba at least in part) is widespread on the pond. Individuals with flower
color grading from dark pink to pure white were observed, suggesting the introduced pink cultivar may be
hybridizing with native Nymphaea odorata. Potamogeton confervoides (Threatened in Massachusetts) is
widespread on the pond, usually at low density mixed with other submersed aquatic species, but occasionally
forming dense patches. Patches of Sparganium fluctuans (Massachusetts Watch List) were observed at
scattered locations around the pond.
Judging from the high water temperature at the bottom of the profile, Lovewell Pond mixes to the
bottom periodically during the summer. Indeed, there is relatively little temperature change in the profile.
With 95% of the pond’s volume above 2 m, there is so little water below this depth that rapid changes in
oxygen and other variables can occur there during periods of temporary stratification.
In mid-spring, Lovewell Pond had the highest chlorophyll a concentration of any pond in this study,
14.7 μg/l. This concentration would be on the borderline between mesotrophic and eutrophic, so the pond
could be considered mildly eutrophic in terms of phytoplanktonic productivity. Total phosphate, at 17 μg/l is
a bit above average for these ponds and would again classify the pond on the border between mesotrophy and
eutrophy.
Only 4th lowest in CaMg hardness and 5th in HCO3ˉ concentration, it is not surprising that
Lovewell Pond was of low conductance and pH. About 50% of ionic charges are due to Na + and Clˉ.
Chloride is about 3 to 4 times higher than would be expected in a natural situation, indicating moderate input
of road salt.
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Town: Westminster
Origin: Natural
Area 16.1 hectares (39.8 acres)
Richness: 6
Listed Species: None
Invasive Species: None
Maximum Depth: 2.5 m
Mean Depth: 1.7 m
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Muddy Pond is a classic bog pond, formed in a glacial kettle depression. It is set in a very small, almost
entirely forested watershed, well isolated from roads or other developments. Most of the shoreline is ringed by
broad expanses of sphagnum/heath peatland, contributing to the brown, highly acidic water. Recent beaver
activity (probably within the past 10-15 years) has raised water levels in the pond by about one meter, creating a
new (formerly forested) shallow water zone on portions of the shoreline that lack bog vegetation. Aquatic
vegetation is just starting to take hold in these newly flooded areas. Boggy shores appear to have been little
affected by water level rise.
Substrate is uniformly deep organic deposits. Water depth increases abruptly to 1 m or more at the edge
of the bog ring, making for minimal amounts of shallow-water littoral habitat on the pond.
Species richness is exceptionally low (six species) and the flora consists entirely of regionally common
species. The contribution of the flora to regional beta diversity is very low. Although diversity is low, the pond
is well vegetated in areas with water shallow enough to support aquatic plants (unlike the two other species-poor
ponds: Packard Pond and Sunset Lake). Newly flooded shoreline areas have emergent vegetation communities
(Pontederia cordata and Dulichium arundinaceum) taking hold among the snags of dead trees. Floating-leaved
species (mostly Nymphaea odorata, but with occasional Brasenia schreberi and Nuphar variegatum) are
common in a narrow band defining the former shoreline. Submersed aquatic vegetation is limited to an
occasional stem of Utricularia macrorhiza.
Muddy Pond has the lowest conductance and second lowest HCO3ˉ concentration of any pond in this
study. As a result, Muddy Pond has the second lowest pH in this group of ponds. Low conductance is expected
in bog ponds, due to ion exchange on the abundant remains of Sphagnum, and because of the small watershed.
Consistent with these features, the pond is dystrophic, with a Secchi transparency of only 1.6 m.
Oddly, although the pond ties for second highest total phosphate concentration, it has near average
chlorophyll a. Taken together, these variables indicate a mesotrophic status for phytoplankton production.
Because there is considerable disagreement between this and the ARM study on the chemistry of Muddy Pond it
can only be suggested from the latter study, which reports very high concentrations of Na + and Clˉ, that road salt
may be a problem in this pond.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
0.5
1.0
1.5
2.0
2.4

21.6
21.6
20.5
19.8
19.7
19.6

0.014
0.014
0.014
0.014
0.014
0.021

5.67
5.67
5.71
5.53
5.47
5.14

pH

TDS
(g/l)

4.93
4.81
4.75
4.72
4.66
4.83

0.009
0.009
0.009
0.009
0.009
0.013

A-12

Oxygen Turbidity
% Sat.
NTU
64.6
64.6
63.9
60.8
60.0
55.2

-0.7
-1.1
-0.8
-0.9
-0.1
in mud

Newton Reservoir

Newton Reservoir

35
30
Species Number

Town: Athol
Origin: Artificial
Area 8.4 hectares (20.6 acres)
Richness: 19
Listed Species: None
Invasive Species: None
Maximum Depth: 9.3 m
Mean Depth: 4.0 m
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Newton Reservoir was constructed as a water supply reservoir for the Town of Athol. After completion
of the dam on Buckman Brook, the reservoir was filled in 1904. It served as the main water supply for the town
until 2000. The Reservoir is isolated (foot-trail access on a gated woods road) in an undeveloped, forested
setting in the middle of the Bears Den Conservation Area. The land is managed by the Athol Conservation
Commission.
The pond is deep in comparison with other artificial water bodies in the region and has high water
clarity. Shoreline depth gradients are often steep resulting in a rather small (<30%) proportion of littoral area.
Substrate in the littoral zone is largely hard mineral material (sand, gravel and stone) with some areas (mostly
near the south end) with finer silty deposits.
Species richness is about average (19 species), consisting primarily of species that are widespread in
ponds of the Worcester Plateau. The submersed aquatic species, Utricularia purpurea is the most abundant
species on the pond, often forming dense beds extending into deeper water. Floating-leaved species are sparse
when present and primarily limited to the south end. Isoetid species (characteristic of mineral substrate shores
with clear water) are fairly well represented, with: Elatine minima, Eriocaulon aquaticum, and Juncus
pelocarpus.
With low color, high transparency and low turbidity, a deep epilimnion would be expected despite wind
protection from the surrounding forested hills. This is indeed found and the pond ranks 19 th among 25 for
epilimnetic depth. The pond stratifies firmly (see profiles below) and the cold epilimnetic temperature indicates
it does so relatively early in the spring. Indeed, the pond may have stratified by the end of a long spell of warm,
sunny weather in April 2005. By May 13, 2005, the lake was firmly stratified with bottom temperature of about
5 ºC.
Newton Reservoir has average CaMg hardness and HCO3ˉ concentrations for our initial set of 20 ponds,
and a respectable pH for this area of 6.04. Both total phosphate and chlorophyll a concentrations are low,
indicating a trophy of oligotrophic to oligo-mesotrophic. ARM data indicates a relatively low concentration of
Na+ and Clˉ, and one of the lowest concentration of total dissolved solids among the 17 lakes shared between the
ARM dataset and our own dataset. Chloride concentrations show only a doubling of expected concentrations, so
Newton Reservoir
that although some road salt contamination is apparently
present it is small.
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Packard Pond
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Town: Orange
Origin: Augmented
Area 18.3 hectares (45.3 acres)
Richness: 6
Listed Species: None
Invasive Species: None
Maximum Depth: 13.7 m
Mean Depth: 5.8 m
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Packard pond was built to store water for running down-stream mills at Tully (a village in the town of
Orange), and is shown with its current configuration in the 1870 Beers atlas and on an untitled 1831 map (Athol
Public Library archives). The dam is very tall, but not sufficient to account for > 13 m depth. Historic records
(The History of North Orange) indicate that a natural kettle pond (glacial ice block depression) was subsumed
when Packard Pond was constructed, probably in the early 19 th Century. Packard Pond, and downstream Tully
Pond lie on a wedge of land between the East and West Branches of the Tully River, about three kilometers
north of where the two branches merge to form the Tully River proper. The two ponds were created by diverting
a portion of the flow from the East Branch, cross country to the West Branch. Two dams were built in the path
of the diversion flow to create the ponds. Water depth in Packard Pond was augmented by about 6 meters and its
surface area was expanded considerably. Water diversion into Packard Pond is currently managed by a control
structure on the East Branch of the Tully River. A modern flow control structure is also in place in the dam at
the outlet. Historically, substantial winter water-level drawdowns have been routine. More recently, occasional
(not every year) short duration fall drawdowns, have been used to allow residents to do shoreline maintenance.
Aquatic vegetation in the littoral zone is exceptionally sparse. Indeed, it requires concerted effort to
find any living plants. We were able to document only six aquatic species, all of which were locally rare, two of
which were only observed as floating fragments adjacent to the inlet stream. According to pond residents and
Lake Association officials, there has never been any vegetation management on the pond, beyond homeowners
“cleaning up” shoreline areas during periodic drawdowns.
University of Massachusetts biologists Ed Klekowski and Steve Johnson explored the deeper water
using SCUBA gear in late July, 2005. They found the bottom to be composed of coarse sand, gravel and
cobbles, with exceptionally little plant life. The divers found one species, Potamogeton pusillus var.
tenuissimus, which was not documented during the botanical survey in 2004.
For this set of lakes, Packard Pond is of low conductance and moderate pH. Bicarbonate concentration
is above average. Secchi disc transparency varied between summer field trips from 1.75 m in 2005 to 3.45 in
August 2004. Typically 1 or more peaks in turbidity in the metalimnion indicate dense populations of bacteria;
the upper population may be photosynthetic. The profiles below are from August 2004.
Some pollution with road salt is indicated by the ARM data with over 50% of ionic charges explained
by Na+ and Clˉ concentrations.
Packard Pond, 2004
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Town: Phillipston
Origin: Natural
Area 57.8 hectares (142.8 acres)
Richness: 28
Listed Species: None
Invasive Species: None
Maximum Depth: 6.9 m
Mean Depth: 3.6 m
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Queen Lake is a natural pond. Shoreline areas have predominantly hard, rocky to sandy substrate,
with a relatively steep drop-off to deep water. Aquatic vegetation is very sparse except in the rare sheltered
areas where finer sediments and organic material accumulate. The shallows at the north end of the lake are
particularly rich and account for most of the lake’s alpha diversity of 28 species. The floristic survey was
started near the north end shallows, accounting for the rapid initial rise in the species accumulation curve
shown above.
Exposed shores (accounting for most of the lake’s littoral area), have virtually no floating-leaved or
submersed aquatic bed communities. Isoetids, though quite sparse, are well represented on these shores and
include: Lobelia dortmanna, Eleocharis acicularis, Elatine minima, Eriocaulon aquaticum, and Isoetes sp.
Diverse aquatic plant communities, comprised of mixtures of floating-leaved, emergent, and submersed
aquatic-bed growth forms, were observed in a sheltered cove on the northwest shore and at the extreme north
end of the lake.
Queen Lake is the fourth richest water body surveyed for this study, but its beta contribution is
average, an indication that, overall, the flora has few regionally uncommon species. Lobelia dortmanna
(found on only three ponds in the dataset) is the only low-presence species in the lake’s flora.
During the summer Queen Lake has both a high pH and high transparency. In the spring it has the
second highest chlorophyll a concentration of all the lakes in this study, 11.2 μg/l. This, along with
moderately high total phosphate places the lake on the borderline between mesotrophic and eutrophic and
explains the high pH which is probably associated with photosynthetic removal of CO 2.
Queen Lake may very well mix during the summer. It is large and exposed to the wind as a result.
High bottom temperatures, high oxygen saturation to 5 m and uniform conductance to 5.5 m and the very
weak thermocline all indicate the lake mixed shortly before the field trip on 3 September 2004. The profiles
for that field trip appear directly below.
ARM data indicate Na +, Ca+2, Clˉ, and SO4-2 are almost equally important in the chemical makeup of
the lake water. Chloride concentration is almost 5 x that expected, indicating road salt has a considerable
impact on lake chemistry. In our data set Queen Lake shows above average concentrations of HCO3ˉ and
CaMg hardness. These, along with photosynthesis,
are undoubtedly responsible for the high observed pH.
Queen Lake
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Town: Warwick
Origin: Artificial
Area 8.4 hectares (20.7 acres)
Richness: 14
Listed Species: Utricularia minor (WL)
Invasive Species: None
Maximum Depth: 2.1 m
Mean Depth: 0.9 m
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Richards reservoir is a long, narrow, mill pond dating to the early 19 th, or perhaps late 18th, century.
A concrete spillway in the earthen dam suggests a mid-to-late 20th century improvements. There is no
functional flow control in the spillway. The pond is very shallow and muddy bottomed throughout and
supports dense aquatic vegetation. Richards Reservoir received unlicensed, unregulated sewage discharge
from a State Prison (now closed) from the early 1960s through the mid 1980s.
Species Richness (14 species) is below average, and consists largely of regionally common species,
although the State Watch List species, Utricularia minor, found in only one other pond, was documented
here. The vegetation is characterized by dense and continuous beds of the submersed aquatic species,
Utricularia purpurea with Potamogeton pusillus var. tenuissimus and Nitella spp. often dominant in deeper
water. Floating leaved species (Nymphaea odorata, Nuphar variegatum, Brasenia schreberi and Potamogeton
natans) are widespread, usually with low-to-moderate cover. Bands of the emergent species, Sparganium
americanum are common in shallow shoreline areas.
The reservoir is very shallow, with 99.8% of the water volume above 2 m. Although a shallow
thermocline appears to exist in the upper meter and oxygen saturation declines with depth, it was evident that
mixing occurs periodically throughout the summer. Conductance was low and summer pH quite high,
probably due to photosynthesis of both aquatic macrophytes and suspended and attached algae. Calcium
magnesium hardness and bicarbonate are below average in concentration as expected from conductance.
Both total phosphate and chlorophyll a concentration in the spring indicate the reservoir is mesotrophic. A
table of water quality data appears below.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
0.5
1.0
1.5
1.7

