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1. INTRODUCTION

The eutrophication of natural waters is associated with increased
inputs and concentrations of nutrients, particularly nitrogen and phosphorus,
and high levels of primary productivity. An understanding of the factors
resulting in increased primary production is necessary in order to predict
and control this process. Attemnpts to relate nutrient concentrations with
changes in biological activity have been unsuccessful, primarily due to the
dynamic nature of processes within the system. The net flux of nutrients
acrocs and within the boundaries of a lake has been gen‘erally accepted as
the primary factor in determining trophic status, Nutrient loading and
morphometric data have been combined to successfully describe the
trophic status of a variety of lakes (Vollenweider 1968).

Eutrophication of lakes is often the result of increased nutrient
input due to human activities. The quantitative assessment of inputs and
outputs of nutrients from a lake may be used to gain insight into the relative
importance of populati.on-dependent and populaticn-independent sources.
Evaluation of the nutrient inputs provides information of the effects of
various watershed uses on the nature of these inputs.

In addition to information on nutrient loading characteristics,
knowledge of the physical, chemical, and biological parameters of the lake
system is critical to understanding the effect of 2 given nutrient input. The
response of a lake to nutrient loading is clearly mediated by the internal
processes involved in nutrient eycling. Information on nutrient levels and
biological activity within a lake may provide insight into the fate of nutrients

supplicd to the lake. In addition, this information is necessary in order to
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establish baseline conditions within a lake to evaluate future changes. An
analysis of the numerous and complex interrelated factors involved in
deterrﬁining the response of a lake to a given nutrient input necessitates
the comprehensive study of a particular lake system.

The Squam Lakes in central New Hampshire were selected for
intensive study on the basis of preliminary investigations which indicated
that these lakes comprise an oligotrophic system which is beginning to
show signs of increased cultural activity. Population data indicate increasing
permanent and seasonal populations. Data generated by a study of nutrient
levels and loading characteristics may be useful in future lake management
planning,

The present study was designed to evaluate the factors influencing
temporal and spatial variations in nutrient loading and the resultant effects
on lake nutrient levels, Seasonal patterns of nutrient levels and distributions
of nutrients within the lakes were studied in order to gain insight into nutrient

transport processes. Samples were collected on a regular basis from five

Jake stations and eight tributaries, and analyzed for a number of chemical

and biological parameters. The contribution of various sources (precipitation,
surface runoff and artificial loading) to total nutrient supply was determined
in order to estimate the importance of culturally derived sources.

This report is organized to discuss the two major components of the
study-nutrient levels within the lake and nutrient loading-individually, and
to then discuss the interrelationships between these parameters. A brief

literature review of factors affecting nutrient loading is included.
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I, GEOLOGY AND MORPHOMETRY OF THE SQUAM LAKES

AND WATERSHED

The Squam Lakes are located adjacent to the southern edge of the
Wilite Mountains. Altitudes in the drainage basin range from 171 m
above sea level at lake surface to 701 m in the Squam Mountains. The
Squam Ridge delineates the northwest border of the watershed. Areas
of lesser slope constitute most of the watershed in the southeast and
northwest. The bedrock consists mainly of quartz diorite and quartz
monzonite, with schist and syenite underlying the Séuam Ridge. Most
of the watershed is overlain with a deep layer of glacial till, although
on some steep slopes soil depth may be less than two fect (Lakes Region
Planning Commission 1974),

The total watershed is approximately 85% forested, 5% meadow and
.gr;'a.ssland, 5% developed, 3% agricultural, and 2% recreational areas
(Lakes Region Planning Commission 1974), Much of the watershed
area was logged in the latter part of the nineteenth century, and the
forested areas are now largely successional., Lakeshore regions of
Little Squam and some areas of Squam have undergone extensi\.re develop-
ment in the last 20 years (LRPC 1974). Most lakeshore residences are
seasonal homes or commercial establishments.

Basic morphological data is given below in Table 1.

Squam Lake receives inflow from many permanent streams in the
northwest portion of the watershed (see figure 1), and from intermittent
streams in the southeast. Squam drains in the southwest to Little Squam,

through a shallow, .4 km long channel., A few small tributarics flow



directly into Little Squam. Little Squam drains to the southwest through
the Squam River. Lake level is maintained by a dam 2.4 km downstream

from Little Squam,

TABLE 1

Morphologic and Hydrologic Parameters

Squam Little Squam
Lake Area (km2)' 27.4 1,65
Drainage Area (krnz)1 84. 2 7.9
Drainage Area: Lake Area 3.07 4,79
Mean Depth (rn)2 8.7 10.9 2
Maximum Depth (m)1 30.2 _ 21.9
Shoreline Length (krn)1 97. 4 6.92
Volume {10%m3) 229 18. 7
Latitude 43° 421-43°% 48' N
Longitude 11°271'-11°%°38' w

1New Hampshire State Planning Project (1964)

ZCalculatcd from bathyometric data on B, Washburn, Chart of Squam
Lake (1968): at mean low water (560 ft. above sea level)