23.18
21.82
20.91
20.72
20.39

0.041
0.040
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0.041
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Town: Ashburnham and Winchendon
Origin: Artificial
Area 111.6 hectares (275.7 acres)
Richness: 11
Listed Species: None
Invasive Species: None
Maximum Depth: 5.1 m
Mean Depth: 2.4 m
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Sunset Lake is a large impoundment (the second largest lake in the dataset). The lake is not shown
in the 1870 Beers Atlas of Worcester County (however, a very small, unnamed millpond may be in the
footprint of the current lake. The date of construction is unknown, but the original dam was lost in the 1938
hurricane and was not rebuilt until the 1940s; huge mud-flats covered the basin in the intervening years (Leo
Colette, personal communication). According to the Lake Association website, the outlet is managed with
intent of maintaining uniform water level. The lake has had annual herbicide treatments for "a number of
years".
The littoral zone is generally hard-bottomed and often rocky. Isoetes echinata is frequently
encountered in shallow sandy areas, but otherwise there is little vegetation to be found in water less than
about 1.25 meters deep, but aquatic beds persist in deeper water. This pattern is probably maintained by
regular herbicide treatments. The lake is among the most species poor we surveyed (11 aquatic species),
consisting largely of regionally common species. Its beta contribution is exceptionally low. This pattern of a
largely sterile shallow-water zone coupled with unusually low species richness was observed at one other
pond we surveyed, Packard Pond. The latter has no documented vegetation management. The relationship
between herbicide use and diversity, although suggestive cannot be adequately addressed with the data at
hand.
Deep water aquatic beds are dominated by Utricularia purpurea with occasional Myriophyllum
humile, and Utricularia radiata.
Because of its large size and exposure to the wind it is doubtful that the pond stratifies during the
summer for any length of time. Clearly, from the data below, the lake had mixed very recently and only
developed the warmer layer of water at the surface on the day of the field trip (11 September 2004). Like
many of these ponds, total phosphate and chlorophyll a indicate a strongly mesotrophic or moderately
eutrophic status.
ARM data show Clˉ concentration average3 11 mg/l, and Na + and Clˉ together accounting for over
60% of the salinity in terms of equivalents. It is, therefore, clear than road salt has a strong impact on lake
chemistry. Calcium and SO4-2 are the other important ions. As CaMg magnesium hardness and bicarbonate
both have below average concentrations so pH’s as low as found in the following table of water quality
variables is expected.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
1.0
1.5
2.0
2.5
3.0
3.5
4.0

23.45
20.78
20.68
20.54
20.41
20.40
20.35
20.35

0.061
0.062
0.061
0.061
0.062
0.062
0.062
0.062

7.32
6.78
6.43
6.26
6.34
6.44
6.46
6.02
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TDS
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5.28
5.20
5.16
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5.16
5.19
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0.039
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Oxygen Turbidity
% Sat.
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Town: Royalston and Athol
Origin: Artificial
Area 91.7 hectares (235.4 acres)
Richness: 34
Listed Species: None
Invasive Species: Cabomba caroliniana
Maximum Depth: 12.2 m
Mean Depth: 2.4 m
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Tully Lake was constructed as part of an Army Corps of Engineers Flood Control Project. Work
was completed in 1949, but the river (East Branch of The Tully) was left free-flowing through the basin until
1970, when the gates were closed to create the Lake. Tully Lake is the youngest waterbody in the dataset.
According to Army Corps personnel, the reservoir water level is kept between 16 and 16.5 feet (about 6
meters) above river level during the summer months, and then lowered about six feet (approximately two
meters) for the winter months (November through March). The shoreline of the lake is highly convoluted
with numerous islands, peninsulas and sheltered coves, making for an exceptionally long perimeter of 14.5
kilometers. Littoral zone morphometry is highly variable, ranging from exposed, rocky shores with abrupt
drop-offs, to sheltered, shallow, muddy-bottomed coves.
Tully Lake is the most species-rich waterbody in the dataset, with 34 aquatic vascular plants in its
flora. It also has an unusual species accumulation curve (above), which continues to rise rather steeply
during the later portion of the survey. This is an indication of local (within-lake) patchiness in species
distributions. Although no State Listed species were documented on the lake, the average of species presence
values is among the lowest encountered, indicating that the flora contributes a proportionally large number of
regionally uncommon species. The beta contribution of the flora to regional aquatic plant diversity is, thus,
exceptionally high.
Vegetation community structure is highly variable form place-to-place on the lake, making it
difficult to draw generalities. Aquatic beds are patchy but when present are often extensive with dense cover.
Species that appear as dominants or co-dominants, at least locally include: Potamogeton pusillus var.
tenuissimus, Najas flexilis, Najas gracillima, Utricularia purpurea, Potamogeton bicupulatus, Myriophyllum
humile, and Cabomba caroliniana. The regionally ubiquitous floating-leaved species (i.e. Nuphar,
Nymphaea, Brasenia, and some Potamogeton species), although present on the lake, are widely scattered in
distribution and nowhere common. The exposed, mineral substrate shores provide habitat for several isoetid
species, including: Gratiola aurea, Elatine minima, Juncus pelocarpus, and Eriocaulon aquaticum.
Tully Lake hosts the only population of the non-native invasive species, Cabomba caroliniana we
encountered among these ponds, although the species is well established in north central Massachusetts
lakes. Cabomba can be found at low local density throughout the lake, and, less commonly forms dense and
extensive beds – this usually in rather deep water (>2 meters). The current distribution pattern, with dense
Cabomba beds segregated in deep water, away from the prime habitat for native species, should not be a
great management concern with respect to protecting native plant diversity.
Tully Lake is one of the most highly dystrophic lakes in the data set, with appropriately low
transparency. A U.S. Army Corp of Engineer’s Report (1997) indicates the epilimnion extended to a depth
of about 2.5 m in July and to 3 to 3.5 m in August 2003. Our own data (below) shows a shallower
epilimnion, but probably temporarily so. Because of the dark color of the water, a few sunny days can warm
the very surface of the lake and develop the very shallow epilimnion we observed. Similarly, at this depth, a
few cool, windy days would mix the epilimnion down a few meters. Because almost 70% of the reservoir’s
volume is above 2 m, and roughly 90% is above 3 m depth, by far the greatest portion of the reservoir must
mix regularly during the summer. Although the existence of a hypolimnion is of interest, its small volume
and the small volume of anoxic water would strongly limit its effect on the rest of the reservoir.
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Observed oxygen saturation is a little below the average for this data set, probably a result of poor
light penetration (Secchi disc transparency just over 2 m) that limits photosynthesis, and possibly high
respiration supported by dissolved organic matter.
Although the reservoir has the highest total phosphate value for the entire data set, chlorophyll is
low, indicating a status between oligotrophic and mesotrophic. It also has relatively low conductance, as
would be expected for such a strongly dystrophic situation. Although Ca + and Mg+ concentrations are below
average as expected in a dystrophic water body, HCO 3ˉ is above average in concentration and is probably
responsible for buffering pH at relatively high values for this data set.
Tully Lake