Previous studies of the Squam Lakes have been conducted by
Cortell (1969) and Frey and Fabian (1972). These studies, while

providing some useful data on Secchi disk readings and phytoplankton



counts and identification, were largely concerned with bacteriological
detection work., Nutrient data reported by these investigators are
sparse a_nd inconclusive,

During the summer of 1974, a study was conducted on Squam and
Little Squam lakes by Harvard Lake Study in conjunction with the Lakes
Region Planning Commission. The study of Little Squam included
collection of data on nutrients, indigenous bacterial population levels,
and hydrodynamic processes in the lake. In addition, preliminary data
was collected on nutrient loading to Squam Lake from July - August.
Evidence of increased biological activity was found in both lakes in
comparison to earlier studies. This activity was marked by generally
lower Secchi disk readings, a late summer oxygen deficit in the hypo-

limnion of both lakes, and a late summer algal bloom of Gloeotrichia sp.




111, LITERATURE REVIEW: NUTRIENT SOURCES

A. EXTERNAL SOURCES

Precipitation

The significance of atmospheric contributions to nutrient loading
in freshwater systems has been largely underestimated in the past,
Recent studies (Schindler and Nighswander 1970, Barica and Armstrong
1971, Schindler et al, 1973) indicate that precipitation may be a major
source of nutrient supply to some lakes.

r~any studies of precipitation chemistry analyzing only rainfall
do not consider the contribution of dry fallout (airborne particulate
matter) to precipitation loading. Values obtained for average con-
centrations of nitrogen and phosphorus in bulk pr.ecipita.tion (rainfall
and dry fallout) in areas of the U.S. are given in Table 2. Dry fallout
in some areas has been shown to contribute as much as 3 times the total
phosphorus and 2 times the total nitrogen of rainfall {Kluesener 1972).

' Numerous data indicate a considerable spatial and temporal
variation in the inorganic nitrogen content of rainfall across the U.S.
(Tunge 1958, Pearson and Fisher 1972), Junge has reviewed the
distribution of ammonium and nitrate ions in rain over the U.S. This
study shows that the spatial distribution of these ions is uneven and
largely unpredictable. Results of changes in inorganic nitrogen with
time during a particular storm (Kluesener 1972) indicate that much of
the nitrogen in rainfall results from the wash-out of nitrogen accumulated

in the atmosphere.



TABLE 2

Atmospheric Contributions to Nitrogen and Phosphorus Loading

Total P

NH3-N N03-N

(Total Inorganic N)

Concentrations in Bulk Precipitation (mg/1)

Hubbard Brook Exp. ].T‘t:)rest1

1964-5 -
1965-6 =
1966-7 -
1967-8 =
1971-2 . 008
Cayuga Lake, N. Y. 2
{slightly dirty) -
{clean only) (PO4) .Cl6
Clear Lake, Ont. . .021
Cinncinnati, Ohio® .08
New Haven, Conn. 3 .01
. Madison, Wisc. . .032

.163
. 163
. 140 . 336
171 . 352

. 158
.318

. 396 . 447

. 380 .674
. 540 .197
(0. 69)
(total N . 06)

. 390 . 440

Nutrient Loading in Bulk Precipitation (mg/mZ/inch)

Hubbard Brook Exp. Fore.-st'.l .219
Cayuga Lake, N. Y. z -
Clear Lake, Ont. 3 . 126
Ginncinnati, Ohio® -
Western N. Y. Lakes6

Canadice
Conesus
Honcoye

Lime

Java

Devil's Bathtub

National Futrophication
Survey? . .583

Madison, Wisc. 8 . 762

3.96
9.95

5.95
17.7
20.6
17,5

{total N 36.0)
9.9 11,2

l'l'olal 1: Hobble and Likena 1973--welghtod average concentration

for 1971-72,

HOT waad HIt,3 Flalior 1908« -wnigliod averags concentrations for

190A-6a;: 1ilane nt al, 1970, 1906-Hi

2 kens 1974--average of weighted maonthly concentrations for 1970-71

JSl:hihdlcr and Nirhswander 1970-~representative samples (no. samples

not given) for 1967

samples not given)

5

4 weibel 1969--average concentratinne Aug. 1963-Doc, 1904 (no.

Vaipght 1960--average concentrations 195%, 20 eamples from 2 storms

6Sl.ewarr. and Markelo 1974--averago concentrations from J-6 snow

samples por Jake

TEclimaln used by NES

8
Kluewnner 1972--averaga concentrations 1970-1971
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Although no direct relationship has been shown, there is undoubtedly
a link between atmospheric loadings of nutrients and human activities
(Vollenweider 1968). It is interesting to note that nitrate levels in
precipitation in New Hampshire have more than doubled since 1956
(Likens 1974 ), and have increased approximately by four times in
central New York State since 1945 (Likens 1972). It is suggested that
these increases may be due to the increasing combustion of fossil
fuels (Likens 1974 ).