0

0

1

1
o

Celsius
2

mS/cm

Depth (m)

Depth (m)

2

3

%
3

pH
NTU

4

4

5

5

6

6
0

10 12 14 16 18 20 22 24 26

0.05

0.06

0.07

15

30

45

60

75

Oxygen Saturation (%) & NTU

Degrees Celsius
5.3

0.08

Specific Conductance (mS/cm)

A-19

5.6

5.9
pH

6.2

6.5

Tully Pond

Tully Pond
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Species Number

Town: Orange
Origin: Artificial
Area 29.8 hectares (73.6 acres)
Richness: 25
Listed Species: Sparganium fluctuans
(WL)
Invasive Species: Myriophyllum
heterophyllum
Maximum Depth: 3.6 m
Mean Depth: 1.1 m
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Tully Pond is a 19th (or late 18th) Century millpond (see discussion under Packard Pond for details of
origin. The pond is shallow (92% of total area is < 2m deep), and generally sandy-bottomed, although some
areas have accumulations of organic material and finer silt.
Species richness is above average (25 species), and the pond supports healthy populations of the
state Watch List species, Sparganium fluctuans. The non-native invasive species, Myriophyllum
heterophyllum is established on the pond, but is currently limited in distribution to a few patches at the south
end of the pond. It is also well established below the dam in the outlet stream.
Floating-leaved species (mostly Nymphaea odorata) are found throughout the pond, often at very
high density. Near-shore shallows (to about 0.5 meter depth) frequently have dense beds of Scirpus
subterminalis and Eriocaulon aquaticum. The submersed form of Pontederia cordata (with rosettes of
ribbon-like leaves) is often common in this association. Dense submersed beds of submersed Scirpus
subterminalis with capillary leaves are common throughout the pond at all water depths. Utricularia
purpurea is locally dominant, particularly in deeper water.
With 94% of the volume of Tully Pond above 2 m water depth, the pond must mix frequently during
the summer. Dense beds of aquatic plants limit wind action, however, so it is highly probable that shallow
stratification patterns develop on sunny summer days. This can reduce oxygen concentrations near the
bottom to low levels, even in water only 2 m deep. Although the pond is low in conductance, pH tends to be
relatively high, most probably due to photosynthetic uptake of CO 2.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
1.0
2.0
3.0
3.4

24.7
23.8
22.2
20.5
19.6

0.051
0.051
0.052
0.071
0.092

7.00
6.88
5.81
0.25
0.02
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pH

TDS
(g/l)

6.48
6.36
6.06
5.85
6.11

0.033
0.033
0.033
0.045
0.059

Oxygen Turbidity
% Sat.
NTU
84.8
81.9
67.1
2.8
2.0

5.4
4.8
5.0
10.3
276.0

Upper Naukeag Lake

Upper Naukeag
35

Town: Ashburnham
Origin: Natural
Area 126 hectares (311 acres)
Richness: 27Listed Species: Potamogeton
confervoides (T)
Invasive Species: None
Maximum Depth: 16.5 m
Mean Depth: 4.5 m
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Upper Naukeag Lake is the largest waterbody in the dataset. It is a natural pond, and the culverted
causeway across the outlet appears not to have had any appreciable effect on water level. It serves as the
public water supply for the towns of Winchendon and Ashburnham.
Substrate is generally mineral material, ranging from sand to large rocks, although some small
sheltered areas have finer organic substrates. Water has low pH despite its moderate conductance. It has the
highest clarity of any pond in the data set and low color. In some portions of the pond, a near shore band (to
about 0.75 meters depth) largely free of vegetation was noticeable. This could, perhaps, be related to water level fluctuations relating to water supply withdrawals (although this is purely speculation).
Species richness is well above average (27 species) and the flora contains several regionally
infrequent species. Isoetid species are particularly well represented, as is typical in clear-water lakes with
mineral substrate. The floating-leaved species, Nymphoides cordata is very common, particularly in deeper
water. On sandy substrate, Eriocaulon aquaticum, Sagittaria graminea, Elatine minima, Lobelia dortmanna,
Juncus pelocarpus, Eleocharis acicularis and Isoetes tuckermanii are commonly encountered. The State
Threatened Potamogeton confervoides occurred in widely scattered but locally dense patches around the
lake. The sheltered cove at the southeast end of the lake supports distinctive plant communities and several
species not encountered elsewhere on the lake. For example, healthy stands of what may be Sparganium
fluctuans (Watch List) were observed, but lacking fertile material, could not be positively identified. The
influence of this distinctive habitat on overall lake diversity can be seen in the species accumulation graph
(above) as the dramatic jump in cumulative species number between about 90 and 120 minutes of survey
time.
A clue to the low pH along with moderate conductance is found in the ARM data. Sodium is 3.6 x
as abundant as the sum of Ca+2 and Mg+2 when expressed as equivalents. Chloride is 9 x as abundant as
would be expected under natural conditions. Indeed, Na + and Clˉ account for 74% of the ionic charges in
solution, clearly indicating contamination with road salt. Obversely, HCO3- is extremely dilute. In short, the
water has an extremely limited buffering capacity against natural and anthropogenic acids. It is observed in
the profiles below, that pH is highest in the hypolimnion, probably in response to materials dissolving out of
the sediments under anoxic conditions.
With a Secchi transparency of 7.88 m, it is no wonder that oxygen saturation in the epilimnion is the
second highest in the data set. Turbidity data indicate a bacterial plate exists in the metalimnion at ca. 7 m.
Upper Naukeag Lake
Total phosphate is a little above average, chlorophyll
a a little below, indicating mesotrophic conditions.
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Upper Reservoir
35
30
Species Number

Town: Gardner
Origin: Artificial
Area 17.7 hectares (43.8 acres)
Richness: 22
Listed Species: Potamogeton confervoides (T)
Invasive Species: None
Maximum Depth: 2.0 m
Mean Depth: 0.9 m
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Upper Reservoir is one of a cluster of impoundments constructed to provide water power to
downstream mills in South Gardner. It is very shallow (maximum depth of 2 meters) and mostly muddybottomed. Water clarity is exceptionally low, and as a result, aquatic macrophytes are scarce in deeper water.
The pond appears with its current configuration in Beers 1870 Atlas of Worcester County. The dam is an
earthen road causeway, with a culvert passing flow under the road where it enters the adjacent Wrights
Reservoir.
Species richness is about average, as is beta contribution. Floating-leaved species (Nymphaea
odorata typically dominant) are common in shallower water throughout the pond and, in some areas, achieve
very high cover values. A wide array of submersed species is found on the pond, with local density greatest
where floating-leaved species are sparse. Potamogeton confervoides, Utricularia purpurea, Utricularia
radiata, Utricularia macrorhiza, and Utricularia gibba are especially common. Potamogeton confervoides,
a State Threatened species is, perhaps, the single most abundant species on the pond. It is found throughout,
at all water depths, and often at high local densities.
As illustrated in the data table below, oxygen saturation is extremely low in this pond; indeed,
saturation values are lower than for any other water body in the study. Spring time chlorophyll a is low, in
keeping with a trophic state between oligotrophic and mesotrophic, despite concentrations of total phosphate
that are average for the area. Relatively low productivity is expected in a pond that is so dystrophic that
Secchi disc transparency is only a little over 1 m in both spring and summer.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
0.5
0.8
1.0
1.2
1.5
1.6

26.5
23.4
22.6
23.1
22.9
21.6
21.0

0.063
0.064
0.067
0.064
0.063
0.065
0.067

5.77
3.99
3.13
4.36
4.27
0.19
0.16
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pH

TDS
(g/l)

5.22
4.93
4.86
4.92
4.94
4.96
5.16

0.040
0.041
0.043
0.041
0.040
0.042
0.043

Oxygen Turbidity
% Sat.
NTU
72.2
47.3
36.4
51.1
50.1
2.2
1.8

1.0
0.3
11.8
-0.3
1.2
0.5
0.9

Ward Pond
35

Ward Pond
Species Number

30

Town: Ashburnham
Origin: Natural
Area 21.9 hectares (54.2 acres)
Richness: 17
Listed Species: None
Invasive Species: None
Maximum Depth: 6.9 m
Mean Depth: 3.1 m
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Ward Pond is a natural lake, with a low, ca. 0.5 m high, concrete structure at the outlet. The dam
appears to have minimal influence on the natural water level. Species richness is below average (17 species),
but it has one singleton (Callitriche heterophylla) and its beta contribution is moderately high, giving it some
value with respect to regional aquatic plant diversity.
Shoreline areas are mostly sandy or stony, with a rapid drop off to deep water. Submersed aquatic
vegetation is generally sparse, but with occasional denser patches dominated by Utricularia purpurea.
Floating leaved species are widespread at moderate density in the littoral zone. Nymphaea odorata is
dominant, commonly mixing with Nymphoides cordata, Nuphar variegatum, Brasenia schreberi and
Potamogeton epihydrous. Populations of an unusually small-leaved Nuphar species were observed on the
pond (leaves typically 6 cm long by 4.5 cm wide). These were widespread, often in rather deep water, and
well segregated from more typical Nuphar variegatum patches. No fertile material needed for confident
identification was found, but leaf morphology (sinus depth) was not consistent with N. microphylla. The
population may simply be a small-leaved morph of N. variegatum, but would be worth checking for fertile
material in the future.
Secchi disc transparency is low, less than 2 m, in keeping with the pond’s strongly dystrophic state.
Thus, it is no surprise that relatively high oxygen saturation is only found in the upper 2 m and the epilimnion
is only ca. 2 m deep. This means that ca. 50% of the water volume is found below the epilimnion, and 15%
below 4 m where anoxia seems well established. Conductance is relatively high and pH a bit above average
for the region. A 10 year ARM ( ) data set establishes the following: 1) there is a strong seasonal
component to the Na + and Clˉ data, with highest concentrations in April immediately after snow melt, 2) Clˉ
is over 20 x what is expected in natural situations, and 3) over 75% of the ionic composition in equivalents is
due to Na+ and Clˉ. It is obvious that conductance in this pond is determined primarily by inputs of road salt.
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Whitm anville Reservoir
Species Number

Town: Westminster
Origin: Artificial
Area 48.2 hectares (119.1 acres)
Richness: 29
Listed Species: None
Invasive Species: None
Maximum Depth: 6.2 m
Mean Depth: 2.2 m
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Whitmanville Reservoir is a large impoundment on the Whitman River, presumably constructed to
store water to supply down-stream mills. The reservoir is absent on the 1870 Beers Atlas of Worcester County
and, thus, dates from towards the end of the era of water powered industry.
The predominant substrate in shoreline areas is fine silt, presumably carried to the reservoir by the
river and accumulating in the basin over time. Some more exposed areas have coarser mineral substrate (sand
and gravel) and small, sheltered coves have considerable organic muck accumulation. At the time of the
vegetation survey (following a period of heavy rain), water clarity was exceptionally low due to suspended fine
sediment. A year later, in August 2005 Secchi disc transparency had increased to 2.43 m and in the spring the
reservoir showed its highest transparency, 3.85 m. These data, along with oxygen profiles from 2005 (see
below) indicate light should not be limiting above 3 m.
Species richness is the third highest richness in the dataset, with 29 species. The pond supports
populations of several regionally infrequent (low presence) species and it ranks highly with respect to beta
contribution to the regional aquatic flora.
The pond has well developed submersed aquatic plant communities. Shoreline emergent vegetation is
also common. Conspicuously lacking is the regionally ubiquitous floating-leaved cover type dominated by
Nymphaea odorata, Nuphar variegatum and Brasenia schreberi. These species, although present on the pond,
are all uncommon. Floating-leaved Sparganium and Potamogeton species are locally common. One sheltered,
muddy cove had a large population of an introduced, pink-flowered cultivar of Nymphaea (perhaps the
European N. alba in part).
Conductance and pH are above average for the data set. Although total phosphate is considerably
above average, chlorophyll a is below average. Together these 2 measures indicate trophy between
oligotrophic and mesotrophic. High water color probably inhibits photosynthesis.
Water temperature in the deepest water was high on 21 September 2004 (see profiles below) and only
1ºC cooler in August 2005. In 2005 oxygen saturation approached 0% at the bottom compared to 40% in
2004, indicating the pond had undergone at least partial mixing in response to cool, rainy weather before the
field trip in 2004, probably. The 2005 profiles indicate the base of the thermocline lay at about 5 m, so the
hypolimnion itself only occupies ca. 1% of the total water mass. However, even in 2006 oxygen was only
abundant above 3 m depth, due to poor light penetration. Considering the shape of the lake basin, when the
reservoir was firmly stratified, a modest 18%
of theReservoir,
lake’sSept.
volume
approached anoxia. `
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Whitney Pond
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Species Number

Town: Winchendon
Origin: Artificial
Area 39.4 hectares (97.3 acres)
Richness: 31
Listed Species: None
Invasive Species: None
Maximum Depth: 5.6 m
Mean Depth: 1.5 m
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Whitney Pond is a mill pond on the Millers River, in Winchendon Center. It has a long history
of providing water power to run local mills. Its setting is among the least pristine of ponds in this study,
with urban and industrial development, a railroad grade and major highway on its shores. In addition,
water clarity was very poor at the time of the vegetation survey.
Yet Whitney pond is the second most species-rich pond in the dataset. It is also among the
highest ranked ponds for its beta contribution to regional aquatic plant diversity, having populations of
several regionally infrequent species (including two singletons).
On the main body of the pond, shallow shoreline areas (less than about 0.5 meters water depth)
often have diverse, mixed communities of emergent, floating-leaved and submersed species. Prominent
taxa in this zone include: Eleocharis smallii, Pontederia cordata, Scirpus pungens, Nymphoides
cordata, Brasenia schreberi, Utricularia radiata, and Juncus pelocarpus. Deeper water areas are
typically dominated by the floating leaved species, Nymphoides cordata and Brasenia schreberi.
Common submersed species in this zone include: Utricularia radiata, Najas gracillima, and
Myriophyllum humile. In some areas, Nymphaea odorata is common, with dense Utricularia purpurea
beds below. Common associates in this vegetation type include: Eleocharis robbinsii, Potamogeton
epihydrous, Utricularia radiata, Utricularia gibba and Myriophyllum humile.
Whitney Pond had the lowest Secchi disc transparency of any water body in our survey, 0.88m
on 11 September 2004, in large part due to its seasonally dark brown water color. In the spring the
water was not as deeply colored and transparency had increased to 1.9 m. Associated with these low
transparencies, oxygen saturation is one of the 3 lowest in this group of lakes. Oddly, in this heavily
settled area, both total phosphate and chlorophyll a concentrations are below the average, indicating the
pond is weakly mesotrophic, however, one must distinguish between the area the pond itself occupies,
and the watershed that drains into it. In this case, 88% of the watershed remains under natural cover.
Conductance is moderately high for the area, while pH remains below the average. ARM data
indicate the ionic make-up is unusual for this study area. While Ca +2 and Na+ are equally abundant in
terms of equivalents, SO4-2 is by far the most important negative ion. Profiles appear directly below.
The contribution of road salt is low for pondsWhitney
in this
study area.
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Williamsville Pond

Williamsville Pond
Species Number

Town: Hubbardston
Origin: Artificial
Area 21 hectares (51.9 acres)
Richness: 24
Listed Species: None
Invasive Species: None
Maximum Depth: 2.9 m
Mean Depth: 1.1 m
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Williamsville Pond is an impoundment of unknown age, although the current dam is of modern
construction, with a broad, concrete spillway fit with splashboards that can be used to control water levels in the
reservoir. Substrate is mostly soft silt and organic material, but occasional regions of hard mineral substrate
were encountered.
Species richness is slightly above average (24 species). Beta contribution is unexceptional and most
resident species are regionally common. The pond supports unusually dense growth of both floating-leaved and
submersed aquatic plants. In some portions of the pond, the floating-leaved community approaches 100% cover,
and aquatic beds become dense enough to impede boat travel. Proserpinaca palustris, in its deep-water aquatic
growth form, is widespread and locally dominant. Utricularia purpurea is abundant, often mixing with
Myriophyllum humile. Eriocaulon aquaticum, with unusually robust submersed rosettes, is frequent in areas
with lighter accumulations of soft substrate.
In terms of water quality, Williamsville Pond is very close to average. Total phosphate and chlorophyll
a indicate it is mesotrophic or even oligotrophic. However, these terms refer to production in the open water,
and over 95% of the volume of this pond is in the littoral zone so that photosynthesis by the aquatic macrophytes
and attached algae certainly dominates production in this pond. Water quality data for the summer appears
below in tabular form.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
0.5
1.0
1.5
2.0
2.5
2.6

21.62
21.34
21.06
20.66
20.14
19.42
19.44

0.060
0.060
0.060
0.060
0.061
0.063
0.063

7.26
7.17
7.01
6.35
5.61
4.84
4.82
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pH

TDS
(g/l)

6.04
5.90
5.77
5.60
5.38
5.20
5.21

0.038
0.038
0.038
0.038
0.039
0.040
0.040

Oxygen Turbidity
% Sat.
NTU
82.9
81.5
79.2
71.2
62.2
52.9
52.7

-0.3
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-0.4
-0.6
-1.1
-1.1
-0.9