Few data are available in the phosphorus content of bulk precipitation,
and the resnlts that do exist vary over an order of r'r:lagnitude (Table 2).
Factors which influence phosphorus concentrations in rainfall are not
known. Considering the possible importance of precipitation as a source
of phosphorus to max;xy aquatic ecosystems, this is definitely an area in
which more work is needed.

The amount of precipitation falling directly onto a lake as opposed
to draininginas terrestrial runoff is clearly dependent on the ratio of
lake surface area to drainage area. Therefore the relalive contribution
of precipitation to total nutrient supply may be expected to be dependent
on this ratio as well as on land usage in the drainage area. The relative
contributions of precipitation to nutrient loading in various lakes including

Squam, will be discussed later.

Surface Runoff

Surface runoff is derived from precipitation. A portion of the
rainfall reaching a forested area is intercepted by vegetation, and is

either transpired or evaporated. The remainder of the rainfall reaches



TABLE 3

~ Nutrient Loading from Terrestrial Watersheds (kg km™2 yr-l)

TERRESTRIAL WATERSHED Total P | Total Inorganic N

A, Undisturbed

Hubbard Brook Experimental

Forest
Undisturbed forest 1.3 150-310
100% deforestation 2.0 1200

Wisconsin, Michigan, Ivﬁnnesotaz 3.51-17.2 -
Ontario, Canada’ 9.0 130

B. Developed
Cayuga Lake 'I'ributa.ries4

Salmon Cresk % - 2100
Fall Creek 63 : 780
Taughannock Creek 30 550
Trunansburg Creek 110 610
CombinedInlet Creek 83 420

1Likens et al. (1970); Hobbie and l.ikens (1973}
2

Keup {1968)
BSchindIer and Nighswander (1970)

4Likens (1974); tributaries with varying amounts of urban agricultural,
mining and forest use
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the ground, where part of it evaporates, part infiltrates though the soil
to the water table, and the rest runs off as surface flow.

Nutrients in runoff originate from three basic sources: precipi-
tation, leaching of nutrients from vegetation, and erosion of particulate
material. Undisturbed terrestrial systems are characterized by tight
nutrient cycles and lose only small amounts of the available nutrients
in drainage waters (Likens and Bormann 1974),

Surface runoff from an undisturbed forested area is generally
lower in dissolved nitrogen and phosphorus forms than rainfall, due to
uptake by terrestrial vegetation (Armstrong and Schindler 1971,
Schindler and Nighswander 1970}, Likens et al. (1970) found that on an
annual basis a forested area retained about 80% of the ammonia and 70%
of the nitrate input from precipitation. During the winter and early
spring when plant growth was restricted, the nitrate content of the runoff
was higher in the runoff and approximated the concentrations found in
precipitation. Hobbie and Likens (1973), found that a2 forested area
retained 80% of the phosphorus input from precipitation.

Human activities in a watershed (urbanization, logging, road-
building, agriculture), tend to alter the capabilities of natural terrestrial
ecosystems for nutrient retention {Likens and Bormann 1974). As a
result, increased exports of dissolved and particulate matter from the
watershed are expected, The nature and intensity of disturbances to
the terrestrial system will clearly affect the nutrient export from these
areas. Table 3 lists nutrient outputs {rom selected forested and
developed terrestrial watersheds by mass per unit drainage area,

Experimental deforestation of a New Hampshire watershed increased
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the output of nitrate 41 fold, and of dissolved and fine particulate
phosphorus 2 times {Likens et al. 1970, Hobbie and Likens 1973).
Tributaries within the Cayuga Lake watershed in central New York
(Likens 1974 ) were shown to exhibit a relationship between extent of
agricultural activity in the subwatershed and the export of inorganic
nitrogen in drainage waters, Phosphorus outputs we.re found to be
related to the proportion of the watershed in urban usage.
Although the majority of the Squam watershed is forested land,
nutrient concentrations in runoff from other regions may be expected
to reflect the degree of development in these areas. This relationship

will be discussed in further detail later.

. Groundwater

The significance of groundwater as a nutrient éource is a difficult
parameter to evaluate in a nufrient budget. Large numbers of wells must
be drilled at many locations to establish the direction of groundwater
flow. Detailed characteristics of the soil at 2 number of locations must
be known in order to determine the rate of groundwater flow. Few
studies of nutrient sources to lakes have successfully estimated the
contribution of ground water. As groundwater generally contains low
quantities of nutrients (Keup 1968), population dependent activities,
such as septic tanks and lawn fertilization may represent .a potentially
significant source of nutrients to these waters, These nutrient sources

are discussed below,



o

Artificial Loading

: Numerous figures are quoted in the literature for per capital
loading of nitrogen and phosphorus from domestic sewage (Vollenweider
) 1968). The difficulties involved in the determination of nutrients supplied
" to a lake by domestic sewage include estimation of contributions from
phosphate detergents (see Table 4) and variations in the efficiency
j removal of nutrients in septic systems.
TABLE 4
Loading of Nitrogen and Phosphorus from Domesltic Sewage
\l (grams ¢:a,pii:.'=v.-1 day-l)
Nitrogen  Phosphorus Contribution
) Loading Loading from Detergents Source
12.0 1.5 . 0% Vollenweider (1968)
- 2.25 50% Vollenweider {1968)
- 3.0 100% Vollenweider (1968)
11,7 4.3 ? National Eutrophication
Survey 1974
10. 3 2.9 45% Hetling and Sykes 1973
*

as percentage of basic physiological value

Disposal of domestic wastes into the soil by on-site waste disposal

systems (septic tanks and leaching fields), is the most common form of
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waste disposal in the Squam area {a few selfcontained septic systems
exist). Although many studies (National Eutrophication Survey 1974,
Hetling and Sykes 1973) assume 90 percent removal of phosphorus by
adsorption in leaching fields, nutrients have been shown to move from
leaching fields through groundwater flow to surface waters (Ellis and
Boyd 1973). The extent and rate of nutrient movement is determined
by the characteristics of soil surrounding the system, including '
adsorptive capacity, porosity and permeability. Soil types differ
greatly in their ability to adsorb phosphorus. Dillon and Riger (1975)
estimated that due to low retention coefficients for phosphorus, no
phosphorus was removed by soils situated on the Canadian Shield. The
effectiveness of a leaching field in retaining phosphorus is also dependent
on such factors as the amount of soil available for nutrient removal,
and the height of the field above seasonal high water levels.

An additional problem in the estimation of phosphorus retention
is the occurrence of septic systems without leaching fields, A survey
of septic tank systems draining into Canadarago Lake in New York State
(Hetling and Sykes 1973) revealed that 24. 4% of the systems discharged
sewage directly into the lake with no leaching fields.

Liocal catastrophic events, such as severe thunderstorms and
floods, with subsequent increased erosion and leaching may play an

important role in nutrient inputs (Stewart and Markello 1974, Frey

" and Fabian 1972).

It is apparent that the characteristics of individual septic systems
must be evaluated before their importance as a nutrient source can be

estimated,.
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B. INTERNAL CYCLING

Sediments

La;.ke sediments may act as a source or a sink for nutrients in
the ecosystem. Vollenweider (1973) and Dillon and Rigler (1975) have
found sedimentation to be a significant sink on an annual basis for
phosphorus in many European and North American lakes. Armstrong
and Schindler (1971) have identified phosphorus release from the
sediments over short time periods. The extent and rate of phosphorus
exchange between sediments and the overlying water column is dependent
on a nuruber of physical, biological and chemical factors (Lee 1970),
The factors influencing release of phosphorus are complex, but physical
factors leading to suspension of sediments may be key to facilitating

phosphorus release from sediments (Mortimer 1942, Lee 1970).

Nitropen Fixation and Denitrification

The processes of fixation of atmospheric nitrogen by blue-green
algae and bacteria, and denitrification by bacteria may be important in
mediating the levels of nitrogen within lakes. Studies of nitrogen
fixation and denitrification in lakes have been conducted (Dugdale and
Dugdale 1962, Goering and Nerss 1964, Rusness and Burns 1970).
Extreme variations in rates among lakes are noted in these studies and

their general applicability is questionable.
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IV, METHODS

A, SAMPLING PROCEDURES

Lake Sampling

. Five open water stations (Fig. 1) were established in an attempt
to obtain representative areas in both lakes. Lake sampling was
initiated in March 1975 and continucd through March 1976, Samples
were taken twice under ice cover in 1975, and biweekly from ice-out
in April 1975 to November, Two additional sets of samples were
obtained, onc immediately prior to formation of permanent ice cover,
and one under ice cover in March 1976.

Samples were collected with a one liter brass Kemmerer water
sampler (Wildlife Supply Co., Saginaw, Michigan), and analyzed for
niiérogen and phosphorus forms, dissolved oxygen, chlorophyll, phyto-
plankton (cell counts and biomass), and pH. When the lake was un-
stratified, composite samples were obtained from the top, middle and
bottom thirds of the water column. During stratification, three
composite samples were obtained to roughly approximate the epilirnnion,
metalimnion, and hypolimnion, Water collected at three equally space&
depths was mixed to form each composite sample.

Temperature, dissolved oxygen, and pH profiles, and Secchi disk
transparency were determined weekly from May to Septernber at all
open water stations, as discussed below.

Sampling stations were with few exceptions visited in numerical

ordcer starting with Station 1 at approximately 1000 hours, and ending



FIGURE 1. Map of the Squam Lakes and watershed.

SQUAM LAKES AND
WATERSHED

. SAMPLING STATIONS ¢

-

TRIBUTARY STATIONS
A. SCIENCE CENTER STREAM

B. LIVERMORE COVE STREAM

C. BENNETT COVE 1

D. SHITH BROOK LAKE STATIONS

E. EASTMAN BROOK MAX. DEPTH
F. KUSUMPE POND BROOK . DOG COVE (8.5m)

G. BARVILLE POND STREAM 2. SANDWICH BAY (17m)
H.WHITE OAK POND BROOK 5. DEEPHAVEN (30m)
ILINLET TO LITTLE SQUAM 4 PIPER COVE (13m)

J. OUTLET OF LITTLE SQUAM 5. LITTLE SQUAM (l1am )
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with Station 5 at approximately 1430 hours. No obvious pattern in
nutrient levels or dissolved oxygen among the open water stations due
to possible diurnal cycles is apparent, although some bias may have

been introduced into the data by this sampling schedule.