Wrights Reservoir

Wrights Reservoir
Species Number

Town: Gardner and Ashburnham
Origin: Artificial
Area 56.8 hectares (140.4 acres)
Richness: 23
Listed Species: None
Invasive Species: None
Maximum Depth: 2.0 m
Mean Depth:?? m
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Wrights Reservoir is one of a cluster of impoundments constructed to provide water power to
downstream mills in South Gardner. It receives its input from Upper Reservoir (see above) via a functional
flow control structure. The reservoir appears on late 19th century maps, apparently occupying its current
footprint, but the current concrete dam, with controlled outlet, is more recent. The pond is very shallow
(maximum depth of 2 meters) and has areas of both silty/muddy substrate and hard-bottomed sandy/rocky
shores. Species diversity is near average, and species composition is largely of regionally common species.
It has one singleton (Peltandra virginica) and a few moderately infrequent species, giving it some value
with respect to regional beta diversity.
The pond supports impressive aquatic bed communities. Myriophyllum humile is most often
dominant, but large areas of Utricularia purpurea are also found. Potamogeton bicupulatus, Najas
gracillima and Utricularia macrorhiza are locally common. Floating-leaved species, Nymphaea odorata
mixing to various extents with Brasenia schreberi Potamogeton oakesianus and Nuphar variegatum, are
scattered throughout in low-to-moderate density patches. Emergent stands of Sparganium americanum are
common in near-shore shallows.
The pond has poor transparency, with a Secchi disc reading of 1.44m. Water is moderately
dystrophic. Both total phosphate and chlorophyll a are relatively high indicating mesotrophic conditions in
the open water. ARM data indicate the dominant positive ion in the water is sodium and of the negative
ions, chloride and sulfate. Sodium and Clˉ represent ca. 50% of ionic concentration in equivalents, and Clˉ
is ca. 7 x as abundant as expected under natural conditions. Road salt is almost certainly responsible. This
is expected as almost 20% of the watershed is now in residential or agricultural use or in some other way
developed.

Depth Degrees Conductance Oxygen
(m)
Celsius
(mS/cm)
(mg/l)
0.0
0.5
0.9
1.5
1.6

25.91
25.49
24.15
23.87
23.85

0.090
0.090
0.091
0.092
0.091

5.80
5.79
5.23
4.71
4.38

27

pH

TDS
(g/l)

5.42
5.29
5.12
5.05
5.06

0.058
0.058
0.058
0.059
0.058

Oxygen Turbidity
% Sat.
NTU
71.8
71.1
62.6
56.2
52.2

1.6
1.6
0.9
0.9
1.3

Appendix B
Flora
Composite Species List for Worcester Plateau Ponds
Latin Name
Brasenia schreberi J.F. Gmelin
Cabomba caroliniana A. Gray
Callitriche heterophylla Pursh
Callitriche palustris L.
Carex lasiocarpa Ehrh. var. americana Fern.
Ceratophyllum echinatum A. Gray
Cyperus dentatus Torrey
Dulichium arundinaceum (L.) Britton
Elatine minima (Nutt.) Fischer & C.A. Meyer
Eleocharis acicularis (L.) R. & S.
Eleocharis obtusa (Willd.) J.A. Schultes
Eleocharis robbinsii Oakes
Eleocharis smallii Britton
Elodea nuttallii (Planchon) St. John
Equisetum fluviatile L.
Eriocaulon aquaticum (Hill) Druce
Glyceria borealis (Nash) Batch.
Gratiola aurea Pursh
Hypericum boreale (Britton) Bicknell
Isoetes echinospora Dur. ssp. muricata (Dur.)
Isoetes riparia Engelm. ex A. Br.
Isoetes tuckermanii A. Br. ex Engelm .
Juncus pelocarpus E. Meyer
Lemna minor L.
Lobelia dortmanna L.
Ludwigia palustris (L.) Elliott
Myriophyllum heterophyllum Michaux
Myriophyllum humile (Raf.) Morong
Najas flexilis (Willd.) Rostk. & Schmidt
Najas gracillima (A. Braun) Magnus
Nuphar variegata Durand ex Clinton
Nymphaea odorata Aiton
Nymphaea cultivar
Nymphoides cordata (Ell.) Fern.
Peltandra virginica (L.) Schott ex Schott & Endl.
Pontederia cordata L.
Potamogeton bicupulatus Fern.
Potamogeton confervoides Reichenb.
Potamogeton diversifolius Raf.
Potamogeton epihydrus Raf.
Potamogeton natans L.
Potamogeton oakesianus Robbins
Potamogeton pulcher Tuckerman
Potamogeton pusillus L. var. tenuissimus Mert. & Koch
Proserpinaca palustris L.
Sagittaria graminea Michaux
Sagittaria latifolia Willd.
Scirpus pungens Vahl
Scirpus subterminalis Torrey
Scirpus tabernaemontani K. C. Gmelin
Sium suave Walter
Sparganium americanum Nutt.
Sparganium fluctuans (Morong) Robinson
Spirodela polyrrhiza (L.) Schleiden
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Common Name
Water-shield
Fanwort
Variable Water-starwort
Spring Water-starwort
Woolly-fruited Sedge
Forked Coontail
Pondshore Rush
Threeway Sedge
Lesser Waterwort
Little Spike-rush
Soft-stemmed Spike-rush
Robbins'Spike-rush
Small's Spike-rush
Nuttall's Water-weed
Water horsetail
Pipewort
Northern Mannagrass
Golden Hedge-hyssop
Northern St. John's-wort
Spiny-spored Quillwort
Riverbank-quillwort
Tuckerman’s Quillwort
Pondshore-rush
Duckweed
Water-lobelia
Water Purslane
Variable Water-milfoil
Lowly Water-milfoil
Common Naiad
Slender Naiad
Yellow Water-lily
Fragrant Water-lily
Pink-flowered Water-lily
Floating Heart
Arrow-arum
Pickerel-weed
Hairlike Pondweed
Tuckerman's Pondweed
Snailseed Pondweed
Ribbon-leaf
Floating Pondweed
Oakes' Pondweed
Spotted Pondweed
Tiny Pondweed
Mermaid-weed
Grass-leaf Arrowhead
Arrowhead
Common Threesquare
Water Bulrush
Soft-stemmed Bulrush
Water-parsnip
Common Bur-reed
Floating Bur-reed
Greater Duckweed

Torreyochloa pallida (Torrey) Church
Typha latifolia L.
Utricularia gibba L.
Utricularia intermedia Hayne
Utricularia macrorhiza Le Conte
Utricularia minor L.
Utricularia purpurea Walter
Utricularia radiata Small
Utricularia resupinata B. D. Greene ex Bigelow

Pale Mannagrass
Broad-leaved Cattail
Humped Bladderwort
Flat-leaved Bladderwort
Great Bladderwort
Lesser Bladderwort
Purple Bladderwort
Small Floating Bladderwort
Resupinate Bladderwort

Absolute presence values for 62 species found in 25 ponds included in the surveys.
Species
Brasenia schreberi
Nuphar variegata
Utricularia purpurea
Nymphaea odorata
Potamogeton epihydrus
Sparganium americanum
Utricularia macrorhiza
Eleocharis smallii
Myriophyllum humile
Potamogeton bicupulatus
Utricularia radiata
Pontederia cordata
Scirpus subterminalis
Potamogeton pusillus var. tenuissimus
Eleocharis acicularis
Potamogeton natans
Utricularia gibba
Dulichium arundinaceum
Najas flexilis
Eriocaulon aquaticum
Potamogeton oakesianus
Juncus pelocarpus
Najas gracillima
Elatine minima
Ludwigia palustris
Hypericum boreale
Typha latifolia
Callitriche palustris
Isoetes echinospora ssp. muricata
Nymphoides cordata
Eleocharis obtusa
Eleocharis robbinsii
Glyceria borealis
Potamogeton confervoides
Scirpus tabernaemontani
Sparganium fluctuans
Gratiola aurea
Isoetes tuckermanii
Lobelia dortmanna
Proserpinaca palustris
Sagittaria graminea

Presence
25
24
24
23
22
21
21
19
19
19
19
17
17
16
15
15
15
14
13
12
12
10
10
9
9
7
7
6
6
6
5
5
5
5
5
5
4
3
3
3
3
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Species
Sium suave
Utricularia intermedia
Elodea nuttallii
Lemna minor
Myriophyllum heterophyllum
Sagittaria latifolia
Utricularia minor
Cabomba caroliniana
Callitriche heterophylla
Carex lasiocarpa var. americana
Ceratophyllum echinatum
Cyperus dentatus
Equisetum fluviatile
Isoetes riparia
Peltandra virginica
Potamogeton diversifolius
Potamogeton pulcher
Scirpus pungens
Spirodela polyrrhiza
Torreyochloa pallida
Utricularia resupinata

Presence
3
3
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1

State-listed species occurrences
Listed species
STATUS
T
T
T
T
T
E
WL
WL
WL
WL
WL
WL
WL
T

Species
Potamogeton confervoides
Potamogeton confervoides
Potamogeton confervoides
Potamogeton confervoides
Potamogeton confervoides
Potamogeton diversifolius
Sparganium fluctuans
Sparganium fluctuans
Sparganium fluctuans
Sparganium fluctuans
Sparganium fluctuans
Utricularia minor
Utricularia minor
Utricularia resupinata

Pond
Laurel Lake
Upper Naukeag Lake
Upper Reservoir
Lovewell Pond
Lake Wampanoag
Laurel Lake
Upper Naukeag Lake
Long Pond
Lake Denison
Lovewell Pond
Tully Pond
Hastings Pond
Richards Reservoir
Laurel Lake
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TOWN
Erving and Warwick
Ashburnham
Gardner
Hubbardston
Ashburnham and Gardner
Erving and Warwick
Ashburnham
Royalston
Winchendon
Hubbardston
Orange
Warwick
Warwick
Erving and Warwick