Tributary Sampling .

Eight of the tributaries draining into Squam Lake were selected
for regular sampling and discharge measurements (Fig. 1), These
efreams were chosen on the basis of size of drainage area and summer
nutrient flux as determined by preliminary studies in the summer of
1974 (Reckhow 1974). Sites for flow measurement were established on
each stream as close to the lake as possible, and rectangular or 90°
V-notch weirs were installed if stream morphometry permitted, Cross-
sectional areas were determined for the remaining streams, and flow
measurements were taken with a USGS Type AA Price Current meter
in at least eight subdivisions of the stream width, at 20% and 80% of the
stream depth (in accordance with U.S. G.S. standard methods). Flow
measurements were taken biweekly from April to August on each of the
eight streams.

Samples for nutrient analysis were collected biweekly from each
gstream and from the inlet and outlet of Little Squam, The remaining
tributaries were sampled periodically to check for variati.ons in nutrient

concentrations,
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Sample Storage and Preservation

All samples for nutrient analysis were collected in acid-washed
and distilled water-rinsed polyethylene bottles. Samples were stored
on ice at 4°C in the field, and preserved with 2ml. HZSO4 per liter as
soon as possible after collection. Samples packed in ice were shipped
by bus from Holderness to Boston (a three hour trip) and kept at 4°¢c
until analysis at the Harvard I.ake Study laboratory in the Engineering
Sciences Laboratory.

Studies (Jenkins 1968, Howe and Holley 1969) have shown that
treatincent with sulfuric acid and storage at 4°C maintains original nitrate
and ammonia levels for periods up to one month. Nitrite appears to be
quantitatively converted to nitrate by acid treatment (Howe and Holley
1969}, but as only combined nitrate-nitrite determinations were made
in the present study, this conversion should not affect our measurements.

Total phosphorus is adequately preserved by acidification (Goulden,
1972). However, due to the possibility of acid hydrolysis of condensed
phosphates and organic phospholrus compounds, levels of inorganic
phosphorus are undoubtedly increased by acidication (Jenkins 1968).

As the concentration of polyphosphates and organic phesphorus will vary
among samples, acidification will increase inorganic phosphorus levels
by varying amounts., Measurements of inorganic phosphorus in this
study thus represent the upper limits of concentration. 'I‘h:ey are
undoubtedly higher than the levels of orthophosphate found in the lake,
and changes in measured levels reflect changes in many components of

the phosphorus pool, including but not limited toinorganic phosphorus.
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B, CHEMICAL ANALYSIS

Field Analyses

Temperature vs., depth profiles were determined weekly at five
open water stations at one meter intervals. A thermistor probe
employing a resistive wheatstone bridge balanced with a vernier
potentiometer was used, and was found to be accurate to within + 0. 2°¢.

Dissolved oxygen was measured weekly at three depths in the
water column at four open water stations, and at seven depths at station
5. Dissclved oxygen was determined by the azide rr;odification of
the Winkler method (Standard Methods 1971). Samples taken with a
Kemmerer sampler were collected in 300 ml glass BOD bottles and
fixed immediately with Hach Chermical Co. (Ames, Iowa) reagents.
Samples were stored in the shade until titration with phenylarsine
oxide a maximum of five hours after collection.

pH was determined at three depths in the water column at each
station using a brom thymol blue colorimeter (Hach Chemical Co. ).

Transparency was measured using a 20 cm diameter Secchi disk
with black and white quadrants. Weather conditions, inciuding wind

spced and cloud cover were noted at time of measurement.

Laboratory Analyses

Samples {or the analysis of chlorophyll a and phytoplankton cell
counts were treated in a field laboratory in Holderness as detailed below.
Samples for nutrient analyses were sent to Cambridge and analyzed as

soon as possible after arrival, However, due to several equipment
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failures, a backlog of unprocessed samples occasionally accumulated.
In general, phosphorus analyses were performed from 1 to 5 days after
collection, and nitrogen analyses from 1 to 10 days (Fig. 2}. General
methods and references are given in Table 5. Other procedures are

discussed below.

TABLE 5

Analytical Methods

Analysis Method Reference
Molybdate-reactive Direct molybdate/ascorbic EPA 1974
phosphorus acid reduction ;
Total phosphorus Acid-persulfate digestion EPA 1974
molydate
Nitrate-Nitrite Cadmium Reduction EPA 1974
Ammonia Selective Ion Electrode Orion Research
Laboratory

Total Kjeldahl Nitrogen Micro-Kjeldahl EPA 1974

Acid digestion, distillation/
ammonia electrode

Chlorophyll a . acetone extraction/ Strickland and
epectrophotometry Parsons, 1968

Phosphorus Analysis

Three forms of phosphorus were distinguished in this study:
1) MRP, molybdenum-reactive phosphorus, here defined as that fraction
of the phosphorus in the unfiltered preserved sample which reacted with

the combined reagent in 20 minutes. Considering the numerous difficulties
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associated with the measurement of inorganic phospherus (Rigler 1966,
Rigler 1968, Chamberlain 1970) these values should not be equated to
orthophosphate concentrations. In view of the unknown effects of the
preservation technique discussed above, these values are not directly
comparable to other MRP values found in the literature. 2) Total
phosphorus, the amount of phosphorus in the unfiltered sample which
reacted with the combined reagent in 20 min. after acid persulfate
digestion, and 3) Total dissolved phosphorus, the amount of phosphorus
passing through a . 45) Millipore filter which reacted with the combined
reagent after acid-persulfate digestion.

ATl of the glagsware used in the phosphorus analyses was
periodically acid-washed and rinsed with distilled water. Between
analyses all glassware was kept filled with distilled water and covered
with parafilm to avoid contamination. Filters were presoaked in
distilled water for at least one weelk before use. Arsenate interference
was determined to be negligible, as samples sent to Galbraith
Laboratories (Knoxville, Tenn. ) had arsenate concentrations below the
Timits of detection of their test. Absorbances were read at 885 nm

uging L0 cm cells on a Beckman DU-2 spectrophotometer.

Nitrogen Analysis

All reagents and standards for nitrogen analyses were prepared
with deionized distilled water. Distilled water was deionized by passape
through separate cation and anion exchange columns which were renewed

periodically.
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Nitrate-nitrite determinations were made on .45 Millipore
filtered samples, and absorbance was measured at 540 nm on a
Beckman DU-2.

Ammonia was measured using a specific ion ammonia electrode
(Orion Rescarch Co., model 9500). The electrode was found to have
a lower limit of detection of .02 mg NHB—N/E, and the majority of
samples were below this concentration.

Technical difficulties encountered with the Kjeldahl procedure
resulted in analysis of only a limited number of samples. Samples
which were successfully measured gave readings bellow the accuracy
of the test (<., 05 mg/f). As a result, no measurements of the
contribution of organic nitrogen to the total nitrogen pool are available.

Some estimate of the variance involved in each of the procedures
was obtained by analyzing from 11 to 26 sets of duplicates and triplicates
over a range of concentrations. Duplicate and triplicate determinations |
were divided into two ranges of sample means and the average standard
deviations and average coefficient of variation for all duplicates and
triplicates in a given range of concentration are lisf;ed below.

TABLE 4

Variance in Analytical Procedures

Analysis Range of Sample Average Averapge Coefficient
Mean {mg/1) Standard of Variation
Deviation
(mg/1) %
Total Phosphorus .001-,010 . 001 12,2
.010~,025 . 002 19,2
Total Dissolved P .001-,010 . 001 26.3
.010-, 025 . 002 11,9
MRP .001-,015 . 001 6.5
Nitrate~-Nitrite .010-,100 . 009 18,7
.10 -.50 . 005 2.2

Ammonia .02 -,10 . 009 16,6
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Chlorophyll

Due to equipment malfunction, reliable chlorophyll data were not
obtained until late July. From 400 to 500 ml of sample were filtered
through ungridded . 8p Millipore filters. Filters dissolved in 90%
acetone were stored in a light-tight box at 4°C and shipped to Cambridge.
After a 20 hr. extraction period, samples were centrifuged at 3000-4000
rpm for 10-15 min. Transmittance was read in small volume 5 cm cells
on a Beckman DK-2 scanning spectrophometer. Chlorophyll a, corrected
for cell-to-cell and turbidity blanks, was calculated by the Richards
equation (Strickland and Parsons 1968). Difficulties were encountered
in estimating pheophytin concentrations by the method of Lorenzen
(1967), and values reported here for chlorophyll a are uncorrected for
pheophytin. The coefficient of variation for concentrations less than
1 mg/m3 was + 20%, for concentrations from 3-5 mg/rn3, + 15%, and

for concentrations from 5-6 mg/m3, +5%.

Phytoplankton

Samples for phytoplankton cell counts and estimation of biomass
were collected at all open water stations throughout the sampling period.
Samples were preserved with Merthiolate preservative (Standard Methods
1971) and centrifuged at low speed with a Foerst plankton centrifuge.