Individual Pond Floras
Beaver Pond

Nymphaea odorata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Scirpus subterminalis
Sparganium americanum
Sparganium species
Typha latifolia
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Brasenia schreberi
Dulichium arundinaceum
Eleocharis smallii
Ludwigia palustris
Myriophyllum humile
Najas flexilis
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Scirpus tabernaemontani
Sparganium americanum
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Hastings Pond
Brasenia schreberi
Carex lasiocarpa var. americana
Dulichium arundinaceum
Eleocharis smallii
Equisetum fluviatile
Eriocaulon aquaticum
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Scirpus subterminalis
Sparganium americanum
Typha latifolia
Utricularia gibba
Utricularia minor
Utricularia purpurea

Bourn-Hadley Pond
Brasenia schreberi
Callitriche palustris
Eleocharis acicularis
Eleocharis smallii
Ludwigia palustris
Myriophyllum humile
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Potamogeton epihydrus
Potamogeton natans
Potamogeton pulcher
Potamogeton pusillus var. tenuissimus
Proserpinaca palustris
Scirpus subterminalis
Scirpus tabernaemontani
Sparganium americanum
Sparganium species
Spirodela polyrrhiza
Torreyochloa pallida
Typha latifolia
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Kendall Pond
Brasenia schreberi
Isoetes echinospora ssp. muricata
Juncus pelocarpus
Myriophyllum humile
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Sparganium species
Utricularia purpurea

Lake Denison
Brasenia schreberi
Elatine minima
Eleocharis acicularis
Eleocharis smallii
Elodea nuttallii
Eriocaulon aquaticum
Isoetes riparia
Juncus pelocarpus
Myriophyllum humile
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphaea odorata
Pontederia cordata

Gaston Pond
Brasenia schreberi
Callitriche palustris
Ceratophyllum echinatum
Dulichium arundinaceum
Eleocharis acicularis
Eleocharis smallii
Lemna minor
Ludwigia palustris
Myriophyllum heterophyllum
Najas flexilis
Nuphar variegata
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Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton pusillus var. tenuissimus
Sagittaria graminea
Scirpus subterminalis
Sparganium americanum
Sparganium fluctuans
Utricularia gibba
Utricularia intermedia
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Eriocaulon aquaticum
Gratiola aurea
Hypericum boreale
Ludwigia palustris
Myriophyllum humile
Najas gracillima
Nuphar variegata
Nymphaea odorata
Nymphoides cordata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Scirpus subterminalis
Sium suave
Sparganium americanum
Sparganium fluctuans
Utricularia intermedia
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Lake Wampanoag
Brasenia schreberi
Dulichium arundinaceum
Elatine minima
Eleocharis acicularis
Eleocharis smallii
Isoetes echinospora ssp. muricata
Juncus pelocarpus
Myriophyllum humile
Nuphar variegata
Nymphaea odorata
Potamogeton bicupulatus
Potamogeton confervoides
Potamogeton epihydrus
Potamogeton natans
Scirpus subterminalis
Sparganium americanum
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Lovewell Pond
Brasenia schreberi
Dulichium arundinaceum
Eleocharis smallii
Eriocaulon aquaticum
Hypericum boreale
Isoetes echinospora ssp. muricata
Myriophyllum humile
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphaea cultivar
Nymphaea odorata
Potamogeton bicupulatus
Potamogeton confervoides
Potamogeton epihydrus
Potamogeton pusillus var. tenuissimus
Scirpus subterminalis
Sparganium americanum
Sparganium fluctuans
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Laurel Lake
Brasenia schreberi
Elatine minima
Eleocharis acicularis
Eleocharis robbinsii
Eriocaulon aquaticum
Gratiola aurea
Juncus pelocarpus
Lobelia dortmanna
Myriophyllum humile
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphoides cordata
Pontederia cordata
Potamogeton confervoides
Potamogeton diversifolius
Potamogeton epihydrus
Potamogeton oakesianus
Scirpus subterminalis
Sparganium americanum
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata
Utricularia resupinata

Muddy Pond
Brasenia schreberi
Dulichium arundinaceum
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Utricularia macrorhiza

Newton Reservoir
Brasenia schreberi
Dulichium arundinaceum
Elatine minima
Eleocharis acicularis
Eleocharis smallii
Glyceria borealis
Juncus pelocarpus
Myriophyllum humile

Long Pond
Brasenia schreberi
Callitriche palustris
Eleocharis robbinsii
Eleocharis smallii
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Nuphar variegata
Nymphaea odorata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton pusillus var. tenuissimus
Sium suave
Sparganium americanum
Sparganium species
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Sunset Lake
Brasenia schreberi
Eleocharis smallii
Isoetes echinospora ssp. muricata
Myriophyllum humile
Nuphar variegata
Nymphaea odorata
Potamogeton bicupulatus
Potamogeton pusillus var. tenuissimus
Typha latifolia
Utricularia purpurea
Utricularia radiata

Packard Pond
Brasenia schreberi
Isoetes tuckermanii
Myriophyllum humile
Pontederia cordata
Potamogeton bicupulatus
Utricularia purpurea

Tully Lake
Brasenia schreberi
Cabomba caroliniana
Callitriche palustris
Dulichium arundinaceum
Elatine minima
Eleocharis acicularis
Eleocharis obtusa
Eleocharis robbinsii
Eleocharis smallii
Eriocaulon aquaticum
Glyceria species
Gratiola aurea
Hypericum boreale
Juncus pelocarpus
Ludwigia palustris
Myriophyllum humile
Najas flexilis
Nuphar variegata
Nymphaea odorata
Nymphoides cordata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Scirpus tabernaemontani
Sium suave
Sparganium americanum
Utricularia gibba
Utricularia intermedia
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Queen Lake
Brasenia schreberi
Callitriche palustris
Elatine minima
Eleocharis acicularis
Eleocharis smallii
Eriocaulon aquaticum
Hypericum boreale
Isoetes species
Lobelia dortmanna
Ludwigia palustris
Myriophyllum humile
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Scirpus subterminalis
Sparganium americanum
Typha latifolia
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Tully Pond

Richards Reservoir

Brasenia schreberi
Elatine minima
Eleocharis acicularis
Eleocharis smallii
Eriocaulon aquaticum
Gratiola aurea
Juncus pelocarpus
Myriophyllum heterophyllum
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans

Brasenia schreberi
Dulichium arundinaceum
Najas flexilis
Nuphar variegata
Nymphaea odorata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton pusillus var. tenuissimus
Scirpus subterminalis
Sparganium americanum
Utricularia macrorhiza
Utricularia minor
Utricularia purpurea
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Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Scirpus subterminalis
Sparganium americanum
Sparganium fluctuans
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Dulichium arundinaceum
Eleocharis smallii
Eriocaulon aquaticum
Glyceria borealis
Isoetes tuckermanii
Nuphar variegata
Nymphaea odorata
Nymphoides cordata
Pontederia cordata
Potamogeton epihydrus
Sparganium americanum
Typha latifolia
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea

Upper Naukeag Lake
Brasenia schreberi
Elatine minima
Eleocharis acicularis
Eleocharis robbinsii
Eleocharis smallii
Eriocaulon aquaticum
Glyceria borealis
Isoetes tuckermanii
Juncus pelocarpus
Lobelia dortmanna
Myriophyllum humile
Nuphar variegata
Nymphaea odorata
Nymphoides cordata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton confervoides
Potamogeton epihydrus
Potamogeton oakesianus
Sagittaria graminea
Scirpus subterminalis
Sparganium americanum
Sparganium fluctuans
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Whitmanville Reservoir
Brasenia schreberi
Dulichium arundinaceum
Elatine minima
Eleocharis acicularis
Eleocharis obtusa
Eleocharis smallii
Glyceria borealis
Hypericum boreale
Isoetes echinospora ssp. muricata
Juncus pelocarpus
Myriophyllum humile
Najas gracillima
Nuphar variegata
Nymphaea cultivar
Nymphaea odorata
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Proserpinaca palustris
Sagittaria latifolia
Scirpus subterminalis
Scirpus tabernaemontani
Sparganium americanum
Typha latifolia
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Upper Reservoir
Brasenia schreberi
Dulichium arundinaceum
Eleocharis acicularis
Eleocharis obtusa
Eleocharis smallii
Lemna minor
Ludwigia palustris
Myriophyllum humile
Nuphar variegata
Nymphaea odorata
Potamogeton bicupulatus
Potamogeton confervoides
Potamogeton epihydrus
Potamogeton natans
Potamogeton pusillus var. tenuissimus
Sagittaria latifolia
Scirpus subterminalis
Sparganium americanum
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Whitney Pond
Brasenia schreberi
Cyperus dentatus
Dulichium arundinaceum
Eleocharis acicularis
Eleocharis obtusa
Eleocharis robbinsii
Eleocharis smallii
Elodea nuttallii
Eriocaulon aquaticum
Glyceria borealis
Hypericum boreale
Juncus pelocarpus
Ludwigia palustris
Myriophyllum humile
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphaea odorata

Ward Pond
Brasenia schreberi
Callitriche heterophylla
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Nymphoides cordata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Sagittaria graminea
Scirpus pungens
Scirpus subterminalis
Sparganium americanum
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Williamsville Pond
Brasenia schreberi
Callitriche palustris
Eleocharis acicularis
Eriocaulon aquaticum
Hypericum boreale
Ludwigia palustris
Myriophyllum humile
Najas flexilis
Nuphar variegata
Nymphaea odorata
Pontederia cordata
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Proserpinaca palustris
Scirpus subterminalis
Sparganium americanum
Sparganium species
Utricularia gibba
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata

Wrights Reservoir
Brasenia schreberi
Dulichium arundinaceum
Eleocharis acicularis
Eleocharis obtusa
Eleocharis smallii
Isoetes echinospora ssp. muricata
Myriophyllum humile
Najas flexilis
Najas gracillima
Nuphar variegata
Nymphaea odorata
Peltandra virginica
Potamogeton bicupulatus
Potamogeton epihydrus
Potamogeton natans
Potamogeton oakesianus
Potamogeton pusillus var. tenuissimus
Scirpus subterminalis
Scirpus tabernaemontani
Sparganium americanum
Utricularia macrorhiza
Utricularia purpurea
Utricularia radiata
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Flora notes
Sterile, floating-leaved Sparganium species were commonly encountered during
surveys, and I was unable to find reliable vegetative characteristics for assigning these to
species. Extensive beds of floating-leaved Sparganium fluctuans (a State Watch List
species) were encountered on several ponds; however, concerted effort was often
required to find fertile material necessary for positive identification amid the largely
sterile populations. On some ponds, prominent populations of narrow-leaved
Sparganium species, which lacked any fertile material, remained unidentified. Thus,
Sparganium species are under reported in the pond floras as presented here. Habitually
sterile, floating-leaved Sparganium populations are common on lakes of the Worcester
Plateau. A reliable means for identifying these problematic species using vegetative
characteristics would be highly desirable.
Two ponds had populations of pink-flowered Nymphaea species – presumably
cultivars, which have escaped from cultivation or been purposefully introduced. There
are numerous pink-flowered Nymphaea cultivars and hybrids available for sale. Many
have some European Nymphaea alba in their lineages, but I was unable to make
confident identifications and have left them identified simply as “Nymphaea cultivar”.
On Lovewell Pond in Hubbardston, pink flowered cultivars appear to be hybridizing with
native Nymphaea odorata and producing plants with flower color ranging from palest
pink through dark pink.
Isoetes species were commonly encountered and were often widely distributed,
particularly on lakes with abundant mineral substrate. Collections were made from lakes
where Isoetes species were found, but no effort was made to exhaustively sample
populations as would be necessary to determine if one or more than one species was
represented. Specimens assigned to I. tuckermanii and I. riparia, based on megaspore
morphology, were done so with less certainty than with other components of the flora.
Voucher specimens are on deposit at the University of Massachusetts Herbarium.
Utricularia resupinata, a State Watch List species found at Laurel Lake, was
identified using vegetative characteristics (fertile material could not be found). A
voucher specimen has been deposited at the University of Massachusetts Herbarium.
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Appendix C
Species Accumulation Curves
The study was designed specifically to search for patterns (both biological and
environmental) among ponds in the Ecoregion. Data were, thus collected at a
commensurate scale; sufficient to characterize similarities and differences between whole
lakes. Our data are generally not suited to studying smaller scale within-lake patterns.
However, it is clear that the larger scale patterns are, in part, dependent on local withinlake processes. For instance, local (within-lake) variation in substrate, controlled in part
by exposure, can produce spatial variation in vegetation and, thus, spatial heterogeneity
in species composition. Lakes with more habitat heterogeneity should, in theory, have
more species.
Although we did not collect data on local (within lake) vegetation patterns per se,
some sense of local pattern can be gleaned from species accumulation curves. A
stopwatch was kept running during floristic inventory work for each lake. The watch was
kept running only during periods when I was actively searching for new species. It was
shut off while making field note, processing specimens, etc. Elapsed time was noted
periodically (generally 5-15 minute intervals) and recorded in the field book following
the most recently recorded species. We used these data to plot cumulative species
number against elapsed time to generate species accumulation curves for each pond.
Elapsed time is related to the amount of area surveyed, so the curves are similar to
species-area curves. They differ in that they are much more complete than typical
species-area curves – the final point represents the entire area of the lake (rather than a
representative sample) plotted against the total number of species in the lake.
Ecologists have often applied statistical/mathematical methods to species area
curves to quantify their shapes and draw inferences about underlying ecological
processes. More time is needed to critically evaluate and explore the properties of our
timed species accumulation curves before making any such attempts. Accumulation
curves are presented here for descriptive purposes only. The curve for each pond is
presented along with descriptions in appendix xx. Some examples of the kinds of shapes
the curves can take on, and thoughts on interpretation appear below.
We expect the shapes of the curves could be influenced by the starting location of
a given survey, particularly in ponds with strong patch structure in vegetation or and
spatial variation in vegetation types. Thus each curve is (or could be) one of a suite of
possibilities for the pond, dependent on starting location.
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Type 1
Richards Reservoir
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The Type 1 curve rises rapidly to an asymptote after which few, if any new
species are found with continued effort. Essentially the entire species compliment for the
pond is found in a small area near the starting point. There is very spatial variation in
vegetation.
Type 2
Tully Lake
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During the initial minutes of the survey, the Type 2 curve looks very similar to
Type 1, (above). However, instead of reaching an asymptote and leveling off following
the initial period of steep rise, it continues to rise at a moderate and consistent rate right
up to the point where the entire pond has been surveyed. This kind of curve occurs where
there is much spatial variation in species distributions. Many species are locally rare
(found in only a small number of locations on the pond). Each new cove and headland
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seems to yield new vegetation associations. Curves of this type are associated with the
most species-rich ponds.
Type 3
Laurel Lake
35

Species Number

30
25
20
15
10
5
0
0

20

40

60

80

100

120

140

160

180

200

220

240

Elapsed Time (min.)

The Type 3 curve has a stepped shape, with each step representing a short
duration period of rapid species accumulation, followed by an interval where few, if any,
new species are encountered. The curve is essentially a series of superimposed Type 1
curves. Curves like this are associated with habitat heterogeneity. A curve such as this,
for instance, might be generated from a survey that starts in a shallow sandy cove,
followed by a stretch of exposed rocky shore, then a sheltered, muddy bottomed cove,
etc. Each distinctive habitat encountered yields a flush of new species. Ponds with this
type of curve tend to have moderate to high species richness.
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This type of curve, showing a low-slope initial rise, followed by nearly flat tail is
indicative of low local species density, and little spatial variation in species composition.
Curves of this sort were encountered on only two ponds (Packard Pond and Sunset Lake),
both of which had exceptionally sparse vegetation and low species richness.
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Appendix D
Tables of Lake Chemical and Physical Variables
Water Quality Data Obtained in the Spring of 2005
Pond
Beaver Pd.
Bourn-Hadley Pd.
Gaston Pd.
Lake Denison
Lake Wampanoag
Long Lake
Lovewell Pd.
Muddy Pd.
Newton Res.
Packard Pd.
Queen Lk.
Richard's Res.
Sunset Lk.
Tully Lk.
Tully Pd.
Upper Res.
Whitmanville Res.
Whitney Pd.
Williamsville Pd.
Wright's Res.
Pond

Beaver Pd.
Bourn-Hadley Pd.
Gaston Pd.
Lake Denison
Lake Wampanoag
Long Lake
Lovewell Pd.
Muddy Pd.
Newton Res.
Packard Pd.
Queen Lk.
Richard's Res.
Sunset Lk.
Tully Lk.
Tully Pd.
Upper Res.
Whitmanville Res.
Whitney Pd.
Williamsville Pd.
Wright's Res.

Collection
Date

SDz
(m)

Temperature
Degrees C

Conductance
mS/cm

Oxygen
mg/l

Oxygen
Saturation

pH

Turbidity
NTU

Mixing
Depth (m)

13-May
18-May
10-May
13-May
10-May
7-May
18-May
18-May
13-May
7-May
9-May
18-May
10-May
7-May
7-May
18-May
10-May
13-May
9-May
18-May

3.66
3.10
2.65
2.63
3.58
3.10
1.70
2.70
4.76
2.72
3.26
3.06
3.15
2.22
4.03
1.38
3.85
1.90
2.73
1.33

15.7
14.4
14.6
13.7
11.3
9.3
14.0
15.7
12.8
12.7
10.8
16.6
11.5
11.3
14.1
14.1
10.6
13.4
10.1
13.8

0.055
0.347
0.091
0.197
0.122
0.033
0.050
0.015
0.061
0.042
0.057
0.046
0.051
0.044
0.045
0.062
0.131
0.094
0.064
0.076

8.65
9.29
9.51
9.43
9.16
8.86
8.53
8.19
9.24
9.67
9.83
8.24
9.17
9.07
9.06
7.69
9.85
8.71
9.32
7.79

87.6
91.4
93.9
91.5
84.1
77.6
83.1
82.8
87.7
91.6
89.4
84.9
84.7
83.4
88.5
74.0
89.1
83.9
83.2
75.7

5.46
6.16
6.30
6.03
4.45
4.95
4.80
4.35
5.46
5.49
6.03
5.41
4.80
4.89
5.87
4.36
5.74
5.39
5.09
5.04

1.3
1.4
4.7
2.4
3.7
0.0
2.5
1.3
2.9
0.4
3.1
4.4
3.7
1.0
1.2
0.9
7.7
1.8
1.4
1.5

1.5
2.0
2.5
3.0
4.3
2.5
n.a.
n.a.
3.0
3.0
6.5
1.5
3.5
5.0
n.a.
1.0
3.0
4.0
3.0
1.8

Carbon
Dioxide
meq/l

Bicarbonate
meq/l

0.062
0.075
0.062
0.053
0.071
0.142
0.076
0.089
0.082
0.110
0.044
0.089
0.097
0.080
0.071
0.134
0.084
0.097
0.097
0.089

0.044
0.086
0.062
0.054
0.064
0.049
0.029
0.018
0.044
0.051
0.069
0.031
0.032
0.051
0.103
0.017
0.044
0.034
0.022
0.020