Cell counts and cell volumes estimates were made using a Sedgewick-
Rafter counting cell and an ocular rnicrometer. Due to the extremely
time-consuming and tedious nature of this work, counts and volume
estimates on Station 5 surface samples have only recently been completed,

and the data is not yet processed. It is anticipated that this data will be

available by the end of May 19706,
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V. RESULTS OF LAKE STUDIES

Five lake stations were monitored for chemical and biological
parameters. The seasonal and spatial variations in temperature, light,
chlorophyll, pH, dissolved oxygen, nitrogen and phosphorus are
presented below and followed by a discussion of the data. Results and

discussion of nutrient loading studies will be presented in Section VIL

Temperature and Light

During winter stratification in March 1975, ice thickness at the
three stations sampled averaged approximately 0,5m. Temperatures
ranged from 0 to 1, 0°C immediately below the ice cover, and from 3.7
to 4, 0°C at the bottom. Ice out occurred between April 26 and 28. On
May 1, the first sampling date following spring overturn, temperatures
at the surface ranged from 5.1 to 7. 6°C, and from 4.4 to 5, 0°C at the
bottom. Figure 3 shows variations in temperature throughout the water
column over time at Station 5, * Similar results were found at the other
stations, The initial indication of a thermocline was observed at all
stations from 5 to 7Tm (AT = 4°¢) by the beginning of June. By mid-July,
the thermocline was fairly well established at 6 to 9 m (AT == 120(3).

Peak surface temperatures, averaging 26. 5°C, were rea.c_hed in mid-July.
Surface temperatures dropped rapidly through late August and September,
Station 1 (depth 8. 5m) was isothermal by &eptember 20, and the thermo-

cline had begun descent at deeper stations (see Figure 3}, Fall overturn

“Due to its accessibility, Station 5 was the only open water station
sampled in April and December 1975, and in March 1976,
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was estimated to have occurred during late October throughout much
of the lake. By December 13, the temperature structure was inverted
although skim ice was restricted to isolated areas of the lake.
Permanent ice cover was formed by the end of December.

Secchi disk transparency ranged from 4. 4 to 8. 1m over the course
of the study. Seasonal variations in Secchi disk transparency at Station 5
are shown in Figure 4. Similar patterns were observed at all stations,
with minimum transparency in late May to carly June and a peak in'
early August, There was no apparent correlation between Secchi disk
readings and time of day or cloud cover.

Frey and Fabian (1972) report Secchi disk readings between 6.1
and 7.6 m at a limited number of open water sites, Minimum and
meximum values observed during the summer of 1974 at Station 5 were

3.0m and 7.0m, respectively (Harvard Lake Study, unpublished data).

Chlorophyll a

Surface values of chlorophyll a varied from 0.63 mg m'3 in late
July to 2.3 mg m-3 in late September. On any given date, variations
between stations were within the experimental error of the test. The
distribution of chlorophyll in the water column was marked by a
significant peak in the hypolymnion, Figure 5 shows the variation of
chlorophyll with depth at Station 5.

Mean chlorophyll concentrations in the water colurnn (weighted by
jake volume at each sampling interval) are shown in Figure 6 for seven
sampling dates at Stations 1-4, Chlorophyll concentrations at Station 5

ranged from 0.096 to 2. 55 mg m—3, with pecaks in late August and late
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FIGURE 5. Variation of chlorophyll a over depth at station 5.
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September, and the lowest value in March. Average chlorophyll in
Squém Lake ranged from 1,22 to 2.11 mg m—3. The average
chlorophyll concentration in Little Squam from July 29 through

September 27 was 1. 92 mg mﬂs.

p

Surface pH values during the study ranged from 6.3 to 6. 9.
Seasonal variations of pH with depth at Station 5 are shown in Figure 7,
pH.proﬁles under ice cover in March 1975 showed clear stratification,
with values averaging 6.6 in the upper layers and <5.5 near the bottom.
April 1975 pH values (still under ice cover) were practically uniform at
6.3 to 6.5 throughout the water column. A similar uniformity of pH in
the water column was found in March 1976, again under ice cover. pH
readings at the bottom of the lake began decreasing by early June, and
had decreased to 5. 5 at all stations by the middle of July. pH values next

to the bottom remained at or below 5. 5 until fall circulation,

Dissolved Oxygen

Dissolved oxygen showed marked seasonal variations with depth
(Figure 8). Hypolimnetic oxygen deficits developed during both winter
and summer stratification. In March 1975, dissolved oxygen at the
bottom ranged from 3.8 to 4,3 mg £-1 {29-33% saturation). Under ice
cover in April, oxygen concentrations were nearly equal at all depths.
Hypolimnetic oxygen concentrations started decreasing in late May and

continued to decrcasc through the summer, Minimum concentrations of
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4.4 to 5 mg 2_1 were observed {approximately 40% saturation). A
marked supersaturation of the metalimnetic layer (see Figure 8) was
noted from Jane to October at all stations, with saturations generally

ranging from 120 to 140%.

Nitrogen
Nitrate-nitrite concentrations showed a distinct seasonal pattern,
Maximum concentrations in both surface and deep waters were found
in the winter and early spring, with low values present throughout the
summer and fall. Figure 9 shows seasonal variations in nitrate
concentrations averaged over all open water stations. Marked increases
are noted immediately below the ice cover in April 1975 and March 1976,
Ammonia concentrations showed a similar pattern, with highest
concentrations immediately below the ice cover decreasing to
<0.02 ing ﬂ_l in both the epilimnion and hypolimnion throughout the

summer and fall,

Phosphorus

Changes in total phosphorus over time, averaged for {ive stations,
are shown in Figure 10. Maximum concentrations of total phosphorus,
both particulate and dissolved, are found at the bottom during winter
stratification. In April 1975, both total and dissolved phosphorus had
decreased at the bottom and increased near the surface. Total and
dissolved phosphorus dropped to relatively low levels in the epilimnion

and hypolimnion in May, and remained at low levels throughout the
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gummer. Total phosphorus in the hypolimnion increased rather rapidly
in the early fall, Stratification of phosphorus was evident at the end of
October, althnugh no distinct thermal gradient was observed,

A more detailed representation of changes in phosphorus
concentrations and forms at Station 5 is shown in Figure 11. Total
phosphorus in the hypolimnion in the early fall is seen to increase
rapidly largely due to increases in dissolved phosphorus. Epilimnetic
concentrations of particulate phosphorus increased shortly after the
rise in dissolved hypolimnetic phosphorus. Epilimnetic and meta-
limnetic particulate and dissolved phosphorus increase in the late fall,
as hypolimnetic concentrations decrease. MRP levels were generally
low. Highest levels of MRP were found in the hypolimnion during
winter stratification, and were at a minimum at all depths throughout
the summer.

The total phosphorus present in the lake at any given tirne may be
calculated by integrating phosphorus concentrations over all depths.
Total lake phosphorus can be used to determine whether spatial
variations of phosphorus are due to nutrient loading or are the result of
transport within the water column. Average total phosphorus
concentrations in the water column during summer stratification are
quite variable (Figure 12). Average phosphorus concentration reached
a maximum in October. The rapid increase of phosphorus. in the water
column from September to October clearly indicates an input from

external sources or sediments.
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VI. DISCUSSION OF LAKLE DATA

The stable winter density stratification established beneath ice
cover appeared to erode considerably before ice out. Mixing of the
water column occurred prior to the spring overturn between March and
April 1975, and again sometime prior to March 1976. This circulation
is evident in the lack of stratification observed in dissolved oxygen and
pH profiles (Figures 7 and 8) at these times, although the temperature
structure was still inverted (Figure 3).

Variations in Secchi disk transparency may only be roughly
correlated with chanpges in transparency due to fluctuations in phyto-
plankton populations (Harvard Lake Study, unpublished data). Un-
fortunately, chlorophyll data are unavailable for spring and early summer,
Chlorophyll might be expected to be relatively high in May, immediately
following overturn, which corresponds to a period of observed minimum
Secchi disk readings, The increase of chlorophyll from August to
October may be responsible for 2 corresponding decrease in Secchi
values. Because of the limited number of Secchi disk readings
conducted at open water sites in earlier studies (Cortell 1969, Frey and
Fabian 1972) it is difficult to determine any long term tends in Secchi
disk transparency.

Surface chlorophyll data from five stations at three ;ampling dates
indicates a relatively homogenous horizonial distribution of chlorophyll
over both lakes. Measured variations of chlorophyll with depth are
difficult to interpret due to the possible contribution of chlorophyll

decomposition products to the measured absorbances (Moss 1967).
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Thus, the hyj,olimnetic chlorophyll maxima may be due to sedimentation
of detritus of recent plant origin, or to deep-living, active phytoplankton
populations (Tee 1975, Kiefer et al, 1972). Comparison of oxygen
saturation and chlorophyll profiles at three dates {Figure 13)
demonsirates that the fairly high bottom chlorophyll values (2.0 to

3.0 mg m-3) are not associated with high oxygen levels (49-70%
saturation). Photosynthetic utilization of carbon dioxide, in the

absence of other factors, would be expected to result in an alkaline pH
(Hutchinson 1957), Low hypolimnetic oxygen concentrations and acidic
pH values thus indicate that these deep chlorophyll concentrations are
no longer photosynthetic. The oxygen supersaturation in the meta-
limnion is associated with the top of the thermocline (see Figure 13)
and thus may be due to purely physical factors (Hutchinson 1957). It

is ‘probable that the photosynthetic activity of phytoplankton in this layer
may also contribute to this supersaturation.

The hypolimnetic oxygen deficits and acidic pH values observed
during summer stratification are most likely due to bacterial decom-
position of organic matter or plant respiration (Hutchinson 1957). The
extent of the hypolimnetic deficit thus may reflect the production of
organic matter in the upper regions of the water column.

The increase in total phosphorus present in the water column
from September to October, and the simultaneous increase in dissolved
hypolimnetic phsophorus may indicate release of phosphorus from the
sediments. This period also corresponds to the period of downward
movement of the thermocline. Increasing depth of the mixed layer may

result in increcased sediment suspension and subsequent phosphorus
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release (Lee 1970), Alternative explanations are possible, including
the contribution of leaf litter to phosphorus supply during this period
(Mackenthun and Ingram 1967), Decomposition of leaf litter and
subsequent release of soluble phosphorus into the hypolimnion may
explain the observed increase. However, this hypolimnetic increase
in dissolved phosphorus occurs prior to the increase in particulate
phosphorus in the epilimnion, making it unlikely that leaf litter is the

major source.