Nitrate
Nitrogen
mg/L

Total
Phosphate
µg/L

Magnesium
mg/L

Calcium
mg/L

Chlorophyll a
µg/L

0.001
BDL
BDL
BDL
0.007
0.005
0.002
0.005
0.002
0.020
BDL
BDL
0.047
0.011
0.006
0.003
0.093
0.015
0.004
0.002

12
13
18
13
21
14
17
22
10
15
17
12
19
32
9
17
22
14
13
16

0.68
1.72
1.16
0.97
0.64
0.51
0.42
0.26
0.65
0.59
0.65
0.76
0.38
0.58
0.55
0.54
0.82
0.61
0.65
0.57

2.21
6.47
4.17
3.41
2.24
1.40
1.77
0.52
2.53
1.77
2.75
1.98
1.48
1.68
1.92
1.86
3.10
2.11
2.06
2.06

5.7
4.6
4.5
4.7
1.7
1.1
14.7
4.6
1.4
3.3
11.2
7.6
3.1
3.1
2.3
3.1
2.1
3.9
2.6
6.7
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Absorption
Coefficient
0.70
0.76
1.19
1.05
1.45
0.87
1.50
0.94
0.52
0.89
0.92
0.83
1.17
0.97
0.63
2.11
0.92
1.23
0.83
1.64

Lake Physical Variables
Pond Name
Beaver Pond
Bourn-Hadley Pond
Gaston Pond
Hastings Pond
Kendall Pond
Lake Denison
Lake Wampanoag
Laurel Lake
Long Pond
Lovewell Pond
Muddy Pond
Newton Reservoir
Packard Pond
Queen Lake
Richards Reservoir
Sunset Lake
Tully Lake
Tully Pond
Upper Naukeag Lake
Upper Reservoir
Ward Pond
Whitmanville Reservoir
Whitney Pond
Williamsville Pond
Wrights Reservoir

Pond
Origin
Artificial
Artificial
Artificial
Natural
Natural
Natural
Artificial
Natural
Natural
Artificial
Natural
Artificial
Augmented
Natural
Artificial
Artificial
Artificial
Artificial
Natural
Artificial
Natural
Artificial
Artificial
Artificial
Artificial

Pond
Area (ha)
17.66
11.19
6.45
7.9
9.13
44.01
100.96
19.13
19.15
33.67
16.13
8.36
18.34
57.83
8.37
111.61
95.31
29.81
125.9
17.73
21.94
48.23
39.39
21.02
56.85

Littoral
Zone (ha)
17.66
9.92
5.19
2.79
1.77
18.72
47.5
7.01
12.64
25.37
11.85
1.51
3.53
12.95
8.37
35.24
27.96
27
18.25
17.73
7.63
15.61
10.58
15.57
56.85

Shoreline
Complexity
14.72
19.39
6.39
7.37
8.61
48.47
157.96
19.73
17.8
31.32
16.21
9.42
19.86
72.96
14.88
149.07
168.79
28.01
114.27
16.84
17.74
84.63
42.95
39.12
67.75

Watershed
Area (Ha)
371.5
571.4
225.2
81.6
45
897.5
809.2
222.1
5401.9
473.2
77.1
234.1
59.8
184.3
204.9
1746.7
13030.3
343
479.9
407
999.8
3073.1
13525.4
2889
741.6
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%Shed
Natural
88
74
71
85
66
75
94
96
97
90
96
97
69
80
94
91
94
85
92
85
86
86
88
90
83

%Shed
Developed
4
16
2
11
34
22
4
4
1
9
4
2
31
19
3
8
3
10
6
12
9
11
10
6
15

%Shed
Agriculture
0.08
0.1
0.27
0.05
0
0.03
0.02
0
0.02
0.01
0
0.01
0
0.01
0.02
0.01
0.03
0.06
0.02
0.03
0.05
0.03
0.02
0.04
0.02

%Buffer
Developed
0
21
0
18
67
42
8
32
0
6
0
0
70
53
3
77
0
26
15
31
60
26
24
12
21

%Buffer
Agriculture
0
11
0
1
0
3
3
0
2
0
0
0
0
0
0
0
0
11
0
3
2
0
5
0
1

%Buffer
Natural
100
68
100
81
33
55
89
68
98
94
100
100
30
47
97
23
100
63
85
66
38
73
71
88
78

Appendix E
General notes on ponds and their origins
Pond Name
Beaver Pond

Origin

Great
Location
Pond
Artificial
No Royalston

Bourn-Hadley
Pond

Artificial

No Templeton

Gaston Pond

Artificial

No Barre

Lake
Wampanoag

Artificial

No Ashburnham
Gardner

Lovewell Pond Artificial

Notes
Earthen dam with granite
sluiceway. No soundings > 2
meters. Part of Birch Hill
Dam flood control area, but
pond predates the flood
control project and was
apparently not altered during
the mid 20th century
construction. The pond does
not appear in the 1870 Beers
Atlas nor on Blake’s 1831
"Plan of Royalston". No
functional flow control
capability. Signs of old
beaver work at outlet.
Managed by Massachusetts
Division of Fisheries and
Wildlife.
Appears in current
configuration in the 1870
Beers Atlas.

Date on concrete spillway is
1915 although the rest of the
earthen and field-stone dam
looks older. Top of dam is
3-4 meters above original
stream elevation.

Long, earthen dam with
concrete spillway; about 4 m
tall, which is consistent
with max water depth. On
1870 Beers Atlas, southern
portion (on Gardner Map)
looks pretty much like
current, but northern end
(Ashburnham map) appears much
reduced.
No Hubbardston According to a resident, the
pond was originally small
(3/4 acre) mill pond powering
a sawmill. A larger earthen
dam was built sometime before
1935. However, the 1870
Beers Atlas shows the pond
occupying the same footprint
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as it does today. A stone
sluiceway with wooden splash
boards provides some control
over water level. Pink
Nymphaea is very common.

Newton
Reservoir

Artificial

No Athol

Filled in 1904. Athol water
supply from 1904 to 2000.

Richards
Reservoir

Artificial

No Warwick

Sunset Lake

Artificial

No Ashburnham
Winchendon

Tully Lake

Artificial

No Royalston
Athol

19th century mill pond;
Concrete spillway in earthen
dam suggests mid-to-late 20th
century rebuild. No
functional flow control.
Received unlicensed,
unregulated sewage discharge
from State Prison from early
1960s through mid 1980s.
Large concrete dam estimated
to account for 3-4 m of
depth. The lake is not shown
in the 1870 Beers Atlas of
Worcester County (however, a
very small, unnamed millpond
may be in the footprint of
the current lake. Max depths
are in 4 m range; therefore
pond is best treated as
entirely artificial. The
original dam was lost in the
1938 Hurricane; rebuilt in
the 1940s; huge mud-flats in
intervening years. The dam
outlet is managed with intent
of maintaining uniform water
level. The lake has had
annual herbicide treatments
for "a number of years".
Flood control project,
constructed 1947-1949.
Floodgates were not closed to
make the lake until 1969.
Water levels during the
summer are normally held
constant (+- .5 feet).
Winter water levels (November
through March) are kept about
6 feet below summer level.
Heavy recreational use.
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Tully Pond

Artificial

Upper
Reservoir

Artificial

Whitmanville
Reservoir

Artificial

Whitney Pond

Artificial

No Orange

Present, with current
configuration in the 1870
Beers atlas and on an
untitled 1831 map (Athol
Public Library archives).
Current dam is earthen with
concrete sluice and
functional flow control.
No Gardner
Earthen dam and causeway with
culvert for outlet stream.
No functional flow control
structure. Beaver debris
suggests outlet has been
obstructed in the past.
Footprint matches that shown
on 1870 Beers Atlas.
No Westminster Absent in the 1870 Beers
Atlas.

No Winchendon

Old mill pond, shown with
current configuration in the
1870 Beers Atlas. Current
Dam is more modern.

Williamsville Artificial
Pond

No Hubbardston Low, broad concrete dam with
wooden splash boards in
spillway.

Wrights
Reservoir

Artificial

No Gardner
Ashburnham

Packard Pond

Augmented

No Orange
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All soundings < 2m. Input
from Upper Reservoir managed
by flow control structure
with functional gate.
Reservoir appears on late
19'th century maps apparently
occupying current footprint,
but current, concrete dam
with controlled outlet is
more recent.
Present, with current
configuration in the 1870
Beers atlas and on an
untitled 1831 map (Athol
Public Library archives).
Dam is very tall, but not
enough to account for > 13 m
depth. Contours and historic
records indicate original
Kettle pond. Water depth

augmented by about 6 meters.
Heavily developed shoreline.
Water diversion from Tully
River is managed by control
structure. Historically,
substantial winter drawdowns
have been routine. More
recently, short duration fall
drawdowns, to allow residents
to do shoreline maintenance
have been common.
Culverted road crossing at
outlet. Little if any
potential to have raised
water level.

Hastings Pond Natural

Yes Warwick

Kendall Pond

Natural

Yes GARDNER

Natural kettle pond in sandy
outwash.

Lake Denison

Natural

Yes Winchendon

Apparently wholly natural.

Laurel Lake

Natural

Yes Erving
Warwick

Concrete sluice at outlet.
Water level may have been
augmented by as much as a
meter.

Long Pond

Natural

Yes Royalston

Wholly natural, though during
extreme flood events, water
from Tully Reservoir has the
potential to back up into the
pond.

Muddy Pond

Natural

Yes Westminster Natural kettle pond with,
mostly, bog fringe.

A-46

Queen Lake

Natural

Yes Phillipston Natural

Upper Naukeag Natural
Lake

Yes ASHBURNHAM

Water Supply
Winchendon/Ashburnham.
Culverted causeway across
outlet appears not to have
had any appreciable effect on
water level

Ward Pond

Yes ASHBURNHAM

Low (<.5 meter) concrete
structure at outlet. No
potential to have had
appreciable effect on water
level.

Natural
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